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STANDARD SCHEMATIC SYMBOLS USED IN CIRCUIT DIAGRAMS
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= . Cathode
(See footrote 2) Shieldedwire orcable _ Headphones
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o l . 1 l : Laud._speaker T '
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@mall circles indicate plug-ond. e
Jack or binding post terminals) A1 Bl 1C D _ﬁ—- _ﬂ_ 1
: Switches A s B Plate
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) -—\-*\o Vibrators B —n -
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B , . ) " Electron-ray tube target anodes
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-Air-core tr 1 - bt - )
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d only if coupling is variable, - _
8- 2l Zouspted conls Plug S SR @ @
A 3

, _@_ _@__ Battery Single cell
- ' A fugs Pand i
Power plugs ' 0 S RE A- Panel ordia.
. A-Nan-}aalae'izged e 8-/lluininating
A B B-Polarized . w ,Q?lctijl erd .
. : . sually dry-disk)
| | @ -e— e -
lron-core transformers Non-polarized and polarized L eon bulbor voltage. requiotor
A-laminated core 3 -P,ZDWé’ "866/’5453165 oA ;’ 8 (VR)tuse
B- Powdered-iron core Crustals )
(Arrows indicate varniable core AW CA- P/'ezaz Jec é:ic o
or permeability tuning) Fuse B-Detector ¢« Indicates gaseous tube

For convenience and simplicity, schematie wiring diagrams employing conventionalized symbols to represent
various components, as shown above, arc utilized to indieate the circuit connections used in radio apparatus.
The symbols used in this Hauadhook follow the new standardized forins:adopted by the radio industry under the ASA
standardization program in 1944,
*Alternative symbols marked with an asterisk are the conventional radio forms used prior to mid-1944, These are
included for reference information in instances where the original symbol has undergone appreciable ehange.

. 1 Whiere it is necessary or desirable to identify the clectrodes, the curved clement represents the outside electrode
(marked “outside foil,” “ground,” ctc.) in fixed paper- and ceramic-diclectric condensers, and. the negative cleetrode
in clectrolytic condensers. : . :

2 In the new symbol, the curved linc indicates the moving clement (rotor plates) in variable and adjustable air-'

or mica-diclectric_'condenscrs. To distinguish trimmers, the letter *I" should appear-adjacent to the symbol.
. In the case of switches, jacks, relays, etc., only the basic combinations are shown. Any combination of these sym-
bols may be assembled as required, following the clementary forms shown, ) .
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-~ Foreword

Tee Radw Amateur s Handbqok has had a remarkable history. It was back in early "

1926 when we of the headquarters staff of the radid amateur’s organization, the American .
Radio Relay League, conceived a need for a small pamphlet of. operating instructions in-

-tended to improve the performance of amateur stations. The task of writing this operating

manual was, logically, assigned the communications.manager of the League, now Licut.
Colonel F. E. Handy of the U. S. Army Air Forces. When it was finished we found that, with
the necessary-additional material on. technical topics, CM Handy had written a consxderable—

" _size book. Upon its publication it enjoyed an instant,success and quickly béeame an im=

portant factor in the literature of the radio amateur. As successive reprintings were under-
taken new material was added by the technical members of the ARRL Headquarters staff;
and an evolutionary process began which became the policy of the Handbook: to present the

" kind of information requu ed to get resulls, to avoid the academie intricacies of the classroom,

and, #$ time and experience showed us how, to refine and pelfect the explanations so that

. they were thoroughly helpful to practical amateurs.

Thus the book grew through the years -— in size, in value, in acceptance Tt became the
ught—hand guide of practical radio amateurs in every country of the globe. Revised annually
in recent years, it was always designed to present not neccssmlly the newest or novel but
rather the best. Our editorial problem in these annual revisions always lay largely in so
ad]ustmg its scope and perspective that the book would be of maximum usefulness to the
reader in his problems and activities of that particular year. The volume became a com-
prehensive compendium of. the whole art of high-frequency radio — corresponding literally:

" . to the -designation long carried on its cover: “The Standard Manual of Amateur Radio

- Communication.” It became-both a text and a reference book, an engineering-design hand-

book 2nd a practical ‘“how-to-build-it’" manual.
When war came to this nation at, the end of 1941, it was discovered by the’ mlhtmy and
other agencies that a book written as the Handbook was written was preciscly what was -

needed to provide exactly the kind of information required to make practical radiomen for
" the Army.and Navy and to help those who were tramxng themselves for wartime radio work.

Not only was — and is — the Handbook used dircetly in many training programs,-cither as

. basic text or reference, but its information has provided source-data for many of the service-
written special courses.

With tlie Handbook doing a tremendous wartime job, with its total distr 1butxon soon well
over a million copies, we have undertaken each recent revision with a Reavy sense of.our

1esponsxb111txcs as writers and pubhshers In the happier prewar days -of active amateur - -

operation the task of annual editorial revision had been chiefly one of selecting the ideas-and
creating the apparatus designs upon,whi¢h the gleetest operating reliance could be placed, -
of providing the latest and best “constructlon information of which we-had knowledge.

But with amateur stations silenced and all our people geared to the needs of war, the pel—_-' -
spective necessarily shifted sharply. Particularly as we approached the present revision —
" the twenty-second edition, the forty-fourth printing —'we have felt the dual responsibility

of continuing the Handbook's wartime uscfilness and of preparing both the prewar amateur -

"body -and the newer members of its ranks for the greatly expanded field of postwar amateur

radio.

Thus this edition is ‘what it is — a comprehensive,; authentic digest of the older, familiar
phases of radio theory and practice, interspersed with forecasts of the more advanced tech-
niques of tomorrow. Many of the theory sections.of this Handbook will appear with no appre-

“ciable revision. In such cases the larguage cmployed is, or could have been, that used.to

‘deseribe these same topics ten or twenty years ago. They relate to the basic elements of the
game — the game ds it once was and will continue to be, in part, at least. But after the war
we can anticipate that amateur radio will follow its evolutionary tréend, éver broadening the

- base of its activities. Where radio, to the broadcast listener, once was sxmply sound‘from 550

" to 1500 kiloeycles, he-now has a:m. radio, f.m. radio, television and facsimile to contemplate.

The amateur, to an evén greater degree, will have open to him a wholly new and divelsiﬁed_

“range of opportunities for technical developments. These we cannot as yet even forecast in

this' edition of the Handbook. The techniques, as upphcable by the amateur, have been
developcd only to a basic degree; all the work remains, to be done; but we can and, within .

" ‘the limits imposed, have endeavored to-présent-some .of the basic. prmcxples For:these are as

broadly applicable to phases of these.new activities as those leferred to a.bove have beep to

" the game we have known ‘for the past ten or twenty years.

. This edition, we are proud to state, continues the Hundbook's, unbloken (a.nd mcxdentally, :
.unparalleled) record of growth in size and content with a substantial i increase in the total




) number of pages. Thls, together w1th the enlarged page format adopted as a conservation
“mensureé in 1944, has enabled the inclusion of the new material without curtailing the-treat- -
ment of any of the older phases. Continuing in the style of the last few editions, it is divided
-into two main parts: In the first is grouped all the material treating of principles, theory and
design considerations — the enduring basis of the art. In the second part, embodying the
practical employment of the basic knowledge presented in the first part, are the examples of
practical equipment — in general. with at least one representative example of each aceepted
type or combination — together with essentisl constructional data and mstructlous for
adjustment and use. \ U
“"The first.ten chapters coustitute a textbook on the principles of radio. Basxcally, they are
the. culmination of scveral ycars of work by George Grammer, techmcal editor of @ST now
on leave, noét only in the writing.but in the refining of the presentatlon in the crucible of
actual use — by tcaching cxperimental classes and ‘by surveying the progress of typical
sclf-taught students. The aim has been to write an understandable nonmathematical treat-
ment for busy, practical people of average education. Nccessarily compact (as is any -good
" text), information is-deliberately presented without sugar-coating, but every effort has been
made to make it understandable and to avoid saying things in-such a way that they are
intelligible only fo those who already know the subject! The material has been so arranged
in topical sections as to'make it readily pdssible to find what is wanted, ‘a multitude of sub- -
headmgs dentifying subjects at a glance. The informition is_pr esented coneisely but with
copious cross-references, to permit the background always to accompany the subject under
consideration. Subjects are arranged in a logical order which can serve as the basis for a
well-ordered radio study course. Indeed, -Mr. Grammer’s ¢ompanion work, A Course in Radio.
Fundamentals, also published by the Leagut_ 1is written around this portion of the Handbook,
providing for the student a proved and effective series of study assignments, -directions for
experiments, and examination questions.
The'second part of the book is that which has been denrest to the heart of the practicing
amateur. That amateur today may be engaged in rebuilding his station to 1mprove its
performance after the war, but much more probably he is workmg for Uncle Sam — in the
armed forces, perhaps at the front but ‘more llkely at ‘a key post behind the lines, or in a .,
research or development labora.tory Wherever he i8, he and Lis- similars need a reliable guide
for the construction .of various picces. of radio appelatus The second part of the Handbook
deals only with practical ¢considerations, but referénce to the first part of the book always
will lead the reader qmcl\ly to any needed information on the whys thereof. The apparatus
‘designs are the best we know for their respective jobs and they. will be found reliable. The
classificd vacuum-tube tables, always a most. important feature of the Handbook, have been
revised to include data on all releascd new types; and rémain the most comprehensive. coni-
plln.flon available. As a specigl convenience to facilitate locating a tube whose classification
is not known, a cross-index by type numbers is provided. For those still on the home front, -
mention sheu]d be made of the reviséd chapter on-earrier-current communication, the’ alter—
native ficld which the amateur has found most interesting and fruitful during. the war’s re-
- strictions. The chapter on'the War Emergency Radio Service-has been revised and reor gnmzed
to.enable it to provide the best possible guidance,to those engaged in this essential service.-
Most of the technically skilled . specmllsts on the League’s headquarters staff at West
Hartford have participated in the preparation of this Handbook. The present revision is the
work largely of Clinton B. DeSoto, the editor of Q81 Donald H. Mix, QS7"s acting ‘technical
editor; Hollis M. French and J. Venable I‘ltzhugh QST"s a551st'mt technical: editors, and -
Walter E. Bradley, of ARRL’s Technieal Information Service. The production of the book
‘has.fallen on the production staff of QST including most particularly Louisa B. Dresser,
QST's cditorial assistant, Harry Hick' (for thirty years our staff draftsman), Elsm Hoch-
meister, and, in the concludmg phase, Assistant Editor A. D. Middelton.
A word about the reference system: It will be noted that each chapter is divided into-
sections and that these are numbered serially within each chapter. The number-takes the.
form of two digits or groups separated by a hyphen. The first figure is the chapter number,
the second the séction'number within the chapter. Cross-réferences in the text take such g
form as (§ 4-7), for-example, which means that the subject referred to will be found discussed
in Chapter TFour, Scction 7. .Throughout the book, illustratiorns are senally niambéred within
cach chapter. Thus Fig. 1107 can be readily 1dent1ﬁed as the seventh illustration in Chapter
‘Eleven. ‘The carcfully prepared index at the rear, in ‘itself one ‘of the most valuable and
unique features of the book, constitutes praetu,ally a glossary of the entire hlgh—frequency
* sradio art.

In the past year we have heard from many sources of the great utlhty the Handbook has had
in the prosecution of the war cffort. We carnestly hope that this edition will prove as helpfal
" to its wartime readers as carlier editions have been ‘to the ama'teurs of peacetime.

N KeNNETH B. WARNER
T Moanaging Secretary, A.R.R.L. .-
-WesT HARTFORD, CONN. . ’ - g e . .
November, 1944 : ’ _ ) , . .
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THE AMATEUR'S CODE

*oow N

]_ The Amateur is Gentlemanly

He never knowingly uses the air for his own amusement in such
a way as to lessen the pleasure of others. He abides by the
pledges given by the ARRL in his behalf to the public and

the Government. '

2. The Amateur is Loyal

He owes his amateur radio to the American Radio Relay
League, and he offers it his unswerving loyalty.

¢

3. The Amateur is Progressive

He keeps his station abreast of science. It is built well and
efficiently. His operating practice is clean and regular.

4. The Amateur is Friendly

Slow and patient sending when requested, friendly advice and

counsel to the beginner, kindly assistance and codperation for
the broadcast listener; these are marks of the amateur spirit.

5. The Amateur ’is Balanced

Radio is his hobby. He never allows it to interfere with any .of

" the duties he owes to his home, his job, his school or his

communlty '

0. The Amateur is Patriotic
B !
His knowledge and his station are always ready for the service

of his country and his commumty

********ﬁ***

\
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. ‘Chapter One

~ .'I;nt'rdductio,n'to"Radio

Where radio differs from other methods of
communication is in the means used to-con-
nect the transmitting and receiving points —
the invisible electromagnetic fields of radio re-
placing the metallic strands of the wire system:

The science of radio centers aroumd these
electromagnetic fields or waves. In fact, the
term radio is derived from ““radiation”™ — the.

First experiences always remain
most clearly fixed in the mind. Everyone who
" has ever been active in amateur radio can re-
_call the experience’of putting together his first
simple receiver —how he proceeded, with
doubts in his mind, frequently checking back
to the diagrams in the book, trying to under-
' stand their meaning. Coils, condensers, fixed
‘and variable resistors, grid leaks, sockets,
tubes, transformers, batteries, headphones.
Finally; the last connection was soldered; the
" .antenna and ground and the power leads con-
nected. Hesdphones on, he turned. the dial —
and then came the first sounds of code, musie
or the human voice. It worked!
This chapter is written especially for the in-
. dividual who has yet to enjoy the satisfaction
that- comes from building a radio set that
works; for the neophyte who finds himself con-
fused by the array of tubes and other parts
hidden within the cabinet of his home broad-
cast receiver or behind the panel of even the
simplest. transmitter. There is more behind
those panels than a switch, a dial, a loud-
speaker:and a knob to make the sounds’strong
or weak, but until certain fundamentals are
understood the purpose and functioning of
these components can have little significance.
Understanding how and why radio receivers
and transmitters work is merely a matter of
seeing in one’s mind what is happening. It re-
quires little more effort than forming mental
- pictures of other applications. of natural phe-
nomena, such as why airplanes fly or how gaso-
line engines make wheels go around: The only
difference is that the latter are mechanical op-
erations, and therefore more readily visualized.
A very simple explanation of the mechanies -
of how messages are transmitted and received
" % by means of radio waves may, therefore, help
prépare the way for the more detailed discus-
sion of fundamentals which will follow.
¢ 1-1 Radio Waves _
‘Communication — the process of conveying
intelligence from :one point to another — by
radio is similar to communication by any other
‘means — wire telephone, wire telegraph, visual
signaling or messenger.. The difference is that
in radio communication the physical Theans
. -for conveying or carrying the intelligence is
" a progressive chain of high-frequency radio
" waves-travelirig in'space, rathier than electrical
' impulses on a wire or other means. . B
" At the start,'and also at the end of the com-
municating process, radio- technique is identi-
“ * cal with that of wire téléphony and telegraphy.

into space.

When an electric current flows ‘through' a
' conductor — whether that conductor be part
of the house wiring or the extension cord to an
.electric light bulb or a radio antenna — mag--
netic lines of force are set up surrounding the
wire as a result of the current flow. These lines
of force constitute what is known as’an elec:
tromagnetic field. This field is not detectable
by any ordinary human sense, but it does exist
— much like  the force exerted by a magnet
which, although also invisible, ¢an be readily
demonstrated. ] 0 )

The energy in the field thus ereated alter-
nately builds up and subsides with-each aiter-
nation of the current. If the length of the con--
ductor is great e‘nough“a’nd the frequency of
alternation slow enough, the energy in the

- field will have time to return to the conduc-
tor before the next reversal .occurs. and ‘the -
cycle is repeated. If, however, the frequency or
rate of reversal is sufficiently rapid, the field
set up by current flow in one direction will not
be completely collapsed before it is displaced
by a new field from the next cycle. Thus ot all
of the energy in'it can return to the wire.

With each successive cycle portions of addi-

tional fields are détached, each following its
predecessor away from the ‘wire. Scon' there is
a continuous series of these detached fields
traveling out into space -at.a rate of Ine'a.rly
200,000 miles (actually, 300,000,000 meters)
per second — the speed of light. S

This is the' process of radiation, and it ce-

.ceurs in some .measure” whenever -alternating
current flows through any conductor. Unless
the length of the conductor approaches ‘tle
wavelength of "the alternating current very
little actual energy is released; however.

Consider, for' example, the wavelength cor-

responding to 60 cycles per second (the fre-
quency commonly used in electric power trans-.
mission). A single waveat this frequency covers
5 million meters, or about 3,100 miles per' -
eycle.- A practical radiating circuit of that .
length obvjously béing inconceivable, the radi-
“ation from any wire carrying 60-cycle ‘eutrent

. is negiigible. On the‘other'hand,' an alternating

<

052 ._g.’,’;,,“. .' A9 ) : 4 ) ‘.
L el . = - ‘ . Rl

process of propagating or sending the waveés | h
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current whose frequency is 60 million cycles per
second (60 megacycles) will radiate waves hav-
ing 2 length of only 5 meters — and wire lines
with ‘dimensions of this order can be readily
conistructed.

In practice, the frequencies used for radio
transmission range from about, 15,000 cycles
per second up into the billions.

'

€ 1-2 . Radio Trdnsmissidn

The basxc elements of any system ‘of radio
communieation —or- for employing = radio
waves in any other application — are (1) means
for generating a radio- frequency carrier (trans-
mitter); (2) means for impressing intelligence
upon the -carrier (telegraph key; modulator);
and (3) means for radiating the modulated
carrier wave (transmlttmg antenna), .

At the receiving end there must be (1) a
means for intercepting radio wives (receiving
.antenna); (2) means for selecting the desired

. wave and amplifying the intercepted energy
-(receiver); (3) means for converting the carrier
modulation into- useful form (headphones,
loudspesdker, cathode—ray tube, relay, ete.).:

Figs. 101 through 104 illystrate the use of
these elements in the transmission and recep-
tion of voice and code slgnals by radio.

Compared with the range of tones audible..
to the Human ear as sound, the alternations of
radiated electromagnetxc waves occur so rap- .

. resonant -circuit connected to serve as a gen-

idly that even if converted into vibrations in -
the .air, they are indistinguishable’ from the
non- alternatmg or direct current from the bat-
tery or 'equivale‘nt source which supplies the

“carrier” current for a wire telephone or tele—
graph system. Thus it is that radio waves, even
.though they are only invisible flelds of energy
in space, ‘can be substituted for the telephone
or telegraph wires used in those, systems: .

To make radiated hxgh-frequency alternat-
ing current useful for communication, the de-
‘sired intelligence first must be 1mpressed upon
it in a manner that will permlt its interpreta~
tion or conversion at the receiving -end. ThlS
process is called modulation.
. For code transmission it; is necessary :merely
to interrupt the current at suitable intervals,
produclng a series of ‘trains of ‘waves whose
duration and spacing conform to an artificial
¢ode representing the letters and numerals of
the alphabet. This can be accomplished by -
simply turning on and -off the power ‘source
from which the carrier energy is derived, using
a speclal ‘hand switch, called & “key 7 as
‘pictured in Fig. 101.

The transmitted carrier is supphed by .an
oscillator; consisting of a vacuum tube and a

erator of alternating current-at -the desired
radio frequency. This current is then amplified,
either at the original frequency of the oscilla-

. - , @W&WWM
Fig. 102 — Radiotelephone transmission of voice-modulated signals. ANTENNA’ =1~ Rabip wAVES/
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.Fig. 103 ~— Superheterodyne reception of c.w. code éignals.

tor or (as in Fig. 101) at a multiple thereof.
After passing through as many amplifier stages
as are needed to give the required power, the
carrier wave trains corresponding to the dots
and dashes of the ecode are conveyed to the
transmitting antenna via 2 transmission line,
and radiated. ) _

The method by which the sounds of voice or
music are transmitted by radio is somewhat
. more complex, as shown in TFig. 102. Radio-
telephone transmission begins with a micro-
phone placed in the path of the sound waves.
Variations in the pressure or veloeity of the air
produce corresponding motions of a pliant
diaphragm or ribbon in the mierophone and by
an electromechanical process made to generate
a feeble alternating current having the same
characteristies as the sound waves. .

The resultlng audio-frequency current, as it
is termed, is amplified by vacuum tubes in an
intermediate speech amplifier and then deliv-
ered to the modulator, where it is applied to
the power in the radio—frequency carrier.

Up to the point of modulation the carrier is
generated and amplified in the same manner
as in the case of code transmission. Until it
reaches the final radio-frequency amplifier
stage the carrier has constant amplitude and
flequency and waveform. The amphﬁed audio

o)

frequency voltage from the modulator, which
also employs vacuum tubes, then is made to

~ vary either the amplitude or the frequency

of the carrier. These variations are, of course,
proportional to the amplitude and other char-
acteristics of the audio-frequency voltage, and
therefore represent a replica of the fluctuations
in the original sound. The modulated carrier,
in turn, is delivered to the transmitting an-
tenna, which radiates the electrical energy in
the form of electromagnetic waves. .

€ 1-3 Radio Reception

When 'the waves from the transmitting an-
tenna reach the antenna of a radio receiver,
they create in it an alternating voltage which
is identical with the characteristies of the car-
rier; whether it be the interrupted pulses of
code or the modulated carrier of radiotelephony.

The manner in which this voltage is trans-
lated into sound is illustrated in Fig. 103, in the
case of code transmission, and in Fig. 104 in
the casec of voice. The type of receiver depicted
in thede diagrams is the superheterodyne,
which involves an intermediate .conversion
step. In the simplest possible type of receiver
the received signal would be delivered directly
to a vacuum-tube detector. If any preliminary
amplification is performed in this type of re-

- Fig. 104 — Superhctcro&yne reception of voice-modulated transmissions.
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ceiver, an r.f. stage is inserted between theé

antenna and detector which operates at the

carrier frequency.

In the superheterodyne receiver, however,
such .preliminary amplification is only inci-
dental, and is followed by the conversion of the
original earrier frequency to a fixed intermedi-
ate frequency. This is accomplished by means
of what is known as a “beating’’ or heterodyne
process, in which the intermediate frequency
corresponds to the slow ‘‘beat’ note heard
wlhen two musieal tones of different pitch are
struck simultaneously.

In code reception an auxiliary device is re-
quired to make audible sounds out of the
steady pulses of the "high-frequency ecarrier,
which by themselves are inaudible to the
human ear. This deviee, called a beat oscillator,
also operates on the heterodyne principle.

With voice modulation, the modulated car-
rier is detected, which means that the audio-
frequency envelope is separated from the i.f.
carrier. The resulting audio current is further
amplified to a point where sufficient power is

‘availlable to operate headphones or a loud-

speaker, which in turn sets up trains of sound
waves 1n the surrounding air. These are a
more or less exact reproduction of the sound
vibrations which originally entered the micro-
phone at the transmitter. .

¢ 1-4 Pulse Transmission

In addition to the conventional modes of
communication by voice modulation and by
c.w. transmission, other new methods of sig-

naling or transmitting intelligence by radio, as.

well as new mechanisms for performing these

. older functions, are being developed.

,, For the most part these methods are based
on the transmission of pulses of various kinds
which, upon suitable selection at the receiving
end, can be employed for such diversified uses
as recreating television pictures, remote control
of almost any mechanism, sounding the upper
atmosphere, obstacle ~detection, high-speed
automatic telegraphy, automatic landing sys-
tems for aireraft, and a multitude of other uses.

The technique of pulse transmission and
reception is based on the translation, - trans-

mission and interpretation of various kinds of-

pulses. Ordinary c.w. (code) transmission em-
ploys pulse transmission in its most elementary
form, wherein two kinds of pulses — one long
and one short — are utilized to convey intelli-
gence according to a prescribed code. The

original intclligence conveyed by .these pulses -

may be interpreted, aurally, by the ears of a
trained operator, or through automatic devices
which differentiate between them by means of
their relative length. This then becomes one
of the forms of pulse selection — identification
in terms of length, or duration. Other forms of
pulse selection are- based on amplitude, on
polarity and on sha.pe

The method used in the transmlssmn of tele-
vision ,pmtures is similar to that used for sound

’

transmission. The microphone is replaced by a
television camera which'scans the scene to be
viewed and converts the variations of light
and.shade into an alternating voltage. This
‘““video” voltage-is superimposed on a carrier,
transmitted, received, and demodulated, and
finally is reconverted mto light by a cathode—
ray tube which is equivalent to the loudspeaker
of a sound receiver. ‘

Itislogical to anticipate that the application
by amateurs of the methods and mechanisms

of pulse transmission will increase. Already some -

of the techniques thereof have been employed
in such devices as electronic keys and auto-
matic station control systems. The basic
methods themselves have been applied to the
remote control of models, and even, in some
instances, to automatic coded transmission and
ionosphere " soundings. Prewar experimental
work with television and facsimile has already
demonstrated that these fields will have major
significance in postwar amateur radio.

¢ 1-5 Underlying Fundamentals

While all of these applications involve spe-
cialized techniques in certain elements of the
individual systems, each employs the common
medium of radio waves for conveying the

.energy employed in accomplishing the ulti-

mate desired result. Basically, therefore, the
fundamental techniques of radio are common
toall, and a knowledge of the concepts and in-
struments employed in radio communication
is preréquisite to acquiring the specialized
knowledge utilized in any of these allied fields.

There is another aspeet common alike to
communication and these allied fields. That is
the electronic vacuum tube. The fact that this
invaluable tool is employed in so many new
processes and devices (the more recent ones
currently enshrouded still in military secrecy)
has led to their classification under the cate-
gorieal definition of ‘“‘electronics’ or electronie
devices. Some of these specialized devices, while
employing vacuum tubes, do not use a radio
link; thus, while practically all radio devices

are electronic devices, not all electronic devices-

are also radio devices.
This Handbook, therefore, while created
specifically for the radio amateur and dealing

with the art from the amateur’s point of view,

covers all the common and, to a great extent,
the specialized forms of equipment found in
the radio and electronic services. )
_A glance at the chapter headings will show
that each element of the radio system is con-
sidered in appropriate sequence for readiest
comprehension, first from the theoretical stand-
point and then in terms of actual apparatus.

First, however, the component parts utilized

in each of these elements must bé known and

the principles of their operation understood — -

most notably in the case of the vacuym tube.

The two chapters immediately following treat, . -

therefore, of the basic electrical, and radio
fundamentals and of vacuum tubes,
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Electrical and Radio Fundamentals

The Nature of Electricity

. ArLL matter —solids, liquids and

" gases —is made.up of fundamental units,

called molecules. “The smallest subdivision of a

‘substahce retaininF all its characteristic prop-
e

erties, the, molecu in turn is constructed of
atoms of the various elements comprising the
substance. :

Tlie atom is made up of a central part, called -

the nucleus, around which minute particles or

‘charges of electricity, ealled electrons, circulate.
The-atom can be compared roughly to the solar

system, with the sun representing the nucleus

" and the planets the electrons. By far the

.greater part of the mass or weight of an atom

is in the nuecleus, but because of its extreme

- compactness the nucleus oécupies only a small

part of the space taken up by the atom. In the
normal or neutral atom the electrical ‘‘charge”
on each electron is balanced by an equal
charge of opposite kind associated with the
nucleus. The kind of clectricity represented
by the electron is called negative, while that

- associated with the nucleus is called positive.

The greater mass of the nucleus (the nucleus
is more than 1850 times as heavy as the elec-
trons associated with it) is considered to be
principally in neutral particles — that is, parti-
cles which exhibit no electrical effects —
bound together by some means. These neutral
particles each may actually be the result of the
combination of a positive and a negatlve parti-

" cle, so that the charge on each is neutralized.

The net positive charge associated with the nu-
cleus can be regarded as an excess of positwe
particles, or as an absence of enough negative
charges to neutralize all the positive charges

- present.

Ordinary electrical activity is the result of
movements of - the electrons, or negative
charges, 5o it is customary to consider electrical
phenomena as caused by the presence or ab-

sence, of these negative particles.

< 2-2 Electrons

" Electron flow —In the atoms of many sub-

- stances, one or two of the outer electrons as-

sociated with- the nucleus can be detached

© . from the atom, thus leaving the atom as a

whole with & net positive charge.

The electrons outside the nucleus move in
planetary elhptxc orbits about it. The radius of
the different orbits varies within a single atom,
and as a consequence the strength of the bond
existing between the nucleus and thé different

" electrons varies. THe outer electrons, in gen-

. eral, are rather loosely bound to the nucleus,

and under favorable conditions may be com-

pletely dissociated from the remainder of the -

atom. This proecess, to be treated subsequently
in more detail, is known as ionization. It is the
process by which electrons are emitted from
the heated filament in a2 vacuum tube.

In conduction through solids the electrons
constituting the current flow are the outer
orbital electrons of the atoms. Since these elec-
trons are less tightly bound to the atom, they
arc spoken of as free cleetrons. As these clec-
trons move through the solid under the influ-
ence of an electric ficld, they collide with the
atoms and contmuo,usly lose the cnergy gained
from the field. As'a consequence the velocity of
electrons in the direction of.the field is com-
paratively small — a ten-millionth or less the
veloeity of free electrons.

The free electrons which contribute to the
electric current have a low drift velocity in the
negative direction of the field within the gon-
ductor. Moving through the metal in a com-

mon general direction they enter into frequent -

collisions with the molecules of the metal, and
in consequence are continually retarded in
their forward motion. The maximum velocity
they are able to attain depends on the strength
of the field and the nature of the substance. .

The collisions which tend to reduce the drift
velocity of the electrons act as a retarding

force. When current flows, this retarding force . °

must, exactly equal the aceelerating force of the

“field. The retarding foree is proportional to the

number of free electrons per unit length of con-

ductor and to their drift velocity. The acceler--

ating foree is proportional to the field per unit

. length of conduetor, to thé number of electrons

per unit length, and to the electronic charge.
The unit of quantity — The amount of
electricity represented by a single electron is

extremely small — far too small to be used as .

a unit of quantity in practical electrical work.
The practical unit of electrical quantity is the
coulomb.,One coulomb is equal to about 6.2 X
108 electrons. Because the electron is so mi-
nute, the “granular nature: of electricity is
not apparent in practical work.

Static and current electrlcny— An elee-
trical charge may be either at rest (sfatic) or
moving. Electrostatics is that branch of electri-
cal theory which deals with thé behayvior of

_electricity at rest. If an electrical charge is. -
moving, its movement constitutes a current of

electricity, . The movement may take place
through a vacuum, through a gas or liquid, or

" through solid materxals (usually metals) called
conductors. When the movement is through a -
solid, the collection of electrons constxtutmg the .

13.
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. original charge does Nt moveasa umt through
_the entire path; mstend individual ¢lectrons all

‘that motion in a ehain is transmitted from link"

.

n.long the path are ur'ged to leave the atoms'to
‘which they are attached. Each electron travels

ohly a relatively short distance befoi¢-finding

another atom v&hxch is electron-deficient, and

to which it tends to attach itself. The motion .

is, therefore,.transmitted along the path from
electron to electron, much in the same way

to link. Naturally, the ease with which the
electron motion is transmitted’ depends:upon
the ease with which an electron can be de-
tached from an atom of the substance. thx ough
whlch the current is moving.

Fig. 201 — Attraction and’ repulsion of chnrged ob_u clu,

-as demonstrated by the familiar pith-ball expcnment.

The flow of current through a conduétor is

accompanied by heating of the conductor,”

which may be explained as resulting from col—
lisions between moving clectrons and atoms,
setting the latter into vibration. Thus therc is
a loss of energy, in the form of heat, accom-
panying the flow of current.

Insulators and- conductors — Materials
whose atoms will readily give up an electron

. are called conductors, while those in which all

the electrons are firmly bound in the atom are
called insulators or dielectrics. Most metals are
good conductors, as also ‘are acid or salt solu-
tions. Among the insulators are wood, hard
rubber, bakelite, quartz, glass, porcelam, tex-

" tiles and many other nonmetallic materials.

" Resistance — No substance is a perfect con-
ductor, and-there is 4lso no such thing as a
perfect insulator. The measure of the difficulty
in moving an electron by electrical means is
called resistance, Good conductors have low re-
sistance (high . conductivity), good insulators
very high resistance. Between the two are ma-
terials which are neither good conductors nor
good insulators, but nonetheless are useful

" “sirice there often is need for intermediate values

of resistance in electrical circuits.
Circuits — A circuit is simply a complete

path along which .electrons ecan move. There

will normally be a source of energy (a ba.ttery,

SGe
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q 2 3 Static Eledrlcny

The electric charge — Many materials that-

have a high resistance can be made to acquire

a charge.(surplus or ‘deficiency of electrons)’

by mechanical means, such as friction. The fa-

.miliar crackling when a hard-rubber comb is

run through hair on a dry winter day is an
example of an electric charge generated by

is called a negative charge; a lack of them is
called a positive charge. The kind of charge is
called its polarily. A negatlvely c¢harged ‘object

is frequently called a negatlve pole, while 'a

positively charged object sxmllarly is called a
positive pole.
Attraction and repulsion — Unlike charges

. (one posxtlve one negative) exert an attraction

on each-other. This can be demonstrated by

giving charges of opposite polarity to'two very

light, well-insulated conductors, such as bits
of metal foil suspended from dry thread (Fig.
201). 'Pith balls covered with foil - frequently
are used in this experiment.

When the two charged objects are brought
close together, it will be observed that they will
be attracted to cach other. If the charges are
equal and the charged bodies are permitted to
touch, the surplus electrons.on the negafively
chnrged object will transfer to the posmvely
charged object (i.e., the -one deficient in elec-
trons) and the two charges will- neutralize,
leaving both bodies uncharged. If the charges
are not equal, the weaker charge neutralizes an
equal amount of the stronger when the two
bodies touch, upon which the excess of the

stronger .charge distributes itself over both.

Both ‘bodies then have charges of the same

_polarity, ‘and a force of repulsion is exercised

. between them. Consequently, the bits of foil

for instance), and a load, or portion of the cir- .

" cuit where the current is made to do useful -
-work. There must be- an unbroken path

through whieh the clectrons can move; with
‘- .'the source of energy acting as an .electron .

pump and sendmg them around the circuit,

The circuit is said to be open when no charges . .
can move, because of a break in the path. Itis
closed when no break exists — when .switches

éire closed and all connections are made.

tend to spring away from esch other.

Remember this rule: Unlzlce charges altract,
Uike charges repel.

Electrostatic ﬁeld-— I'rom the foregomg it
is'evident that an clectric charge can exert a
force through the space surrounding , the
charged ob]ect The region in which this. force

is-exerted is considered to be perva.ded by an

‘friction. Objects.can have either a surplusor a
deﬁmency of electrons — a surplus of electrons

electrostatic field, this concept of a field being .

adopted to explain the “action at a_distance’
of the charge. The field is pictured as ‘consisting

of lines offorce orlgmatmg on the charge and'

Fip. 202—mes of. forcc fmm a charged ob]ect ex-

tend ontward radially, Althoujh only two .dimensions .

ar¢ shown, the field extends in all directions from the

chnmc. and should be vxsunhzcd in. thrce dxmensnons._._' :

v
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spreading in all dire'ctions, finally terminating
on other charges of opposite polarity. These
other charges may be a very large distance

away, The number of lines of force per unit’

area is, however, a measure of the intensity of
the ﬁeld

The general picture of a charged obJect in
. isolated space is shown in Fig. 202. This is-an
idealized situation, since in practice the charged
objéct could not be completely isolated. The
presence of other charges, or simply of in-
sulators or conduetors, in the viecinity will
greatly change the configuration of the field.
The direction of the field, as indicated by the

15

ductor out of the field the electrons will re-
distribute themselves so that the charges dis-
appear. However, if the conduetor is con-
nected to the earth through a wire while under
the influence of the field, as shown in Fig.
'203-B, the induced positive charge will tend to
move as far as possible from the source of the

~

4Gy

arrowheads, is away from a positively charged . .-

object;-if the charge were negative, the direc-
tion would be toward the charge.

It should be understood that the field plc-
ture as represented above is merely a con-
venient method of explaining observed effects,
and is not to be taken too literally. The electric
force does not consist of separate lines like
strings or rods; instead, it (,ompletely pervades
the medium through wlmh the foree is exerted.
With this understanding in mind, it is con-
venient to talk of lines of foree and to measure
the field intensity in terms of number of lines
per unit area. )

The intensity of the field dies away with
distance from the charged object in a manner
determined by its shape and the ecircum-
stances of its surroundings. In the case of an
isolated charge at a point (an infinitesimally
small object), the field strength is inversely
proportional to the square of the distance.
However, this relationship is not true in many

. other cases; in some. im'port:mt practical ap-
plications the field intensity is inversely pro-
portional to the distance involved, and not to
its square.

Electrostatic induction —If a piece of

conducting material is brought near a charged

object, the field will exert a force on the elec-
trons of thie metal so that those free to move
will do so. If the object is positively charged,
as indicated in Fig 203, the free electrons will
move toward the gnd of the conductor nearest
the charged bod: /, leaving a deficiency of elec-
trons at the otlfer end. Hence, one end of the
conductor becwmes negatively charged while
the other eng has an equal positive charge.
The lines of Jrce from the charged body ter-
minate on conduetor, where sufficient
electrons ac ulate to provide an electric
intensity ec nd opposite to that of the
field at that, . Because of this effect, the
electrosta:" nside the conductor is com-
pletely nr by the induced charge; in
other wa 1d does not penetrate the
conduct- work this principle pro-
vides, i g which electrostatic fields
regions where they are

conductor as shown in
existence by the field
‘. On taking the con-

Fig. 203 — Electrostatic induction. The field from the
positively charged body attracts clectrons, which ac- ¢
cumulate to form a negative charge. The opposite end of
the couductor conscquently acquires a positive charge.
This charge may be ““drained off "’ to carth asshown at B,

field (that is, electrons will flow from the earth
to the conductor). If the grounding wire is then
removed, the conductor will be left with an
excess of clectrons and will have aequired a
“permanent” charge — permanent, that is, so
long as the conductor is well (,nough insulated
to prevent the charge from escaping to earth
or to other objects. The polarity of the induced
charge always is opposite to the polarity of the
charge which set up the original field.

Lnergy in thé electrostatic field — The
expenditure of energy is necessary to place an
electrical charge upon an object and thus.es-
tablish an electrostatic field. Once the field is
established and is- constant, no further ex-
penditure of energy is required. The energy
supplied to establish the field is stored in the
field; thus the field represents potential energy
(that is, energy available for use). The poten-
tial energy is acquired in the same way that
potential energy is given any object (a 10-
pound weight, for instance) when it is lifted
against the gravitational pull of the earth. If
the welght is allowed to drop, its.potential
energy is changed into the energy of motion.
Similarly, if the electrostatic field is made to
disappear its potential energy is transformed
into a movement of clectrons or into what 15
known as an eleetric current.

The potential energy of the lifted weight is
measured by its weight and the distance it is
lifted; that is, by the work done in lifting it.
Similarly, the potential energy (called siraply
polential) of the electrostatic field at any point
is measured by the work done in moving a
charge of specified value to that point, against
the repulsion of the field. In practice, absolute
potential is of less interest than the difference

of polential between two pomt,s in the field.
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Potential difference— If two objects are
charged differently, a potential difference
exists between them. Potential difference is
measured by an electrical unit called the voltf.
The greater the potential difference, the
higher (numerically) the voltage. This voltage
exerts an electrical pressure or force as explained
above, and is often called electromotive force
or, simply, e.m.f. It is not necessary to have
unlike charges in order to have a difference of
potential; both, for instance, may be negative,
so long as one charge is more intense than the
other. From the viewpoint of the stronger
charge, the weaker one appears to be positive
in such a case, since it has a smaller number
of excess electrons; in other words, its relative
polarity is positive. The greater the potential
difference, the more intense is the electrostatic
field between the two charged objects.

Capacity — More work must be done in

" moving a given charge against the repulsion

of a strong field than against a weak one;
hence, potential is proportional to the strength
of the field. In turn, field strength is propor-
tional to the charge or quantity. of electricity

.on the charged objeet, so that potential also is

proportional to charge. By inserting a suitable
constant, the proportionality ean be changed
to an equality:

Q=CE

where: @ is the quantity of charge, E is the po-

tential, and C is a constant depending upon the

charged object (usually a conduector) and its

surroundings and is called the capacity of the

object. Capacity is the ratio of quantity of

charge to the potential resulting from it, or
c Q

E

When @ is in coulombs and E in volts, C is
measured in farads. A conductor has a capacity
of one farad when the addition of one coulomb
to its charge raises its potential by one volt.
The farad is much too large a unit for prae-
tical purposes. In radio work, the microfarad
(one millionth of a farad) and the micro-
microfarad (one millionth of a microfarad) are
the units most frequently used. They are ab-
breviated ufd. and pufd., respectively.

+ B 4+

Fig. 204 — The prineiple of the condenser.

The capacity of a conductor in air depends
upon its size and shape. A given charge on a
small conductor results in a more intense
electrostatic field in its vicinity than the same
charge on a larger econductor. This is because
the charge distributes itself over the surface,
henee its density (the quantity of electricity

‘mech
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per unit area) is smaller on the larger conduc-
tor. Consequently, the potential of the larger
conductor is smaller, for the same amount of
charge. In other words, its ecapacity is greater
because a greater charge is required to raise
its potential by the same amount.
Condensers — If a grounded conductor, A
(F'ig. 204), is brought near a second conductor,
B, which is charged, the former will acquire a
charge by electrostatic induction. Since the
charge on A is opposite in polarity to that on
B, the field set up by the induced charge on 4
will oppose the original field set up by the
charge on B, hence the potential of B will be
lowered. Because of this, more charge must be
placed on B to raise its potential to its original
value; in other words, its capacity has been
increased by the presence of the second con-

ductor. The combination of the two conductors -

separated by a dielectrie is called a condenser.

Fig. 205 — A simple condenser,
consisting of two metal plates

f
g &

The capacity of a condenser depends upon
the areas of the conductors, as before, and also
becomes greater as the distance between the
conductors is decreased, sinee, with a fixed
amount of charge, the' potential difference
between  them decreases as they are moved
closer together. ’

If insulating or dielectric material other
than air is inserted between the conductors, it
is found that the potential difference is lowered
still more — that is, there is a further increase
in capacity. This lowering of the potential
difference is considered to be the result of
polarization of the dielectric. By this it is
meant that the molecules of the substance
tend to be distorted under the influence of the
electrostatic field in such a way that the
negative charges within tke molecule are
drawn toward the positively charged condue-
tor, leaving the other end of: the molecule
with a positive charge facip, fhe negatively
charged conductor. Since z lectrons are
firmly bound in the atove, 1e dielectric,
there is no flow of currer/%, total eharge
on each atom is sﬁ')‘c."/Jo,-o there is a
tendency toward Jl;ellt,;? Cly

P /’ee The dielec-

reaction on theo, 9
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mechanica{; Ctpy S, %
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capamty of the dielectric, or, probably more
commonly, the dielectric. constant. Strictly
speaking, the comparison should be made to
empty space (i.e., & vacuum) rather than to
air, but the dielectric constant of air is so nearly
that of a vacuum ‘that the practical difference
is neghgxble A table of dielectric.constants is
given in the Appendix.

Condensers have many uses in electrical
‘and radio circuits,-all based on their ability to
‘store energy in the electric field when a poten-
tial difference or voltage is caused to exist be-
tween the plates — energy which later can be
released to perform useful functions.

-'(1 2-4 The Electric Current

Conduction in metals — When a difference
of potential is maintained between the ends of -
a metallic conductor, - there is a continuous
drift of electrons’ through the conductor to-
ward the end’having a positive potential (rela-
tive polarity positive). This electron drift con-
stitutes an electric current through the metal

© -(§2-2). The-speed with which the electron

movement is established is very nearly the
speed of light (300,000,000 meters, or approxi-
mately 186,000 miles, per second), so that the
current is s;nd to travel at nearly the speed of
light. By this it is meant that the time interval
between the application of the electromotive
force and the flow of current in all parts of a
circuit, even one extending over hundreds of
miles, is negligible. However, the individual
electrons do not move at anythmg approach-
ing such. a speed. The situation is similar to
that existing when a’mechanical foree is trans-
mitted By means of a rigid rod. ‘A force ap-
plied to one end of the rod is transmitted
practlcally instantaneously to the other end,
even though the rod itself moves relatlvely
slowly or not at all.

The magnitude of the electric current is the
_rate at which electricity is moved past a point
in the circuit. If the rate is constant, then the
current is equal to the quantity of electricity
moved past a given point in some sclected
time interval. That is,-.

1

- where T is the intensity or magnitude of the -
current, @ is the quantity of electricity, and ¢
is the time. If Q isin coulombs and { in seconds,
the unit for. I is called the ampere. One ampere
of current is equal to one coulomb of electricity
moving or “flowing” past a given pomt in a

" circuit in one second.

The currents used by . different electrical
devices vary greatly in magnitude. The current
which flows in an ordinary 60-watt lamp, for
lnstance, is about one-half ampere, the current
in an eléctric iron is about 5 amperes, and that'
in a radio tube may be as low as 0.001 ampere.
" When & current fiows through. 3 metallic.

- conductor there is no visible or chemical. effect

on- the conductor. The only physical eﬁ'ect is

the heat developed (§ 2-2) as the result of en-
ergy loss in the conductor. Under normal condi-
tions the rate at which heat is generated and
that at which it is radiated by the conductor
will quickly reach equilibrium. However, if the
heat is developed at a more rapid rate than it
can beradiated, the temperature will continue
to rise until the conductor burns or melts.
Experimental measurements have shown
that the current which flowsin a given metallic
conductor is directly proportional to the ap-_
plied e.m.f., so long as the temperature of the
conductor is held constant. There is no e.m.f.
so small but that some current will flow as a
result of its application to a metallic conductor.
Gaseous conduction — In any gas or mix-
ture of gases (such as air, for exumple) there -
are always some free electrons — that is, elec-

trons not attached to an a.tom—a.nd also *

some atoms lacking an electron. Thus there are
both positively and negatively charged parti- .
cles in the gas, as well as many neutral atoms.
An atom lacking an electron is called a positive
fon, while the free electron is called a negative .

. ton. The term 7on is, in fact, applied to any

elemental pnrticle which has an electric charge.
If the gas i5 in an’electric field, the free elec-
trons will be attracted toward the soutce, of
positive potential and the positive ions will be
attracted toward the source of negative poten-
tial. If the gasis at atmospheric pressure neither.
particle can travel very far before meeting an
ion of the opposite kind, when the two com-
bine to forrm a neutral atom. Since a neutral
atom is not affected by the electric field, there
is no flow of current through the gas. :
However, if the gas is enclosed in a glass
container in which two separate metal pieces
called electrodes are sealed, and the gas pres-
sure is then reduced by pumping out most of
the gas, a different seét of conditions results.:
At low pressure there is.a comparatively
large distance between each atom, and when
san clectric field is established by applying a
difference of potential to the electrodes the
ions can travel a considerable distance before

- meetmg another ion or.-atom. The farther the
_ion travels the greater the velocxty it acquires,

sincc the effect of the field is to -accelerate its
motion. If the field is strong enough the ions
will acquire such velocity that when one hap-
péns to- collide with a neutral atom the force
of the colhslon ‘will knock an electron out of

Gas at low
pressure

‘_E/ectmdq )

N

— Source of +

! ——— potential -———— "
Difference

Tlg 206 — Illustrating conduction, through a gas at

low pressure, Positive ions are attracted to the ncgatwe

electrode, while electrons are attraeted to thc positive

electrode. This takes place.only after the gas is wmm.d )
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the atom,-so that this atom also becomes
ionized. The process i$ cumulative, and the
freed electrons are attracted to the positive
electrode while the positive ions are attracted
to the negative electrode. This movement of
charged particles constitutes an electric cur-
rent through the gas. .

Since an ion must acquire & certain velocity
before it can knock an electron out of a neutral
atom, a definite field strength is required be-
fore conduction can take place in a gas. That

is, & certain value of potential difference,
called the -fonizing potential, must be applied ’

to the electrodes. If less voltage is.applied, the
gas does not ionize and the current is negligible.
On the other hand, once the gas is ionized an
increase in potential does not have much effect
on the current, since the ions already have
sufficient velocity to maintain the ionization.
The ionizing potential required depends upon

- the kind of gas and the pressure. Ionization is

usually accompanied by a colored glow, differ-
ent gases having different characteristic colors.

Current flow in liquids— A very large
number of chemical compounds have the pe-
culiar characteristic that, when they are put
into solution, the component parts become
ionized. For. ekxample, common table salt
(sodium chloride), each molecule of which is
made up of one atom of sodium and one of
chlorine, will, when put into water, break down
into a sodium fon (positive, with one electron
deficieut) and a chlorine ion (negative, with
one excess electron). This can only occur so
long as the salt is in solution — take away the
water and the ions are recombined. into the
neutral sodium chloride. This spontineous
dissocialion in solution is -anotler form of

ionization. If two wires with a difference of.
- potential between them are placed in the solu~

tion, the negative wire will attract the positive
sodium ions while the positive wire will attract
the 'negative chlorine ions and an electric
current will flow through the solution. When;
the ions reach the wires the electron surplus.or
deficiency will be remedied, and & neutral
atom will be formed. . !

Fig. 207 — Electrolytic conduction. When an e.m.f. is
applicd to the clectrodes, negative ious are.attracted to
the positively charged plate and positive ions to the neg-
atively charged plate. The battery, which is the source
of thé c.m.f., is indicited by its customary symhol.

. ”

In this process, the water is decomposed into
its gaseous constituents, hydrogen and oxygen.
The energy used up in decomposing the water
and in moving the ions is supplied by the

.
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source of potential difference. The enérgy used
in decomposing the water is equivalent to an

" opposing e.m.f., of the order of a volt or two. If

this constant ‘“back voltage’ is subtracted
from the.applied voltage, it is found that the
current flowing through a given solution, or
electrolyte, is proportional to the difference
between the two voltages. !
Current flow in vacuum — If a suitable
metallic conductor is heated to a high tempera-
ture in a vacuum, electrons will be emitted
from the surface. The.electrons are freed from
this filament of cathode because it has been

Fig. 208 — Conduiction hy
thermionic emission in a
vacuum tube. One battery
is uscd only to heat the
filament to a temperature

Positive
plate

trons. The other battery
places a potential on the
platewhich is positive with

and as a resnit the. elec-
° trons are attracted to the

plate. The clectron flow

from filament to plate

completes the electrical
# circuit.

heated to a temperature that gives them suffi-
cient energy of motion to allow them to break
away from the surface. The process is called
thermionic ‘electron emission. Now, if a -metal
plate is placed in the vacuum and given a posi-
tive charge with respect to the cathode, this
plate or anode will attract a number of the elec~
trons that surround the cathode. The passage
of the electrons from cathode to anode consti-
tutes an electric current. All thermionic vac-
uum tubes depend for their operation on the
emission of electrons from a hot cathode:
Since the electrons emitted from the hot
cathode are negatively charged, it is evident
that they will be attracted to the plate only
when the latter is at a' positive potential with
respect to the cathode: If the plate is nega-
tively charged with respect to the catliode the
electrons will be repelled back to the cathode,
hence no current will flow through the vacuum.
Consequently, a thermionic vacuum tube con-
ducts current in one direction only. When the
plate is positive, it is found that (if the poten-
tial is not too large) the current increases with
an increase in potential difference between the

‘plate and cathode. However, the relationship

between current and applied voltage is not a
simple one. If the voltage is made large enough
all the electrons emitted by the cathode will be

" drawn to the plate, and a further increase in

voltage therefore cannot cause a further in-
crease in current. The number of electrons
emitted by the cathode depends upon the tem-

perature of the cathode dnd the material of

which it is constructed.

. -Direction of current flow — Use was being
made of electricity for a long time before its
electronic nature was understood. Whilg it is

now clear that current flow is-a drift of nbga~ |

/

where it will emit elec- -

respect to the. filament, |
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tive electrical charges or electrons toward a
source of positive potential, in the era preced-
ing the electron theory it was assumed that the
current flowed from the point of higher positive
. potential to a point of lower ‘(i.e., less positive
or more negative) potential. While this assump-

‘ tion turned -out to be wholly wrong, it is still
customary to speak of current as flowing “from
positive to negative’” in many applications.
The practice often causes confusion, but this
distinction between ‘‘current”’ flow and
“alectron’’ flow often must be taken into ac-
count. If electron flow is specifically mentioned
there can be, of course, no doubt as to-the
meaning; but when the direction of current
flow is specified, it may be taken, by conven-
tion, as being opposite to the direction of elec-
tron movement. .

Primary cells—If two electrodes of dis- -

similar metals are immersed in an electrolyte,
it is-found that a small difference of potential
exists between the electrodes. Such a combina-
tion is ealled a cell. If the two electrodes are
connected together by a conductor external to

the cell, an eleetric:current will flow between-

them.-In such & cell, echemical energy is con-
verted. into electrical energy. The difference of
potential arises as a result of the fact that ma-
terial from one or both of the electrodes goes
into solution in- the electrolyte, and in the
process ions are formed in the vicinity of the

electrodes. The electrodes acquire charges be-

cause of the electric field associated with the
charged ions. The difference of potential be-

- tween the electrodes is'principally a function of
-the metals used, and is more or less independent

. of the kind of electrolyte or the size of the cell.
When current is supplied to an external eir-

cuit, two principal effects-oceur within the cell.

The negative electrode (negative as viewed
from outside the cell) loses weight as its mate-
rial is used p in furnishing energy, and hydro-
gen bubbles form on the positive electrode.
Since the gas bubbles are non-conducting, their
accumulation tends to recluce the effective area
of the positive electrode, and consequently re-
duces the current. The effect is eumulative, and
eventually the. electrode will be completely
covered :and no further eurrent can flow. This
effect is called polarization, If the bubbles are
removed, or preverted from forming by chemi-
" eal means, polarization is reduced and eurrent
can flow as long as there is material in the nega-
tive electrode to furmish'the energy. A chemical
which prevents the formation of hydrogen
bubbles in a cell is called-a depolarizer.
In-addition to polarization effects, a cell has
a certain amount of internal resistance because
of the resistance of the electrodes and the elec-
trolyte and the contact resistance between the
electrodes and electrolyte. The internal resist-
ance depends upon the materials used and the.
sizeé and -electrode spacing of the cell. Large
cells with the electrodes close together will
have smaller internal resistance than small
cells made of the same materials, i

A collection of cells connected together is
called a bailery. The term battery also is ap-
plied (although incorrectly) to a single cell.

. Dry cells— The .most familiar form of
primary cell is the dry cell. Like the elementary

‘type of cell just deseribed, it has a liquid elec-
. trolyte, but.theliquid is mixed with other mate-

rials to. form a paste. The cell therefore can be
used in any position and handled as though it
actually were dry. -

Melalaap.
(positive teiminal)  Carbon Rod

P Zinc nzla@:lher'
net Ve
= (G Smnal)

Fig. 209 — Construction of a dry cell.

The construction of an ordinary dry cell is
shown in Fig. 209. The container is the nega-
tive electrode and is made of zine. Next to it is
a section of blotting material saturated with
the electrolyte, a solution. of sal ammoniac.
The positive electrode is a carbon rod, and the
space between it and the blotting paper is filled
with a mixture of carbon, manganese dioxide
(the depolarizer) and the electrolyte. The top
is filled with sealing:compound to- prevent
evaporation, since the cell will not work when
the electrolyte drys out. The e.m.f, of a-dry cell
is abont 1.5 volts. o

Dry cells are made in'various sizes, depend-

ing upon the current which they will be called

upon to furnish. The construction fréquently
varies from that shown in Fig. 209, although
in general the basic materials are the same in

all dry cells. Batteries of small cells are assem- -

bled together as a unit for furnishing plate cur-
rent for the vacuum tubes used in portable
receiving sets; such ‘B’ batteries, as they are
called, can supply a current of a few hun-
dredths of an ampere continuously. Larger
cells, such as the common “No. 6" cell, can
deliver currents of a fraction of an ampere con-
tinuously, or currents of several amperes for

very short periods of time. The total amount of -

energy delivered by a dry cell is larger when the
cell is used only intermittently; as compared

with continuous use. The cell will deteriorate.

even without use, and should be put into serv-
‘jce within a year or so from the time it is manu-
factured. The period during which it is usable .

(without having been put in serviee) is known
as the “shelf life”’ of the cell or battery.

Secondary cells— The types. of cells just

described are known as primdry cells, because

the electrical energy is obtained directly from

chemical energy. In some types of cells the

chemical actions are reversible; that is, forcing
N i
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a current through the cell, in the opposite
direction to the current flow when the cell is de-
livering electrical energy, causes just the re-
verse chemical action. This tends to restore the

cell to its original condition, and electrical

energy is transformed into chemical energy.
The process is called charging the cell. A cell

" which must first be charged before it can de-

liver electrical energy is called a secondary cell.
A simple form of secondary cell can be made
by immersing two lead electrodes in a dilute
solution of sulphuric acid. If a current is forced
through the cell, the surface of the electrode
which is connected to the positive terminal of
the charging e.m.f. will be changed to lead
peroxide and the surface of the electrode con-
negted to the negative terminal will be changed
to spongy lead. After a period of charging the
charging source can be disconnected, and the
cell will be found to have an e.m.f. of about 2.1
volts. It will furnish a small current to an ex
ternal circuit for a period of time. This dis-
charge of electrical energy is accompanied by
chemieal action which forms lead sulphate on
both electrodes. When the lead peroxide and
spongy lead are converted to lead sulphate
there is no longer a difference of potential,
since both electrodes are now the same mate-
rial, and the cell is completely discharged.
The lead storage battery — The most com-
mon form of secondary cell is the lead storage
cell. The common storage battery for automo-
bile starting consists of three such cells con-
nected together electrically and assembled in a
single container. The prineciple of operation is
similar to that just described, but the con-
struction of the cell is considerably more com-
plicated. To obtain large currents it is neces-

_sary to use electrodes-having a great deal of

surface area and to put them as close together
as possible. The electrodes are made in the
form of rectangular flat plates, consisting of a
latticework or grid of lead or an alloy of lead.
The interstices of the latticework are filled
with a paste of lead oxide. The electrolyte is a
solution of sulphuric acid in water. When the
cell is charged, the lead oxide in-the positive
plate is converted to lead peroxide and that in
the negative plate to spongy lead. To obtain
high current capacity, a cell consists of a num-
ber of positive plates, all connected together,

ve Positive flate .
late ‘—fer/m'nals ) assembly
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Fig. 210 — Details of typical lead .storagc-bn{wry construction.  Ion practice to speak of ““11-plate,”
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and a number of negative plates likewise.con-
nected together. They are arranged as shown
in Fig. 210, with alternate negative and posi-
tivé plates kept from touching by means of
thin separators of insulating material, generally
treated wood or perforated hard rubber. The
separators preferably should be porous, so that
the electrolyte can pass through them freely;
thus they do not impede the passage of current
from-one plate to the next. There is always one
extra negative plate in such an assembly, be-
cause the active material in the positive plate
expands when the cell is being charged and if
all the expansion took place on one side the
plate would be distorted out of shape.

The e.m.f. of a fully charged storage cell is

about 2.1 volts. When the e.m.f. drops to about -

1.75 volts on discharge, the eell is considered to

. be completely discharged. Discharge beyond

this limit may result in the formation of so
much lead sulphate on the plates that the cell
cannot be recharged, since lead sulphate is an
insulator. During the charging process water
in the electrolyte is used up, with the result
that the sulphuric acid solution becomes more
concentrated. The higher concentration in-
creases the specific gravity of the solution, so
that the specific gravity may be used to indi-
cate the state of the battery with respect to
charge. In the ordinary lead storage cell the so-
lution is such that a specific gravity of 1.285 to
1.300 indicates a fully charged cell, while a dis-
charged cell is indicated by a specific gravity
of 1.150 to 1.175. The specific gravity can be
measured by means of a hydrometer, shown in

- Fig. 211. For use with portable batteries, the
hydrometer usually consists of a glass tube

fitted with a syringe so that some of the elec-
trolyte can be drawn from the cell into the
tube. The hydrometer float is a smaller glass
tube, air-tight and partly filled with shot to
make it sink into the solution. The lower the
specific gravity of the solution, the farther the
float sinks into it. A graduated scale oh the
float shows the specific gravity directly, being
read at the level of the solution.

Storage cells are rated in ampere-hour capac-
¢y, based on the number of amperes which can
be furnished continuously for a stated period of.
time. For example, the cell may-have a rating
of 100 ampere-hours at an 8-hour discharge

rate. This means that the cell will de-
liver 100/8 or 12.5 amperes continu-
ously for 8 hours after having been
fully charged. The ampere-hour ca-
pacity of a cell will vary with the dis-
charge rate, becoming smaller as the
rated timeof dischargeismadeshorter.
It also depends upon the size of the
plates and their riumber. In automo-
bile-type batteries the dimensions of
the plates are fairly well standardized,
so that the ampere-hour capacity is
. chiefly. determined by the number of
plates in a cell. It is, therefore, com-

T
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“15-plate,” etec., batteries as an indica'tion of
the battery capacity.

Lead storage batteries must be kept fully
charged if they are to stay in good condition.
If o discharged battery is left standing idle,

. o lead sulphate will form
on the plates and
eventually the battery
will be useless. When
the battery is being
charged, hydrogen
bubbles are given off by
the electrolyte which,in
bursting at the surface,
throw out fine drops of
the electrolyte. This is
called “gassing.” The
sulphuric-acid solution
spray from gassing will
attack many materials,
and consequently care
i must be used to see
™ that it is not permitted
50 to fall on near-by ob-
jects. It should also be
wiped off the battery
itself.

A lead battery may
be charged at its nomi-
nal discharge rate; i.e.,
a 100-ampere-hour bat-
tery, 8-hour rating, ean
be charged at 100/8,
or 12.5 amperes. The charging voltage re-
quired is slightly more than the cutput voltage
of the cell. The preferred method is to charge
at the full rate until the cells start to “gas”
freely, after which the charging rate should be
dropped to about half its initial value until the
battery is fully charged, as indicated by the
hydrometer reading. Alternatively, the battery

Calibrated
Scale

Blectrolyte-¥:

Fig.211 —The hydrom-
eter, a device with a
c¢alihrated scalc for
measuring the specific
gravity of the electro-
lyte, used to determine
the state of charge of a
lcad storage battery.

.may be charged from a constant-potential

source (about 2.3 volts per cell), when the rise
of terminal voltage of the battery as it ac-
cumulates a charge will automatically “taper”
the charging rate.

The solution in a lead storage battery will
freeze at a temperature of about zero degrees
Fahrenheit when the battery is discharged, but
a fully charged battery will not freeze until the
temperature reaches about 90 degrees below
zero. Keeping the battery charged therefore
will prevent damage by freezing.

Cells in series and parallel— For proper op-
eration, many electrical devices require higher
voltage or current than can be obtained from
a single cell. If greater voltage is needed, cells
may be connected in series, as shown in Fig.
212-A. The negative terminal of one cell is
connected to the positive terminal of the next,
so that the total e.m.f. of the battery is equal to
the sum of the e.m.f.s of the individual cells.
For radio purposes, batteries of 45 and 90 volts
or more are built up in this way from 1.5-volt

- dry cells. An automobile storage battery con-

sists of three lead storage cells in series, total-

[ oa s
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ling 6.3 volts — or, in round figures, 6 volts.
The current which may be taken safely from a
battery composed of cells in serigs is the same
as that which may be taken safely from one cell
alone; since the same eurrent flows through all
cells, the current capacity is unchanged. .
When the device or load to which the battery
is to be connected requires more current than
can be taken safely from a single cell, the cells
may be connected in parallel, as shown in Fig.
212-B. In this case the total current is the sum
of the currents contributed by the individual
cells, each contributing the same smount if the
cells are all alike. When cells are connected in
parallel it is essential that tlie e.m.f.s all be the
same, since if one cell generated a larger voltage
than the others it would force current through
the other cells in the reverse direction and thus
would take most, if not all, of the load. Also, if
one cell has a lower terminal voltage than the
others it will take current from the otliers
rather than earrying its fair share. .
Cells may be connected in series-parallel, as
in Fig. 212-C, to increase both the voltage and,
the current-carrying capacity of the battery.

( 2-5 Electromagnetism

The magnetic field — Everyone is familiar
with the fact that a bar or horseshoe magnet
will attract small pieces of iron. Just as in-the
case of electrostatic attraction (§ 2-3) the con-
cept of a field, in this case a field of magnetic
force, is adopted to explain the magnetic ac-
tion. The field is visualized as being made up of
lines of magnetic force, the number of which
per unit area determines the field strength. As
in the case of the electrostatic field, the lines of
foree do not have physical existence but simply,
represent a convenient way of describing the
properties of the force.

- . ’
Fig. 212 — Series, parallel, and serics-paralle] connec-
tion of cells. Series connection increases the total voltage
without changing current capacity; parallel connection- -
increases current capacity without increasing voltage.

-
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.1\l1agnel.ic attraction and répulsion — The
forces exerted by the magnhetic field are an-
a,logous to electrostatic forces. Corresponding

to positive and ncg’ttlve electric ‘charges, it is
found that there are two kinds of magnetic
-poles Instead of being called ““positive” and

“negative,” however, the magnetic poles are

called “north” (N) and “south” (S) poles. -

These names arise from the fact that, when a

magnetized stecl rod-is freely suspcnded it.will-
-turn into such a position that one end points
- toward the north. The end wliich points north

is called the “north- seelung, ' or simply the

~“north,” pole.

Unhke electric lines of force, which termi-

.. nate on. charges of opposite polarity (§ 2-3),

magnetic lines of force are closed upon them-
selves. This is illustrated by the field about a
bar magnet, as shown in Fig. 213-A. The lines

extend through'the magnet, the dircction being .
_taken from 8 to N inside the magnet and from

N to 8 outside the magnet. If similar poles of
two magnets arc brought near cach other, there

* is a force of repulsion between them, while dis-
“similar poles are attracted when brought close

together. As in the case of electric charges, llke

'poles repel, unlike poles attract. |
. If 'a bar magnet.is cut in half, us in Fig. .
213-B, it is found that the cut ends also are

poles, "of opposite kind to the original poles on
the same picce, Such cutting can be continued

indefinitely, and, no matter how small the .

pieces are imade, there are always two opposite

poles .associated with each picce. In other

words, a single magnetic pole cannot exist
alorie; it must always be associated with a pole
of - the opposite kind. ~ .

To explain this property of a mngnet, 1t is
considered that each molecule of a magnetic
substance is itself a mininture magnet. If the
material is not magnetized, the molécules are

o

®

Fig. 213 — (A) The ficld nbout a bar mapnet. 'lhc
.magnetic lines of force arc continuous, part-of the path

being inside the magnet and part outside. (B) Cutting a

‘maghet. produces two magnéts, cach completc with N*
. and S poles. With the magnets in the-positions shown,
. Bome. of the linces of force are common to both magnct.s
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in random posrtlons and the total magnetlc ef---
fect is zero since there are just as many mole-
ctiles tending to set up a magnetic field in one
dircction as there are others tending to set up a
field in the .opposite direction. Wlien the sub-
stance. becomes magnetized, however the
molecules are aligned so that most or all of the

N poles of the molecular magnéts nre turned -

toward one end of the material while the S
poles. point toward the other end.
Magneticinduction — When an unmagnet-
ized picce of iron is brought into the field of a
magnet, its mole¢ules tend to align themselves

’

as described in the preceding paragraph. If one *

end of the iron is ncar the N pole of the mag-
net, the § 'poles of the -molecules will. turn
toward that end and an 8 pole is said to be in--
duced in the iron. An N pole will appear at the
opposite end. Because of the attraction be-

tween opposite poles, the iron will be- drawn i

toward thé magnet. Since the iron has become
a magnet under the influence of the field, it
also possesses the property of attractmg other
pleces of iron. G

‘When the magnetic field i§ rémoved, the mol-
ecules may or may not resume thelr random
positions. If the material is soft iron the mag-
nctism disappears _quite rapidly when the field
is removed, but in some types of steel the
molecules are’ slow to resume their random
positions and such materials will retain mag-
netism for a long time. A ‘magnet which loses
its magnetism quickly when there is no exter-
nal magnetizing force is called a femporary
magneét, while one which retains its magnetism

.for a long time is called a pcrmancnt magnel.

The tendency to retain magnetism is called

rrlenthty The process of destroying magnet- *

ism can be hastened by heating, which increases
the motion of the molecules within the sub-
stance, as well as by mechanieal shock, which

also tends to disturb the molecular alignment. .

Electric current and the m.agnetlcﬁeld o
Experiment shows that a moving electron
generates a magnetic field of exactly the same
nature as that e\lstmg about a permanent
magnet. Since -4 moving elcctlon, or group of
electrons ‘moving together, constitutes an elec-
tric current, it follows that the flow of ¢urrent
is accompamed by the creation of a magnetic
field. When'the ¢onductdr is a wire the mag-
netic lines of force are in the form of concentric
circles around it and lie in planes at right
angles to if, as shown in- Fig. 214. The direction

.of this ﬁeld is controlled by the direction of

current flow.:
There is :an easily remembered method for

. finding the relative directions of the current

. and of the magnetic field it sets up. Imagine the

fingers of the right hand curled about-the wire,
tvith the thumb extended along the wire in'the
dircction of. current flow .(the conventional
dircetion, from positive to .negative; not the

. direction of electron- movement) Then the-fin-

gers will be found to point in the direction.of
the magnetic field; that is,: from N to §. ..

‘
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‘Fig. 214 — Whenever clec-
tric current passes througha
wire; magnétic lines of force
are sct.up, in the form- of
concentric circles, dt right’
angles to the wirc, and -a
magnctic field is said to exist
around the wire. The direc-
tion of this field is controlled
by the diréction of current
fiéw, and can be traced by

.Magn_etomoﬁpe force — The foree which
causes the magnetic field is called magnetomo-
tive force, abbreviated m.m.f. It corfesponds to

- glectromotive force or e.m.f. in the electrig cir-

cuit. The greater the magnetomotive force, the-
stronger the magnetic ficld; that is, the larger’

- the number of magnetic lmes per unit area.

Magnetomotive force is proportional to the
‘eurrent ﬂowing When-the wire -carrying the
current is formed into a coil so that the mag-
netic flux.will be concentrated instead of bemg
spread over.a large ares, the m.m.f. also is
proportional to the nymber of turns in the coil. |
Consequently maguetomotive force can be ex-

- .pressed in terms of the product of current and

turns, and the ampere-turn, as this product is

~called, is in fact the common unit of magneto:

- eircuit is the tendency to obstruet the passage -
of magnetic flux, which-is ealled reluctance.’

motive force.. The same magnetizing effect can.

*. besecured with a great many turms and a weak

current or with a few turns‘and a strong cur-
rent. For example, if 10 amperes flow in one
turn of wire, the magnetlzmg effect is 10 am-
pere-turns. If there is one ampere flowing in.10

-turns of wire, .the m.m.f. a.lso is 10 ampere-

turns. -

The magnetic czrcmt—Smce magnetic
lines of -force are always ¢losed upon them-.
selves, it is possible to draw an analogy be-
tween the magnetic circust. and the ordinary
electrical circuit. The clectrical circuit also
must be closed so that a complete path is pro-
vided around which the eleetrons or current
can flow. However, there is no insulator for the
magnetic field, so that the magnetic circuit is .
always complete even though no magn.etlc ma-

teria] (such as iron) may beé present.

The ‘number of lines of maguetic. force, or
fluz, is equxvalent in the magnetlc clrcmt to

current in the electric circuit. However, it is
‘usual practice to express the strength of the

field in terms of the number of lines per unit
area, or fluz density. The unit of flux density .

_is the gauss, which is equal to’one line per
“square centimeter, but the terms ‘lines per

square centimeter” or ‘‘lines per square 1nch"
are commonly used instead.
Correspondlng to resistance in the ‘electric

Thereluctance of good magnetlc materials, such

- as iron and steel, is quite low.

The permeabzlztu of a material is the ratio of

' the flux which would be set-up in a-élosed wag-
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netic path or cu'cuxt of the materlal to the ﬂu‘{
that would exist in a' path of the samé dimen-
sions' in air, the same m.m.f. bemg used .in
both cases. The _permegbility of air’is assxgned
the value 1. The permeability of steels of vari-
ous types varies from abbut 50 to several thou-
sand, depending upon. the materials a.lloyedx
with the steel. Very high permeabxhtles are
attained in certain special mag,netlc materials,
such as “permalloy,” whxch is an alloy of iron
and nickel.

The permeabxhty of magnetxc ma.teuals de-
pends upon the denslty of magnetic flux in the

‘material. At very high flux densities the perme—

‘ability is less than its value at low or moderate

flux_densities. This is because the flux in mag-
netxc materials is proportxonal to the applied -

‘m.m.f. only over 4 limited range. As the m.m.f.
increases more and more of the. molecular
magnets within the material become aligned,

until eventually a pointis reached where a very--

‘great increase in m.m.f. is required to cause a

relatively small increase in flux. This is called

between the number of linesin the material and
the number in air, for the same m.mn.f., is
smaller than when the flux density is bLl()W the
saturation point. -

Energy in the magnetic¢ field —Like the

.magnetic saturation. In this region of saturation -
the permeability decreases, since the' ratio”

electrostatic field (§ 2-3), the- magnetic- field *

represents potential énergy. Consequently the

expenditure of energy is necessary to set up 2 -

" magnetic field, but once the field has been es-.

tablished and remains constant nd further en-
ergy is consumed in maintaining it. If by some
means the field is caused to disappear, the

-stored-up .maghetic. energy is converted to

chergy in some other form. In other words the
energy ‘undergoes a transformation when thé
magnetic field is changing, being stored in the
field when the field strength is increasing and

being. released from the. ﬁeld when the field

gtrength is decteasing.
When a ma.g,netlc field is:set up by a current

ﬂowxng in a wire or coil, & dertain amount of -

energy is used initially in bringing the -field

continue to flow, if the field is to-be maintained
at steady strength, but no expendituré -of en:

-ergy is required for this purpose. (There will be’

a steady energy loss’ in the circuit, but only
because of the resistance of the wue) If the
current stops the energy of the field is trans-
formed back into eléctrical energy, tending to

kecp the current flowing. The amount of en-’

ergy stored and subsequently released depends
upon the ‘strength’ of the field, which in turn
depends upon-the 1ntensxty of the current. and

the circuit conditions; i.e., it depends upon the .
relatxonshlp between ﬁeld strength and current”

in the cireuit.
‘Induced voltage ~'Since & magnetic field is

‘set up by an electric current,.it is not surprising
".- to:find that, in-turn, & magnetle field can cause .-
a current to ﬂow in a closed’ electrical ou'cuxt

I

R - T

- into existence. Thereafter the current must -
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That is, an e.m.f. can be nduced in a wire in a

- magnetic field. However, since a change in the

field is required for energy transformation, an
e.m.f. will be induced only when there is a
change in the field with respect to the wire.

This change may be an actual change in the
field strength or may be caused by relative
motion of the field and wire; e.g., & moving
field and a stationary wire, or a moving wire
‘and a stationary field. It is eonvenient to con-
sider this induced e.m.f. as resulting from the
wire’s “cutting through’ the lines of force of
the field. The strength of the e.m.f. so'induced
is proportional to the rale of cutting of the
lines of force.

If the conduector is moving parallel with
the lines of foree in a field, no voltage is in-
duced since no lines are cut. Maximum cutting
results when the conductor moves through the
field in such a way that both its longer di-
mension and direction of motion are per-
pendicular to the lines of force, as shown in
Fig. 215. When the conductor is stationary and
the field strength varies, the induced voltage
results from the alternate increase and decrease
in the number of lines of foree cutting the wire
as the m.m.f, varies in intensity.

Direction of motion

L;ne: of Force/_ N

: Direction of

induced e.m.t.

Fig. 215 — Showing how c.m.f. is induced in a conductor
moving through a stationary magnectic field, cutting the
lines of force. Converscly, a current sent through the
conductor in the same dircction by means of an external
c.m.f. will caunse the conductor to move downward.

Lenz’s Law — When a voltage is induced
and current flows in a conductor moving in a
magnetic field, energy of motion is transformed
into electrical energy. That is, mechanical
work is done in moving the conductor when an

- induced current flows in it. If this were not so

theinduced voltage would be creating electrical
energy, in violation of the fundamental prin-
ciple of physiecs that energy can neither be
created nor destroyed but only transformed,
It is found, therefore, that the flow of current
creates an opposing magnetic force tending to
stop the movement of the wire. The statement
of this principle is known as Lenz's Law: “In
all cases of electromagnetic induction, the in-
duced currents have such a direction that their
reaction tends to stop the motion which pro-
duces them.” . .
Motor principle — The fact that current
flowing in a conductor moving through a mag-
netic ficld tends to oppose the motion indicates
that current sent through a stationary condue-
tor in a magnetic field would tend to set the
conductor in motion. Such is the case. If moving

-

”
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the conductor through the field in the direction
indicated in Fig. 215 causes a current to flow
as shown, then, if the conductor is stationary
and an e.m.f. is applied to send a current
through the conductor in the same direction,
the conductor will tend to move across the
field in the opposite direction.

This principle is used in the electric motor.
The same rotating machine frequently may
be used either as a generator or motor; as a
generator it is turned mechanically to cause

‘an induced e.m.f., and as a motor electric
current through it eauses mechanical motion,

Self-induction — When an e.m.f. is applied
to a wire or coil, current begins to flow and a
magnetic field is ereated. Just before closing
the circuit there was no field; just after closing
it the field exists. Consequently, at the instant
of closing the circuit the rate of change of the
field is very rapid. Since the wire or coil carry-
ing the current is a conduector in a changing
field, an e.m.f. will be induced in the wire. This
induced voltage is the e.m.f. of self-induction,
so called because it results from the current
flowing in the wire itself. ’

By the principle of conservation of energy
(and Lenz’s Law), the polarity of the induced
voltage must be such as to oppose the applied
voltage; that is, the induced voltage must tend
to send current through the ecircuit in the
direction opposite to that of the current caused
by the applied voltage. At the instant of closing
the circuit the field changes at such a rate that
the induced voltage equals the applied voltage
(it cannot exceed the applied voltage, because
then it would be supplying energy to the source
of applied e.m.f.), but affer a short interval
the rate of change of the field no longer is so
rapid and the induced voltage decreases. Thus
the current flowing is very small at first when
the applied and induced e.m.f.s are about
equal, but rises as the induced voltage becomes
smaller. The process is cumulative, the current
eventually reaching a final value determined
only by the resistance in the circuit.

In forcing current through the circuit against
the pressure of the induced or ““back” voltage,
work is done. The total amount of work done

during the time that the current is rising to its
final value is equal to the amount of energy
stored in the magnetic field, neglecting heat
losses in the wire itself. As explained before,
no further energy is put into the field once the
current becomes steady. However, if the cir-
cuit is opened and current flow caused by the
applied e.m.f. ceases, the field collapses. The
rate of change of field strength is very great in
this case, and a voltage is again induced in the
coil or wire. This voltage causes'a current flow
in the same direction as that of the applied
e.m.f., since energy is now being restored to the
.circuit. The energy usually is dissipated in the
spark which oceurs when such a circuit is
opened. Since the field collapses very rapidly,
when the switch is opened, the induced e.m.f.
at such a time can be extremely high.
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SYMAQLS
_Fig. 216 — When the condu}ng\wire.is coiled, the

individual magnetic fields of cach turn arc in such a
direction as to produce a ficld similar to that of a bar
magnet. The schematic’ symbols for inductance are
shown at the right. The symbol at the left in the top
row'indicates an iron-core inductance; at the right, air
core. Variable inductanees are shown in'the bottom row.

Inductance — As explained above, the
strength of the self-induced voltage is propor-
tional to the rate of change of the field. How-
ever, it is also apparent from the foregoing that
the voltage also depends upon the properties of
the circuit, since, if a number of similar condue-
‘tors are in the same varying field, the same volt-
age will be induced in each. By combining the
conductors properly, the total induced voltage
in such a case will be the sum of the voltages
induced in each wire. Also, the rate of change of
field strength depends upon the strength of the
field set up by a given amount of-current flow-
ing in the wire or coil, and this in turn depends

- upon the ampere-turns, permeability, length

and cross-section of the magnetic path, etec.
For a given circuit, however, the field

-strength will be determined by the current, and
* the rate of change of the field consequently

will be determined by the rate of change of
current. Hence, it is possible to group all of
these other factors into one quantity, a ptop-
erty of the circuit. This property is called in-
ductance. When this is done, the equation giv-
ing the value of the induced voltage becomes:

Induced voltage
= L X rate of change of current

where L is the value of inductance in the cir-
cuit.

Inductance is a property associated with all
circuits, although in many cases it may be so
small in comparison to other circuit properties
(such as resistance) that no error results from
neglecting it. The inductance of a straight wire
increases with the length of the wire and de-
creases with incrensing wire diameter. The in-
ductanee of such a wire is small, however. For
a given length of wire, much greater inductance
can be secured by winding the wire into a coil
so that the total flux from the wire is concen-
trated into a small space and the flux density
correspondingly increased. The unit of induc-
tance is the henry. A circuit or coil has an in-

*ductance of one henry if an e.m.f. of one volt

is induced when the current changes at the
rate’ of one ampere per second. In radio work
it is frequently convenient to use smaller units;
those commonly used are the millihenry (one
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thousandth of a henry) and the microhenry
(one millionth of a henry).

It will be recognized that the relationship’

between inductance and the magnetic field
is similar to that between capacity and the
electrostatic field. The greater the inductance,
the greater the amount of energy stored in the
magnetic field for a given amount of current;
the greater the capacity, the greater the
amount of energy stored in the electrostatic
field for a given voltage. . )
The inductance of a coil of wire depends

upon the number of turns, the cross-sectional

dimensions of the coil, and the length of the
winding. It also depends upon the permeability
of the material on whieh the coil is wound, or
core. Formulas for computing the inductance
of air-core coils of the type commonly used in
radio work, are given in Chapter Twenty-One.
Mutual inductance — If two coils are ar-
ranged with their axes coinciding, as shown
in Fig, 217, a current sent through Coil 1 will
cause a magnetic field which cuts Coil 2. Con-
sequently, an e.m.f. will be induced in Coil 2
whenever the field strength is changing. This
induced e.m.f. is similar to the e.m.f. of self-
induction; that is, : T

Induced e.m.f.
= M X rate of change of current

where M is a quantity called the mutual induct-
ance of the two coils. The mutual inductance
may be large or small, depending upon the
self-inductances of the coils and the propor-
tions of the total flux set up by one coil which
cuts the turns of the other coil. If all the flux
set up by one coil cuts all the turns of the other
coil the mutual inductance has its maximum
possible value, while if only a small.part of
the flux set up by one coil cuts the turns of

the other the mutual inductance may be rela- ™

tively small. Two coils having mutual induet
ance are said to be coupled. . 2 :

Fig. 217 — Mutual in-
inductance. When
the switeh, S, is closed
current flows through
coil No. 1, setting up a
magnetic field which
induees an e.m.f. in
the turns of eoil No. 2.

The degree of coupling expresses the ratio of
actual mutual inductance to the maximum
possible value. Coils which have npearly the
maximum possible mutualinductance are said
to be closely, or tightly, coupled, while if the

mutual inductance is relatively small the coils
are said to be loosely coupled. The degree of -

coupling depends upon ‘the physical spacing

between the ¢oils and how they are placed with . .
respect to each other. Maximum coupling ex~ -

ists when they have.a common axis, as shown

in Fig. 217, and are as close together aspossible.




S

26

If two coils having mutual ih_ductance are

.connected in the same circuit, the directidns
of the respective magnetic fields may be such -

as to-add or oppose. In the former case the
mutual inductance is said to be ‘‘positive”’;

-in the latter case, “negative.” Positive mutual

inductance in such a circuit means that the
total inductance is greater than the sum of the
two individual inductances, while negative
inductance means that the total inductance is
less than the sum of the two individual in-
ductances.” The - mutual inductance may be
‘made either positive or negative simply by
reversing the connections to one of the coils.

q 2-6 andum_énfal Relations

Direct current — A éurrent which always
flows in the same direction through a circuit is
called a direct current, frequently abbreviated
d.c. Current flow caused by batterics, for ex-

ample, is direct current. One terminal of each’

cell is always positive and the. other always
negative, hence electrons are attracted only in
the one direction around’ the circuit. To make
the current change dircction, the connections
to the battery terminals must be reversed.
Work, energy and power— When a quan-
tity of electricity is moved from a point of one
potential to a point at a second potential, work
is done. The work done is the product of
the quantity of clectricity and the difference of

potential through which it is moved; that is,

W = QE

In the practical system of units, with-Q in

coulombs and E in volts, the unit of work is

- called the joule. Energy, which'is the capacity

for doing work, is measured in the same units.
Since I = Q/t when-the current is constant

" (§2-1), Q =.It Substituting for @ in th

equation above gives ) .

W =EIt -

where F is in volts, I in ampecres, and ¢ in see-
onds. One ampere flowing through a difference
of potential of one volt for onc sccond does one
joule of work. Power is tlie time rate at which
work is done,; so that, if the work is done at a
‘uniform  rate, dividing the equation .by ¢ will
-give the electrical power: : ’

 P=m

The unit of electrical power, P, is the watt.
In practical work, the term ““joule” is sel-

" dom used for the unit of work or energy. The

more common name is wati-second (one joule is
equal to one watt applied for one second). The
.watt-second is a relatively small unit; a larger
one, the wait-hour (one watt of power applied
for one:hour) is more frequently used. Again,

" for some purposes the watt is too small-a unit,

.and the Eilowatt (1000 watts) is used instead.
A still larger energy unit is the kilowati-hour,

) the meaning of which is easily interpreted..

Fractional and multiple units — As illus-

. trated by the examples in-the preceding para~
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graph, it is frequently -convenient to change
the value of a unit so that it will not be neces-
“sary to use very large or very small numbers.
As applicd to electrical units, the practice is to
add a prefix to the name of the fundamental .
unit to indicate whether the modified unit is’
larger or smaller. The common prefixes are
micro (one millionth), milli (one thousandth),
kilo (one thousand) and mega (one million).
‘Thus, a microvolt is one millionth of a volt, a
xmilliampere is one thousandth of an ampere, a
kilovolt is one thousand volts, and so on.
Unless there is some-indication to the-con--
trary, it should be assumed that,-whenever a
formula is given in terms 6f unprefixed letters -
(E, I, P, R, étc.), the fundamental units are
meant. If the quantities to be substituted in "
the cquation are given in fractional or multiple
units, conversion to the fundamental units is
necessary before the equation can be used.”
Ohm’s Law— In any metallic conductor, -
the current which flows is'directly proportional
to the applicd clectfomotive force. This rela-
tionship, known as Ohm's Law; can be written

E =RI

where Eis the e.m.f:, I is the current, and Risa
constant, depending on the'conductor, called
the resistance of the conductor. By definition,
a conductor has one unit of resistance when an
applied e.m.f. of one volt causes a current of ]
- one ampere to flow. The unit of. resistance is
called the ohm. . .
Ohm's Law does not apply to.all types of
conduction, particularly to conduction through
gases and in a vacuum. The law is of very great
importance, however, because practically all -
electrical circuits use metallic conduction. -
By transposing the equation, the following
equally useful forms are obtdined: :
E L
) R T 7 |
The three equations state that, in a circuit to
which Ohm’s Law applies, the voltage across
the circuit is equal to the current multiplied by
the resistance; the resistance of the circuit is-
equal to the voltage divided by the current;
and the current in the circuit is equal to the:
voltage divided by the resistance. -
Resistance and resistivity — The resistance .
" of a conductor is determined by the material of
which it is made and ifs temperature, and is
directly proportional to the length of the con-
ductor (that is, the length of the path of the
current’ through the conduetor) and inversely
proportional to the area through which the cur-
rent flows. If the temperature is constant,

L

A

where R is the resistance, % is a constant de-
pending upon the material of which the con- -
ductor-is made, L is the length-and 4 the area.
Tor the purpose of giving a specific value to-k,
_ L is taken as one centimeter and- A as one -

.I.=

E=k

’




to resistance is

‘specific conduclance or conduclivity of a ma-

’
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square centimeter (a cube .of the material
measuring one centimeter on a side) ik is then
the resistance in ohms of such a cube at 2
specified temperature. It is called the specific -
resistance or resisiivily of the material. If.the
resistivity is known, the resistance of any

- conductor of known length and uniform cross-
. section readily can be determined by the

formula above. The length must be in centi-
meters and the area in square centiméters.
The relationships given above are true only -

“for unidirectional (direct) currents and low-

frequency .alternating currents. Modifications’
must be made when the current reverses its
direction many times each scednd (§ 2-8).
Conductance -and conductivity — The
reciprocal of .resistance is called conductance,

‘and has the opposite properties to resistance.

The lower the resistance of a circuit, the higher
is the conductance, and vice versa. The sym-
bol -of -conduectarce is G, ahd the relationship
_1

G

G_:i' R

The unit of conductance is called the mho. A L

circuit or conductor which has a resistance of.
one ohm has a condugtance of onc mho. By
substititing 1/G for R in Ohm’s Law, -
- A
== E ==
G

The recipl:ocai of resistivity is called the

1=1G .

terial, and is measured in mhos per centimeter

- cube. It is frequently useful to know the rela-
_tive conductivity of different materials. This’

is usually expressed in per cent conductivity, the
conductivity -of annealed copper being taken
as 100 per cent. ‘A ‘table of per cent conductivi-
ties is given in Chapter Twenty-One.

Power used .in resistance — If two con-

-ductors of different resistances have the same

current flowing through them, then by Ohm’s

Law the conductor with the larger resistance

will have a greater difference of poteéntial
across its terminals. Consequently, more en-
ergy is supplied to the larger resistance, since
in & given-period of time the same amount of
electricity is'moved thiough a greater potential

_ difference. The encrgy appears in the form’of

heat in the conductor. With a steady current,

. the heat will raise the temperature of the con- |

ductor until 2 balance is reached between the
heat generated and that:-radiated to the sur-
rounding air or otherwise carried away.

Since P = EI, substituting for E the ap-

propriate form of Ohm’s Law (E = IR) gives
.. pepr
and making a similar substitution for I gives
B2

1
\

- That is, the power used in hqating’:ivres'istahce

(or dissipaled in theé.resistance) is proportional

\

:527_'."

to the square of the voltage applied or to the

_square of the current flowing. In these formulas

P is in watts, F in volts and Iin amperes.
Further transposition of the equations gives

- the following forms, useful when the resistance.

and power are known: ,
: P

E = /PE %

Unless the circuit containing the resistaner
is being used for the specific purpose of gen-
erating hgat, the power used in heating a re--
sistance is generally considered as.a loss. How-.
eéver, there are very many applications in radio

I=4

- circuits where, despite the loss -of power, a
.useful purpose is served by introducing re-’

sistance ~deliberately. Resistances made to
specified values and provided with connecting

terminals are called resistors. They are fre- -

quently wound on ceramic or other heat-re-
sisting tubing with wire having high resistivity.
Temperature coefficient of resistance —

The resistance of most pure metals increases’
- . with an increase in temperature. The resist-

ance of a wire at any temperature is given by
R =Ry (1+at)

where R’is the required resistance, Rq the
resistance at 0°C. (temperature of melting
ice), ¢ is the temperature (Centigrade), and
a is the temperature cocflicient of resistance.
For copper, a is about 0.004; that is, starting at
0°C., the resistance increases 0.4 per eent per

- degree above zero.

Temperature -coefficient ,of resistance be-.
comes of importance when conductors operate
at high temperatures. In the case of resistors -
used in electrical and radio circuits, the heat
developed by current flow may raise thée tem-

-perature of the resistance wire to several hun-

dred degrees IF. Thus the resistance at operat-

_ing. temperatures can be very much higher

than-the resistance at room temperature. Con-
sequently such resistors arc 'wound with ‘wire

‘which has a low: temperature coeéflicient of

resistance, so that the resistance will be more
nearly constant under all conditions.

Exposed wire
for aé/qu'ftment

]
nmmnmmx )

Wire-wound

Pigtail” \ -
i Ype ;

Ceramic
tube

‘SYMBOLS

, Fig. 218 — Two common types of fixed resistors. The .

wire-wound type is used for dissipating power of the
order of 5 watts 6r more. “Pistail” tesistors, usudlly
made of carbon or.oiher resistance materiul in. the form

-of a molded rod or as a thin coating on an insulating tube,
rather than being wound with wire, are gmall in size but

do not safely dissipaté much power. Schematic symbols
for fixed-and variable resistors are shown' at lower ri aht. |
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Resistances in series — When two or
more resistances are connected so that the
same current flows through each in turn, as

shown in Fig. 219, they are said to be connected
tn serics. Then, by Ohm’s Law,

Ey=1IR,
Ey = IR,y
E; = IR,

etc., where the subscripts 1, 2, 3 indicate the
first, second and third resistor, and the volt-
ages E1, E; and Ej are the voltages appearing
across the terminals of the respective resistors.
Adding the three voltages gives the total
voltage across the three resistors:

E=FE+Ey+ E; =1R + IRy + IR; =
I(Bi+R: +R3) = IR

That is, the voltage across
the resistors in series is equal
to the current multiplied by
the sum of the individual re-
sistances. In the above equa-
tion, R, which denotes this
sum, may be called the equiv-
alent resistance or fotal re-
sistance. The equivalent
resistance of a number of
resistors connected in series
is, therefore, equal to the
sum of the values of the in-
dividual resistors.
Resistances in parallel — When a2 number
of resistances are connected so that the same
voltage is applied to all, as shown in Fig. 220,

Fig. 219 — Resist-
ances in series.

I
€ R, :; R, i; Ry
1 I, 1. l;

Fig. 220 — Resistanees in parallel.

they are said to be connected in parallel. By
Ohm’s Law, .
E E E
I = = Is = =, I = —

1 T 2 7 3 7

8o that the total current, I, which is the sum
of the currents in the individual resistors, is

E E,E _
I=nL+1I +13—R—1+R—2+E—

1 1 1 1
— s 4 2 Y=
E (Rl ki B2 ki Ra) R

where R is the equivalent resistance —i.e.,
the resistance through which the same total
current would flow if such a resistance were
substituted for the three shown. Therefore,

1 1 1 1

ETE TR
That is, the reciprocal of the equivalent re-
sistance of a number of resistances. in parallel

"is equal to the sum of thé reciprocals of the
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individual resistances. Since the reciprocal of
resistance is conductance,

G=0G1+4+0G:+G;

where G is the total conductance and Gy, Ge,
G3, ete., are the individual conductances in
parallel. i

To obtain R instead of its reciprocal the
equation above may be inverted, so that

1
R’ Ry Rs

The number of terms in the denominator of
this equation will, of course, be equal to the
actual number of resistors in parallel.

For the special case of only two resistances in
parallel, the equation reduces to

Ry Ry
By + R

Series-parallel connection of resistorsis shown
in Fig. 221. When circuits of this type are en-
countered the equivalent or total resistance
can be found by first adding the series re-
sistances in each group, then treating each
group as a single resistor so that the formula
for resistors in parallel can be used. .

T
3 E, 3R

A Al T
€ *— EytE, <E

1 o]

E; :E:Rz Es 2Ry =kl
oy {12

Fig, 221 — Series-parallel connpction of resistances.
Voltage and current relationships ave given at the right.

Voltage dividers and potentiometers —
Since the same current flows through resistors
connected in series, it follows from Ohm’s
Law that the voltage (termed woltage drop)
across each resistor of a series-connected group
is proportional to its resistance. Thus, in Fig.
222-A, the voltage Ej across Ry is equal to the
applicd voltage, E, multiplied by the ratio of
R, to the total resistance, or

Ry
=__ . o0p
Ry + Rz + B3

Similarly, the voltage, By, is equa lto

Bh+R g
By + Ry + R

Such an arrangement is called a voltage divider,
since it provides & means for obtaining smaller
voltages from a source of fixed voltage. When
current is drawn from the divider at the various
tap points the above relations are no longer
strictly true, for then the same current does not
flow in all parts of the divider. Design data for
such cases are given in § 8-10.
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Fig. 222 — Voltage divider (A) and .potcntiomctcr (B).

A similar arrangement is shown in Tig.
222-B, where the resistor, R, is equipped
with a sliding tap for fine adjustment. Such a
variable resistor is frequently called a po-
tentiometer.

Inductances in series and parallel — As
explained in § 2-5, inductance determines the
voltage induced when the current changes at a
given rate. Thatis, E = L X rate of change of
current.. This resembles Ohm'’s Law, if L cor-
responds to R and the rate of change of current
to I. Thus, by reasoning similar to that used
in the case of resistors, it can be shown that,
for inductances in series,

L =1L+ Ly + L3

and for inductances in parallel,

1
L=
1,1, 1
Ly Lp Lj

where the number of terms in either equation
is determined by the actual number of induc--
tances connected in series or parallel.

These equations do not hold if there is mu-
tual inductance (§ 2-5) between the coils.

Condensers in series and parallel — When
a number of condensers are in parallel, as in
Fig. 223-A, the same e.m.f. is applied to all.
Consequently, the quantity of clectricity stored
in each is in proportion to its capacity. The
total quantity stored is the sum of the quanti-
ties in the individual condensers:

Q=01+ Q+ Qs = C1E + C2E + C3E =
(C1 + C2 4+ C3)E = CE

where C is the equivalent capacity. The equiv-
alent capacity of condensers in parallel is equal
to the sum of the individual capacities.

. —-r—_'lE|I 1.
Ero._l_ 'aJ_ °5|_ ® E+ *—:Ic
N N S S I

E, _:[
Fig. 223 — Condenscrs in parallel (A) and in serics (B).
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as in Fig. 223-B, the application of an e.m.f. to
the cireuit causes a certain quantity of elec-
tricity to accumulate on the top plate of Ci.

', 'By electrostatic. induction, an equal charge of
opposite polarity (negative in the illustration)

appears on the bottom plate of C1, and, since

~ 7;‘_, goutts—f stc
Louts
o—»=L50

the lower plate of C1.and the upper plate of C2
are connected together, this must leave an
equal positive charge on the upper plate of Co.
This, in turn, causes the lower plate of C2 to
assume an equal negative charge, and so on
down to the plate connected to the negative
terminal of the source of e.m.f. In other words
the same quantity of electricity is placed on
each condenser, and this is equal to the total
quantity stored. The voltage across each con-
denser will depend upon its capacity, and the
sum of these voltages must equal the applied
voltage. Thus,
’ Q Q Q

E = ) = = - = =
Ey +E: + E; C;+02+C3

1.1 1y_@Q

Q(C1+02+Ca) c

where C is the equivalent capacity. This leads

to an expression similar to that for resistances -

in parallel:

1
K U
Ci Cx (3

where the number of terms in the denominator
should be the same as the actual number of

condensers in series.
¢

Fig. 224—
The RC and
LC circuits at
the lcft, to-
gether with
the curves of
currcntampli-
tude vs. time,
show how the
currcnt in a
circuit com- -
bining resist-
ance with in-
ductance or
capacitytakes
a finite period
of time to
Im&m&’af TIME ~—> rcachastcady-
closing switch statcvaluc.

AMPLITUDE OF
CURRENT =—tom

TIME et

é‘é
F
§

CLURRENT ==
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i
T

Below — With square wave input, the voltage wave-
shapes across R and Crespectively in an RC circuit have

the shapes shown, Notc the variation in waveshapes for -

diffcrent time constants.

in

Time Constant — A charged condenser
which had infinite resistance between its plates

. would hold a charge indefinitely at its full
When condensers are connected in series, -

initial value. However, since all practical con-
densers do have a finite value of resistance
(through the dielectric material and between
the connecting terminals), the charge grad-
ually leaks off. Good-quality condensers haye
vety high “‘leakage resistance,” however, and
will hold a charge for days if left undisturbed.

29
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" In a cifeuit ‘¢ontaining only capacity and

resistance, the time required- for the potential

difference between thé charged plates of a
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condenser to fall to a definite percentage of its_
. initial value is determined by the capacity

of the condenser and the value of the resist-
ance. When a cofidenser and resistor are con-
nected in series with a source of e.m.f., such as
a battery, the initial flow of current into the
condenser is limited by the resistance, so“that
a longer period of time is required to complete
the charging of the condenser than would be

" - the case without the resistor., Likewise, when

the condenser is discharged through a re-
sistor a2 measurable period of time is taken

- for the current flow to reach a negligible value.

In the case of either charge or discharge the

- timé required is ptoportional to the capacity

‘and resistance, the product of which is called

o the tZme constant of the circuit. If € is in farads

and R'in ohms, or C in microfarads and R in
megohms, the product gives the time in seconds

‘required for the voltage across a discharging

condenser to drop to 1/e, or approximately
37 per cent of its original value. (The constante
is the base of the natural series of logarithms.)
" A circuit .contdining inductance and re-
sistance ,also has a time constant, for similar
reasons. Thd time constant of an inductive
circuit is equal to L/R, where L is in henrys
and  in ohms. It gives the time in seconds re-
quired for the current toreach’'7-1 /¢, or approx-
imately 63 per cent of its final steady value
when a constant voltage is applied. .
The significant point concerning these rela-
tionships is that, by proper application to as-
sociated circuits, it is possible to create almost
any desired wave or pulse shape with extreme
accuracy .and recurrent uniformity including
timing with the precision of millionths of a
second. The relation is of practical importance

‘in many circuit applications in amateur trans-

mission and reception, as in electronic keyers,
time delay with automatic. volume control,

.- resistance-capacity filters and remote control.

Apart from these subsidiary applications, on

. this principle are based the fundamentals of

. the specialized techniques employed in téle-

‘military and civilian character. . )
" Measuring instruments — Instruments for ~

vision and many electronic devices of both

measuring d.c. current and voltage make use

. of'the force acting on a coil carrying current in

a magnetic field (§ 2-5), produced by a per-
manent magnet, to move a pointer along a
calibrated scale. The magnetic field may be

Ca moving coil, or by ‘a fixéd coil acting upon a

moving iron vane or plunger.

. The first type of instrument, based on what
is known as the d’Arsonval moving-coil move-
ment, is shown at the left in Fig. 225. The mov-
i_xfg-iron vane instrument shown at.the right is
less accurate ‘and requires higher energizing
current, making it relatively insensitive as com-~

- pared to the moving-coil type. Only the eheaper

"produced by a permanent magnet acting upon .

1
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Sa.urce
of emf

Fig. 225 — Left — The d’Arsonval or moving-coil meter
for'd.c. current measurement. Current flowing through
the rotatable coil in the ficld of the pérmanent magnet
causes a foree to act on the coil, tending to turn it. The
turning tendencey is counteracted by springs (not shown)
so that the amount of movement is proportional to the
valuc of the current in the coil. Right — In the simpler
moving-iron-vane type, a light-weight soft-iron plunger
is attracted by current flowing in a fixed coil. As the
plunger moves the pointer to which it is linked also
moves, until the magnetic foree in the coil is balanced
by the spiral spring restraining the plun gor movement,

measuring instruments available to amateurs
are based on this prineiple.

In such instruments the current required for
full-scale deflection of the pointer varies from

, several milliamperes to a few icroamperes,
"according to the sensitivity requited. If the

ingtrument is to read high currents, it is
shunted (paralleled) 'by a low resistance
through which most of the current flows, leav-
ing only enough flowing through the instru-
ment to give a full-scale deflection correspond-
ing to the total current flowing through both.
meter and shunt. An instrument which reads
microamperes is called a microammeter or
galvanometer; one calibrated in milliamperes is
called’ a. milliammeter; one calibrated in am-
peres is an ammeter. A voltmeter is simply & mil-
linmmeter with a high resistance in series 50

-that the current will be limited to a suitable

value when the instrument is connected across

- a voltage source; it is calibrated in.terms of

the voltage which must appear across the
terminals to cause a given value of current to
flow. The series resistance is called a multi-
plier. A walimeter is 2 combination voltmeter .
and ammeter in which the pointer deflection
is proportional to the power in the circuit.

An ammeter or milliammeter is connected
in series with the circuit in whieh current is
being measured, so that the current fows

~‘through the instrument. A voltmeter is con- -

nected in parallel with the circuit.

Multiplier _
Voltage Measurements

Current Measurement

Fig. 226 — Circuit connections for measuring current
and voltage: The shunt reéistor is used for ineccasing the .

_valuc of the current which the instrument ean measure,
- by providing an alternate path through which some of

the current can flow. The scries multiplier limits tbe
current when the instrument is used to measure voltage.
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q 2-7 Alfernahng Current

Descnptlon — An alternating current is one
which. periodically reverses its direction of

. flow. In addition to this alternate change in
"direction, usually. the amount or amplitude of
the current also varies continually during the
‘period when the current is flowing in one di-
rection. These variations are accompanied by

_ corresponding variations in the magnetic field
“ set up by the current, and it is this feature
which makes the nlternatmg current so useful.
By means of the varying field, energy may be

continually transferred (by mductlon) from "’

oné circuit to another witliout direct connec-
" tion, -and the voltage may be changed in the
process. Neither of these is possible with ditect
" current because, except.for brief periods when
" the circuit is closed or opened, the field ac-
companying a steady direct current is un-
. changing, and hence thereis no way of indueing
an e.m.f. except by moving a conductor
through the field (§ 2-5).
Alternating currents may be genelated in
several ways. Rotating electrical machines (a.c.

" generaiors or alternators) are used for develop--

1

ing large amounts of power when the rate of
reversal is relatively slow. However, such ma-
chines are not suitable for producing currents
which reverse direction thousands or miillions
of times each second. The thermionic vacuum
tube is used for this purpose, as described in
Chapter Three.

The slmplest form of alternatmg cunent (or
voltage) is shown graphieally in Fig. 227. This
" chart shows that the current starts-at zero
value, builds up to .a maximum in one direc-
-tion, comes back down to zero, builds up to a

maximum in the opposite direction and comes .

‘back to zero. The curve follows the sine law

and is known as a sine wave, because of the’

wavelike nature of the curve which results

when sine values dre plotted on rectangular
" codrdinates as a function of angle or time.

. An alternating_ current or voltage of sine-
- wave form has angular velocity, period, fre-
" quency and phase. ’

_ Units ‘of frequency — Alternating -currents
are identified by their frequency, the basic unit
for which is the number of cycles per second.
In radio work, where frequencies are extremely

large, it is convement to use two other units,
Eilocycles per second (cycles per second + 1000)
and megacycles per second (cycles per second
+ 1,000,000). These.are usually abbreviated
ke. and Me., respectxvely Occasionally these
abbrevmtlons are written kes. and Mes. to indi=

cate ““kilocycles per second’’ and “megacycles -

per second” rather than simply “Lilocycles”

and “megacycles ” but in both written and .

. spoken usage it is understood that ‘‘ per second”
" js anintegral part of the term when the shorter
forms are used.

Peal:, instantaneous effective and average
valites — The highest value of current or volt-

" age during the time when the- ¢urrent is flowing

in one direction is called the mazimum or peak -
value. For the sine wave, the peak has the same:

_absolute value on both the positive and nega-

tive halves of the cycle. This is not necessarily
true of waves having shapcs other than the
true sine form.

The -value of current or voltnge existing at
any particular point of time in the cycle is
called the instantancous value. The instant for
which a partxcular value is to be found can be
specified in terms of time (fraction’ of the pe-
riod) or of angle. .

_ Since both the voltage and current are

=swmgmg ¢ontinuously between their positive

maximum and negative maximum. values, it
might be wondered how one can-speak of, so
many amperes of alternating current when the
value is changing continuously. The problem is
simplified in practical work by considering that
an alternating. current has an effective value
of one ampere when it-produces heat, in flowing
through a given resistance, at the same average ~
rate as one ampere of continuous direct current -
flowing thmngh the same resistance. This
effective value is the square root of the mean
of -all of the instantancous current .values-
squared. In the-case of the sine-wave form,

P - Euu—‘\//EZ

Tor this réason, the effective value of an alter- -

nating current or voltage is also known as the
rool-mean-square, or r.m.s., value. Hence, the-
effective value is the square root of 34, or 0.707,
times the maximum value.

In a purely a.c. circuit the average current
over a whole cycle must be zero, because if the
average current on, say, the posmve half of the
cycle were greu,ter than the average on the
negatlve half, there would be a net current flow
in the positive direction. This would correspond
to a direct (although mtermxttent) current,
and hence must be excluded because a pu1 er
alternating current was a.ssumed The “aver--
age” value of an alternating current is defined
as the average current durmg the part of the
cycle when the current is flowing in one direc-.
tion only. It is of par ticular importance when
alternatmg current is chmlged to direet, current
by the methods. considered in later chapters.
For a sine wave, the average value is equal to
0. 636 of the peak value.

', Peak value
s 10p-—==-
4 C.meters read tlm
70T pomfmm = D effective (rms ) va/ues
. of current and vol

(rm.s =.707 o/penk
value of sine wave
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In the sine wave the three voltage values,
peak, effective and average, are related to each
other as follows:

Emnx =LEer X 1414 = Euvc X 1.57

Eose = Epax X 0.707 = Epve X 1.11 =

Envu = Fm.x X 0.636 = Enll X 0.9
The relationships for current are equivalent
to. those given above for voltage.
Current, voltage and power in an in-

" ductance — When alternating current flows

through an inductance, the continually vary-
ing magnetic field eauses the continuous gen-
eration of an e.m.f. of self-induction (§2-5).
The induced voltage at any instant is propor-
tional to the rate at which the current is
changing at that instant. If the current is a
sine wave, it can be shown that the rate of
change is greatest when the current is passing
through zero and least when the current is
maximum, For this reason, the induced voltage
is maximum when the current is zero and zero
when the current is maximum. The direction or
polarity of the induced voltage is such as to
tend to sustain the current flow when the cur-
rent is decreasing and to prevent it from flow-
ing when the current is increasing (§ 2-5). As
a result, the induced voltage in an inductance
Iags 90 degrees behind the current.

By Lenz's Law, the induced voltage must al-
ways oppose the applied voltage; that is, the
induced and applied voltages must be in phase
opposition, or 180 degrees out of phase. Con-
sequently, the applied voltage leads the current
by 90 degrees. These relationships are shown
in Fig. 228. Using the voltage as a reference,

+

| AMPLITUDE

+

Fig. 228 — Voltage, current
and power relations in an al-
ternating-current circuit cnn-
sisting of inductance only.

POWER

the current in an inductance lags 90 degrees,
or one-quarter cycle, behind the voltage. (In a
vector diagram, the current and voltage can-
not be added vectorially because they are
different kinds of quantities. In diagrams
showing both current and voltage, one is gen-
erally used simply as a reference, to establish
phase. relationships. If several currents are
shown in the same circuit, they can be added
together; similarly, several voltages in the
same circuit can be added. However, where use
is made of vector diagrams to show phase rela-
tionships in different circuits, the vectors repre-
senting current and/or voltage in different
circuits cannot be added.

PEEARNAE T, AN
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When the current is increasing in either
direction, energy is being stored in the mag-
netic field. At such times the voltage has the
same polarity as the current, so that the prod-

“uct of the two, which gives the instantaneous

power fed to the inductance, is positive. When
the current is decreasing energy is being re-
stored to the circuit and the applied voltage
has the opposite polarity, so that the produet
of current and voltage is negative. This is also
shown in Fig. 228. Positive power means power
taken from the source (i.e., the source of the
applied e.m.f.), while negative power means
power returned to the source. Power is alter-
nately taken and given back in each quarter
cycle, and, since the amount given back is the
same as that taken, the average power in an
inductance is zero when considering a whole
cycle. In a practical inductance the wire
will have some resistance, so that some of the
power supplied will be consumed in heating
the wire, but if the resistance of the circuit is
small ecompared to the inductance the power
consumption is very small compared to the
power which is alternately stored and returned.

Current, voltage and power in a con-
denser — When an alternating voltage is ap-
piled to a condenser, the condenser acquires a
charge while the voltage is rising and loses its
charge while the voltage is decreasing. The
quantity of electricity stored in the condenser
at any instant is proportional to the voltage
across its terminals at that instant (Q = CE).
Since current is the rate of transfer of quantity
of electricity, the current flowing into the con-
denser (when it is being charged) or out of it
(when it is discharging) consequently will be
proportional to the rate of change of the ap-
plied voltage. If the voltage is a sine wave, its
rate of change will be greatest when passing
through zero and least when the voltage is
maximum. As a result, the current flowing into
or out of the condenser is greatest when the
voltage is passing through zero and least when
the voltage reaches its peak value.

This relationship is shown in Fig. 229. When-
ever the voltage is rising (in either direction)
the current flow is in the same direction as the
applied voltage. When the voltage is decreas-
ing and the condenser is discharging, the cur-
rent flows in the opposite direction. This is of
course the normal condition for charge and dis-
charge of a condenser. The energy stored in the
condenser on the charging part of the cycle is
restored to the circuit on the discharge part,
and the total energy consumed in a whole cycle
therefore is zero. A condenser operating on
a.c. takes no average power from the source,
except for such actual energy losses as may
occur as the result of heating of the dielectric
(§ 2:3). The energy loss in air condensers used
in radio circuits is negligibly small except at
extremely high frequencies.

As shown by Fig. 229, the phase relation-
ship between current flow and applied voltage
is such that the current leads the voltage by 90
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degrees. This is just the opposite to the in-
duetance case.
Current, vollage and power in resistance

+ — In a circuit containing resistance 'only there
_are no energy storage effects, and consequently

the current and voltage are in phase. The cur-
rent therefore always flows in the same direc-

Eac l
T
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m

Fig. 229 — Voltage, current
and power relations in an
alternating-eurrent circuit
consisting of eapacity only.

S
=

POWER

tion as the applied voltage, and, since the power
is always positive, there is continual power
dissipation in the resistance. The relationships
are shown in Fig. 230.

Strictly speaking, no circuit can have resist-
ance only, because the flow of current always
is accompanied by the creation of a mag-
netic field and every conductor also has a cer-
tain amount of capacity. Whether or not such
residual inductance and capacity are large
enough to require consideration is determined
by the frequency at which the circuit is to
operate.

The a.c. spectrum-— Alternating currents
of different frequencies have different proper-
ties and are useful in a variety of ways. For the
transmission of power to light homes, run mo-
tors and perform’ familiar everyday tasks by
electrical means, low frequencies are most suit-
able. Frequencies of 25, 50 and 60 cycles are in
common usg, the latter being most widely used

in this country. The range of frequencies be- -
tween about 15 and 15,000 cycles is known ag’

the audio-frequency range, because when fre-
quencies of this order are converted from a.c.
into air vibrations, as by a loudspeaker or tele-

' phone- receiver, they are distinguishable as

'

sounds having a tone pitch proportional to the

.frequency. Frequencies above 15,000 cycles

.(15 kilocycles) are used for radio communica-

tion, because at frequencies of this order it is
possible to convert electrical energy into radio
waves which ean be radiated over long distances.
* For convenience in reference, the following
classifications for radio frequencies have been
recommended by an international technical
conference and are now increasingly in use:

10 to 30 kilocycles
30 to 300 kilocycles .
300 to 3000 kilocycles
* 8 to-30 megagycles
30 to 300 mncgacycles
300 to 3000 megacycles
3000 to 30,000 mepacycles

Very-low frequencies
Low frequencies
* Mediwn frequencies
High frequencics
Very-high frequencies
. Ultrahigh frequencies
Superhigh frequencies

example, the region above 30 megacycles for—
merly was considered .the ‘“ultrahigh®”’ fre-
quencies.

¢ 2-8 Ohm’s Law for Alternating
Currents

Resistance — Since current and valtage are
always in phase through a resistance, the in-
stantaneous relations for a.c. are equivalent to
those in d.c. circuits. By definition, the effec-
tive units of current and voltage for a.c. are
made equal to those for d.e. in resistive ecir-
cuits (§ 2-7). Therefore the various formulas
expressing Obm’s Law for d.c. cireuits apply
without any change to a.c. circuits containing
resistance only, or for purely resistive.parts of
complex a.c. circuits. See § 2-6.

In applying the formulas, it must be remem-
bered that. consistent units must be used. For
example, if the instantaneous value of current
is used in finding voltage or power, the voltage
found will be the instantaneous voltage and the
power will be the instantaneous power. Like-
wise, if the effective value is used for one quan-
tity in the formula, the unknown will be ex-
pressed in eﬁectxve value. Unless otherwise
indicated, the effective value of current or volt-

age is always understood to be meant when .

reference is made to “‘current” or “voltage.”
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Fig. 230 — Voltage, current
< N and power relations in an al-
2 ternating-current circuit con-
8 sisting of resistance only.

Reactance — In an a.c. circuit containing

inductance or capacity, but no resistance, there .

is no consumption of power — simply a con-
tinuous back-and-forth transfer of energy
between the magnetic or electric field and the
circuit (§ 2-7). As shown in section 2-7, neither
a perfect condenser nor a perfect inductance
will absorb power from the source of an applied
voltage since the energy absorbed or stored on
one half cycle of alternation is released i in the
next. In the process of absorbing and giving up
this energy, however, opposition is offered- to

" the flow of current through the circuit. This

opposition is called reactance. Since the aver-
age power is zero, the Ohm’s Law formulas
cannot be applied in terms of peak or effective
voltages and currents. Nevertheless, if the

" frequency is constant the current which flows

in an inductive or capacitive ‘circuit is di-
L] . 4 ' - N

.-
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Until reeently, other ter.mi'nology' was lised' for-
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rectly pluportlonal to the voltage applied;
that i IS,
E=XI"

'where X is a constant depending upon the cir- .

cuit, and is called the reaclance of the cireuit.
By transposition, the formula for reactance
can be written o
o E
X=7  I=x
These expressions are quite similar to those
for the resistive circuit, and the quantity X
has the same effect upon current flow as does
resistance in a resistive eircuit. Consequently,
the ohm is used as the unit of reactance, just ag
it is for resistance. Unlike resistance in a cir-
‘euit, however, reactance does not use up or
dissipate. power.
Reactance may be compaled with remstance
by saying that, where the latter represents the
inertia or opposition to electron flow in a con-

ductor which ean be overcome only by a con-.

tinuing expenditure of actual energy, react-
. ance represents the inertia or opposition of the
circuit to the varying clectric charges or fields
created by the moving electrons. Sucly opposi-
tion, once initially overcome, requires no ac-
tual expenditure of energy.
Inductive reactance— A voltage may be
induced in ‘& wire (§ 2-5) either by moving g
wire through a magnetic field or' by moving a
magnetic’ field through the wire. In an .in-
ductance coil the expanding and contricting
“field is analogous to the latter case. When al-
ternating current flows through an inductance,
the induced voltage and applied voltage are
equal (§2-7). Sinee the induced voltage is
equal to the inductance of the coil multiplied
by the rate of change of current, it is evident
that the same given value of voltage (to oppose
a fixed applied voltage) can be induced either
by (2) using a large inductance and a small
rate of change of current or (b) by using a large
rate of current change and a small inductanee,
so long as the product of the two is constant.
Thus the amount of such voltage is automat-
ically inereased by simply increasing the fre-
"quency of the applied voltage, inasmuch as the
magnetic field changes at the same rate as the
applied voltage.
The rate of change of current is-determined
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Fig. 231 — Voltage and current rclationships in a.c. wir- |
cuits baving resistance and inductance or resistance and -

capacity. Vector diagrams should he drawn to scale for
particular values of voltage or reactance and resistance.
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by the amplitude of the current and the angu-
lar veloclty

It is the induced voltage acting in oppom-
tion to the applied voltage that creates what is
termed the reactance of a coil or its ability to
impede the flow of alternating current through .
it. The ohmic value of redctance, however, does ..
not cqual the numerigal value of induced
voltage for the induced voltage actually im-
pedes the 'flow of current ohe moment’ and
assists it the next. As a result the voltage, E, -
nceessary to push a given current, 7, through a
given inductance, L, at a given frequency, f, is
a combination of these factors. Therefore, for
sine-wave current,

= 2xfLI, or }E—-' = 21rfL
Since X = E/I, then
X1, = 2xfL,

where the subseript L indicates that the re-
actance is induective.

It is apparent that inductive reactance is
proportional both to ‘inductanee and to the
applied frequency. At low frequencies a large

Jnductance must be used to obtain high re-

actance, but at very high frequencies the same
value of -reactance can be obtained readily .
with quite a small inductance.

The value of inductive reactance equals the
rate of current change (27f) *imes the induct-
ance in the coil. Thercfore the reanctance, Xy,
varies dircetly sith either frequenecy and/or
inductance; i.e.: doubling the frequency dou-
bles the reactance; doubling the inductance
doubles the reactance, and doubling both at
the same time quadruples the reactance.

Ohserve that the term 7 in the above for-
mula is a coefficient of E but not of Xz. This
means that, although the induced voltage in a.
coil inereases with jnereased current flow, the
increased current flow has no effect upon the-
reactance of the coil.

The fundamental units (ohms, cycles,
henrys) must be used in the above equation,
or appropriate factors inserted if other units
arc employed. If inductance is in millihenrys,
the frequency should be stated in kiloeyeles; if
inductance is in micxohemys, the frequéncy
should be given in. megacyeles, to bnng the
answer in ohms. -

Capacitive reactancé — The inherent abil-
ity of a condenser to impede-current flow (re-
actance) is mainly a result of the opposing
voltage it can offer to oppose the applied volt- -
age but, as in the case of inductance, the valug
of reactance does not equal the numerical value
of the opposing voltage since this voltage, too,

. alternately opposes and assists current flow.

One of the important factors affecting current
flow in a condenser is the angular velocity
(27f) or the rate of voltage change. With a fixed
value of applied voltige, the quantity of elec-
tricity stored in 2 condenser of given capacity is
always the-same Q= ‘CE), and, if losses are

negligible,-the same quantity of electricity is R
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taken out of the condenser on discharge. When
an a.c. voltage is applied to a condenser the
alternate chnrge and discharge, as the applied

voltage rises and falls and reverses polarity,

. constitutes current flow “through” the con-
denser. The amplitude of the current is* pro-
portional to the rate of change of the voltage
(§ 2-7) and also to the capacity of the.con-
denser, since both these quantities increase the
amount of clectricity transferred in the cir-
cuit in a given period of time. The larger the
capacity the greater is the charge. required to
establish a given potential difference between
its plates.
coulomb of electricity to bring the potential
difference between . its plates to a value of one

volt- is said to have a capacity of one.farad. -

Doubling the -capacity of the condenser will
double the alternating current flow, hence cur-

rent flow in a condenser varies directly with g

change in its capacity.

Obviously, current flow in a resistor, coil or
condenser across which a fixed voltage is ap-
plied .cannot increase unless the opposition to
current flow is correspondingly decreased. If
the current doubles, the opposition must be

halved. Doubling the capacity has, therefore, -

halved the opposition (reactance) of the con-
denser. Hence, the value of reactance, X¢, of a
condenser-varies inversely with a change in its
capacity. .

‘When two equal voltages, regardless of their
frequencies, are applied separately to the same
condenser, the condenser will take equal
charges in both ihstances (@ = CE, § 2-3), but
the current flow avill-double when the frequency
alone is doubled. Since rate of change of volt-
age is' proportional to the amplitude of the
voltage and ‘the angular velocity, then,.for
sine-wave voltage,

I = 2zfCE, or
Since X = E/I, then

~

-
2xfC

—

e - 2xfC
where the subscupt C indieates that the reac-
tance is capacitive. Capacitive rcactance is
inversely proportiongl to capacity and to the
applied frequency. For a given value of capac-
1ty, the reactance decreases as the frequency
increases.

Fundamental units (farads, cyecles per sec-!
‘ond) 'must be used in the right-hand side of the
equation to obtain the reactance in chms. Con-
version factors must be used if the frequency
and c¢apacity are in units other than eyeles
and farads. If -C is in microfarads and f in
megacyecles, the conversion factors cancel and

. the reactance will be given in ohms.

Impedance — In any series circuit the same
current flows through all parts of the circuit.
If a resistance and inductance are conneeted
in series to form an a.c. circuit they both'earry

. the same current, but the voltage across the
resistance is in phase with the current while

A condenser which requires one’
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the voltage across the inductance leads the
current by 90 degrees. In a d.c. circuit with
resistances in secries, the applied voltage is
equal to the sum ‘of the voltages across the-in-
dividual resistances (§ 2-6). This is also true of -
the a.c. circuit with resistance and inductance
in series if the instantaneous voltages are added
algebraically to find the instantaneous value
of applied voltage. But, because of the phase,
difference between the two voltages, the maxi-
mumn value of the a.pphed voltage will not be
the sum of the maximum values of the two

‘voltages (§1-9), so that the effective-values

cannot be added directly. .

The relationships are shown by means of "
vectors in Fig. 231. If the current vector is
used as a reference, the voltage across the re-

.sistance is in phase with the eurrent~and hence

lies on thé same line. The voltage across the
inductance is 90 ‘degrees ahead of the current,
and therefore is drawn at right angles upward.
The resultant voltage is, cbnsequently, the
hypothenuse of a right triangle, and, -by
geometry, '

E? = B 4 B, or E = \/E%; + B2,

Since Ep = IR and Ep, = IX;, substxtutlon.
glves

E = IVE X5, o0 % = VR + X5,

" E/I is called the impedance of the circuit andis

designated by the letter Z. The impedance de-
termines the voltige which must be applied to
the circuit to cause a given current to flow.
The unit of impédance is, therefore, the chm,

" just as in the ease of resistance and reactance, -

which also determine the ratio of voltage to
current. However, the phase angle between
voltage and cuu‘ent must be specified, along
with the impedance, for the true nature of the -
impedance to be known. . -

Similar consideration of resistance and ca-
pacity in series leads to the same expression
for the impedance of such a circuit. However, "
in this case the voltage across the condenser
lags the current, so that the “impedance tri-
angle’’ is drawn with the condenser voltage or

" reactance extending downward. The general

formula is
zZ = \/IB2 + X

‘Ohm’s Law for altcrna.tmg current circuits

then becomes .
E E
I=g2=7

It should be noted that the equivalent Ohm’s
Law relationship for power in a d.c. circuit
does. not apply directly in the case of 'an a.c.
circuit where Z replaces R. As will be ex-

BE=1Z

. plained, the power factor of the circuit must be ,-

taken into .consideration. .
In summary, impedance is a- genernlized .

quantity applying to a.c. or d.e. cxreults, sim-

ple or complex. In.a d.c. circuit or in an a.c. cir-
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cuit containing resistance only, the phase angle
is zero (current and voltage are in phase) and
the impedance is equal to the resistance.

In an a.c. circuit containing reactance only
‘the phase angle is 90 degrees, with current lag-
ging the voltage if the reactance is inductive
and current leading the voltage if the reactance
is capacitive. In either case, the impedance is
equal to the reactance.

In an a.c. circuit containing both resistance

and reactance the phase angle may have any
value between zero and 90 degrees, with the
current lagging the voltage if the reactance is
inductive and leading the voltage if the re-
actance is capacitive. The value of impedance,
in ohms; may be found from the equation on
page 35.
' Power is consumed in a circuit only when the
' current flow produced by the applied voltage
is in phase or less than 90 degrees out of phase
with that voltdige. Power consumption de-
creases from maximum with in-phase condi-
tions to zero at 90 degrees out-of-phase
conditions.

Series circuits with L, C and R— When
‘ inductance, capacity and resistance all are in
; series in an a.c. circuit, the voltage relations
are a combination of the separate cases just
considered. The voltage across each element
will be proportional to the resistance or react-
ance of that element, since the current is the
same through all. The voltages across the in-
ductance and capacity are 180 degrees out of
phase, since one leads the current by 90 de-
grees and the other lags-the current by 90 de-

grees. This means that the two voltages tend

: * to cancel; in fact, if the voltage across only the
inductance and capacity in series is considered
(leaving out the resistance), the total voltage
3 is the difference between the two voltages.

. This is shown by the vector diagram of Fig.
3 232. Since the angles of lead and lag are both
90 degrees, the reactance voltage lines are op-
positely directed. The effect is exactly the

same as though the difference between the two -

. voltages (or reactances, in the impedance di-
' agram) had been found first, and this differ-
ence then used as though it were 2 single volt-
age (or reactance). The net reactance’ in a
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Fig. 232 — Current and voltage relationships in an
a.c. circuit contmnmg resistance, inductance and ca-
pacity in series. btcp by-step addition of voltage vectors
N isshown. The + sigus arc used in the algebraic sensc, ca-

P pacitive voltage or reactance being considered negative.
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series circuit is, therefore, the difference be-
tween the individual mductlve and capacitive
reactances; or

X =X, - Xo

If more than one inductance element is pres-
ent in the circuit, the total induetive reactance
is the sum of the individual reactances; simi-
larly, the same is true for capacitive recact-
ances. Inductive reactance is conventionally
taken as ‘““positive’ (+4) in sign and capaci-
tive reactance as “negative” (—). With this
convention, algcbraic addition of all the re-
actances in a serics circuit gives the total or net
reactance of the circuit.
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Fig. 233 — Parallel reactance and resistance in a.c. cir-
cuits. The various currents add veetorially as indicated.

o

Parallel circuits with L, C and R— The
equivalent resistance of a number of resistances
in parallel in an a.c. circuit is found by the same
rules as in the case of d.c. circuits (§2-6).
Parallel reactances of the same kind have an
equivalent reactance given by a similar rule:

1
X=1,1 1
A_’!+E+}; .......

This formula applies to reactances of the same
sign;’it cannot be used if both inductive and
capacitive reactance are in parallel.

When reactances and resistances are in
parallel, the same voltage is applied to the vari-
ous circuit clements. The current which flows

Jis the vector sum of the currents in the various

branches; that is, the phase of the currents
with respect- to the applied voltage must be
taken into account in finding the total current.
Fig. 233-A shows a resistance and inductance
in parallel, with the corresponding vector dia-
gram. The voltage is taken as the reference,
since it is common to both branches. The cur-

’

rent through the resistance is in phase with

the voltage and coincides in direction with the
voltage line. The current through the induct-
ance lags the applied voltage by 90 degrees,
hence is drawn at right ungles downwards. The
amplitudes of both currents are found by di-
viding the voltage by the resistance and react-

N
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ance, respectively. The total current combines
by the right-triangle rule; that is,

" I=vVIZ+I2 _
The impedance of the circuit is equal to E/I, so

I - )
VI +Ix

By assuming some convenient value for the ap-
plied voltage and then solving for the currents
in the resistance and reactance, the values so
found may be substituted in this equation to
find the impedance of the circuit.

Resistance and capacity in parallel are
shown in Fig. 233-B, with the corresponding
veetor diagram. Except that the current now
leads the voltage, the relationships are the
same as before; the total current and imped-
ance can be found by using the same formulas.

When resistance, inductance and capacity
are combined in parallel, as in Fig. 233-C, the
vector diagram -hds the typical form shown.
The currents in the inductance and capacity
are 180 degrees out of phase, so that the total
current through these elements (neglecting the
resistance) is the difference between the two
currents. Because of this, the current flowing
in the line is always smaller than the largest
reactive current, indicating that when induect-
ance and capacity are connected in parallel the
resultant impedance is larger than either of the
individual reactances. The net reactive cur-
rent may either lead or lag the applied voltage,
depending upon whether the inductive or
capacitive reactance is larger. The ecurrent
taken by the parallel resistance is determined

solely by the applied voltage. The total cur--

rent and impedance of such a circuit can be
found by the formulas used above, if for Ix
the difference between the currents in the in-
duetance and eapacity is used.

With series-parallel circuits the solution be-
comes considerably more complicated, since
the phase relationships in any parallel branch
may not be either 90 degrees or zero. However,
the majority of parallel eircuits used in radio
work can be solved by the rather simple ap-
proximate methods described in § 2-10.

Power factor — The power dissipated in
an a.c. circuit containing both resistance and

. reactance is consumed entirely in the resist-
ance, hence is equal to I?R. However, the
reactance is also effective in determining the
current or voltage in the eireuit, even though
it consumes no energy. Hence the product of
volts times amperes (which gives the power
consumed in d.c. eircuits) for the whole circuit
may be several times the actual power used up.
The ratio of power dissipated (watts) to the
volt-ampere product is called the power factor
of the eircuit, or

' _ Watts

Power factor = —————
: r facto Volt-amperes

The power fictor of the dielectrie in a con-

_ denser having a value of capacity, C, in miero-

T
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farads (ufd.) at a certain frequeney, f, is com-

monly expressed as a percentage:

A table giving the power factor for various
dielectrics at different frequencies appears on
page 458 of the Appendix.

Distributed capacity and inductance —
It should not be thought that the reactance
of coils becomes infinitely high as the fre-
queney is inereased to a high value and, like-
wise, that the reactance of condensers becomes
infinitely low at high frequencies. All eoils have
some capacity between turns, and the react-
ance of this capacity can become low enough
at some high frequencies to tend to ecancel the
high reactance of the coil. Likewise, the leads
and plates of condensers will have considerable
inductance at very high frequencies, which will
tend to offset the capacitive reactance of the
condenser itself. For these reasons, coils con-
structed for high-frequency use must be de-
signed to have low ‘distributed’ capacity.
Similarly, condensers must be made with
short, heavy leads so that they will have low
self-induetance.

Units and instruments — The units used

. in a.e. eircuits may be divided or multiplied to

give convenient numerical values to different
orders of magnitude, just as in d.e. circuits
(§ 2-6). Because the rapidly reversing current
is accompanied by similar reversals in the mag-
netic ficld, instruments used for measurement,
of d.c. (§ 2-6) will not opcrate on a.c.

At low frequencies suitable instruments can
be constructed by making the current produce
both magnetic fields, one by means of a fixed
coil and the other by the moving coil. Instru-
ments having movements of this kind are
variously known as dynamomeler, elecirodyna-
mometer and electrodynamic types.

Another type of instrument suitable for
measuring alternating current is less expensive
in construction and therefore more widely used.
This is the repulsion-fype moving-iron a.c.
ammeter shown in Fig. 234. Fundamentally,
the movement is based on the samec principle
as the inexpensive moving-iron-vane meter for
d.c. shown id Fig. 225. In the repulsion-type
instrument current flowing through the sta-

Fig. 234 — Ammeter
based on a repulsion-
type moving-iron
movement used for
a.c. measuremecents,

tionary coil magnetizes two iron vanes, one

fixed and the other attached to the movable

pointer shaft. Inasmuch as the two vanes are

in the same plane and magnetized by the same
LY

SN .
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source, the magnetic effect upon them by the

current through the coil will be identical re-
gardless of its poldarity. When the two vanes are
magnetized they repel each other (§ 2-2)*and
the movable vane moves away from the fixed
vane, causing the pointer to travel along the
scale. The degree of travel is ¢controlled by a
spring which brings the pointer to rest at a
-point where the clectrical and mechanical
forces balance, and returns the pointer to zero
" on the scale when current flow ceases.
Such instruments are used for measurement

of either current or voltage. However, wlen.

employed for voltage measurement by the use
of high-resistance series multipliers, the mini-
mum current drain required by such instru-
ments because of their inherent insensitivity
is so great that excessive load is placed upon
the measurement source. For this reason, in
radio work it is more common practice to con-
vert the a.c. voltage to d.c. by means of a
copper-oxide or vacuum-tube rectifier and then
measure the resulting indication on a d.c. in-
strument, as described in § 2-6.

At radio frequencies instruments of the type
‘described above are inaccurate because of dis-
tributed capacity and other effects; and the
only reliable type of direct-reading instrument

. is the thermocouple ammeter or milliammeter.

. This is a power-operated device consisting of a
resistance wire heated by the flow of r.f. cur-
rent through it, to which is attached a thermo-
couple or pair of wires of dissimilar metals
joined together and possessing the property of
developing a small d.c. voltage between the
terminals iwhen heated. This voltage, which
is proportional to the heat -applied to the
couple, is used to operate a d.c. instrument

, of ordmary design.

€ 2-9 The Transformer

Principles —It has beén shown in the pre-
ceding sections that, when an alternating volt-
age is applied to an inductance, the flow of
alternating current through the coil causes an
induced e.m.f. which is opposed to the applied
e.m.f. The induced e.m.f. results from the vary-
ing magnetic field accompanying the flow of al-
ternating current. If a second coil is brought
into the same field, a similar e.m.f. likewise

&
— e
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- Fig. 235 —The transformer. Power is transferred from
the primary- coil to the-secondary hy means of the mag-
netic field."The upper symbol at ngbt indicates an iron-

" core transformer, the lower one an air-core transformer.
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will be induced in this coil. This induced e.m.f.
may be used-to force a current through a wire,
resistance or other electrical device connected
to the terminals of the second coil.

Two coils operating in this way are said to be
coupled, and the pair of coils constitutes a
transformer. The coil connected-to the source of
energy is called the primary coil, and thé other
is called the secomdary coil. Energy may' be
taken from the secondary, being transferred
from the primary through the medium of the
varying magnetic field.

Voltage and turns ratio— For a given vary- -

1ing magnetic field, the voltage induced in a
coil in the field will be proportional to the
number of turns on the coil. If the two coils -
of a transformer are in the same field, it fol-
lows that the induced voltages will be pro-
portional to the number of turns on each coil.
In the case of the primary, or coil connected to

" the source of power, the induced voltage is

practically equal to, and opposes, the applied
voltage. Hence, for all practical purposes,

n
E, ="px,
- Mp

where E; is the secondary voltage, E, is the
primary voltage, and n; and n, are the number
of turns on the secondary and primary, respec-~
tively. The ratio ns/np is called the turns ratio
of the transformer.

This relationship is true only when all the
flux set up by the primary current cuts all the
turns of the secondary. If some of the mag-
netic flux follows a path which does not make it
cut the secondary turns then the secondary
voltage is less than given by this formula, since
this reduces the number of lines of force (and-

" thus reduces the effective strength of the mag-

netic field affecting the secondary) by causing
the rate of change of flux to be less in the sec-
ondary than in the primary. In general, the
equation can be used only when both coils are
wound on a closed core of high permeability, so
that practically all of the flux can be confined
to definite paths.

Types of transformers— The usefulness
of the transformer lies in the fact that energy
can be transferred from one circuit to another
without direct connection, and in the process
can be readily changed from one voltage level
to another. Thus, if a device to be operated re- °
quires, for example, 120 volts and only a 440-
volt source is available, a transformer can be
used to change the source voltage to that re-
quired. The transformer, of course, can be used
only on a.c., since no voltage will be induced in
the secondary if the magnetic field -is not
changing. If d.c. is applied to the primary of a
transformer, a voltage will be induced in the
secondary only at the instant of closing or
opening the primary circuit, since it is only at
these times that the field is changmg

. Transformers for use at radio flequencles
are usually wound on nonmagnetic. material
(*air core’) beeause the losses in ordinary. iron
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cores are excessive at these frequencies. As a
general rule, the equation given in the preced-
ing paragraph does not apply to such trans-
formers, because only a small part of the flux
set up by the primary cuts the .secondary
“turns. Even when special iron cores are used

this statement is usually true of r.f. trans--

formers, for reasons ¢onsidered in § 2-11.
Transformers for use at power frequencies

-and audio frequencies are wound on iron cores,

hence nearly all of the primary flux cuts the

secondary turns. The turns-ratio equation can -

be -used at these frequencies. The following
discussion will be conﬁned to such trans—
_formers.

Effect of secondary current — The pumm‘y
current which has been discussed above is usu-
ally called the magnetizing current of the trans-
former. Like the current in any inductance, it
lags the applied voltage by 90 degrees; neg-
lecting the small energy losses in the resistance
of the primary coil and in the iron core.

. When current is drawn from the secondary
winding, the secondary current sets up a mag-
netic field of its own in the core. The phase re-
lationship between this field and that caused
by the magnetizing current will depend upon
the phase relationship between current and
voltage in the secondary circuit. In every case
there will be an effect upon the original field.
To maintain the induced primary voltage equal
to the applied voltage, however, the original
field must be maintained. Consequently, the

primary current must change in such a way.

that the effect of the field set up by the sec-
ondary current is completely canceled. This is
" accomplished when the primary draws an addi-

tional current that-sets up a field exactly .

“equal to the field set up by the secondary cur-
rent, but which always opposes the secondary
ﬁeld_ The additional primary current is thus
180 degrees out of phase with the secondary
current. (This assumes that all the flux cuts
both coils.) The total primary current is then
the vector sum of the mngnetlzmg current and
this additional load curreni.

In rough calculations on transformers it is
convenient to neglect the magnetizing current
and to assume that the primary current is
caused entirely by the secondary load. This-is
justifiable, because in any well-designed trans-
former the magnetizing current is quite small
in comparison to the load current when the
latter is near the rated value.

For the fields set up by the primary and
gecondary load currents to be equal, the num-
ber of ampere-turns in the prim.u'y must equal
-the number of ampere tums in the secondary.
That is,

2,1, =n, I
Hence,

Ny
L=t

The load current in the primary for a given
" "'load ‘6urrent in the secondary is proportional

N -

‘applied voltage,

to the turns ratio, secondary to primary. This
is the opposite of the voltage relatlonshlps ’
-If the magnetizing current is neglected, the’
phase relationship between current and voltage
in the primary circuit will be identical with that
existing between the secondary current and
voltage. This is because the applied voltage and
induced voltage are 180 degrees out of phase,
and the primary current and secondary current
likewise are 180 degrees out of phase. .
Energy relationships; efficiency — A trans-
former cannot create energy; it can only trans-
fer and transform’it. Hence, the power taken
from the secondary cannot exceed that taken
by the primary from the source of applied
e.m.f. Since there is always some power loss'in
the resistance of the coils.and in the iron core,
the power taken from the source always will -
exceed that taken from the secondary. Thus,

P5,=nP.-

where P, is the power taken from the sec-

ondary, P; is the power input to the primary,
and n is a factor which always is less than 1.
It is called the efficiency of the transformer and
is usually expressed as a percentage. The effi-
clency of small power transformers such as are
used in radio receivers and transmitters may
vary between about .60 per cent and-90 pér
cent, depending upon the size and design.
Leakage reactance — In a practical trans-
former not all of the magnetic flux is common
to both windings, although in well-designed -
transformers the amonnt of flux which cuts one
coil and not the other is only a small percentage
of the total flux. This leakage fluz acts in the
same way a8 flux about any coil which is not

coupled to another coil; that is, it gives rise to

self-induction. Consequently, there is a small
amount of leakage inductance associated with

"both windings of the transformer, but not

common to them. Leakage inductance acts in
exactly the same way as an equivalent amount,
of ordinary inductance inserted in series-with’
the circuit. It has, therefore, a certain react-
ance, depending upon the amount of induct-
ance and the frequency. This reactanceis called
leakage reaciance.

In the primary the practical effect of leak-
age reactance is equivalent to a reduction.in
since the primary current’
flowing through the leakage reactance causes
a voltage drop. This voltage drop, increases
with increasing primary current, hence it in-

|
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Fig. 236 — Thc equivalent circuit of a transformer in~
cludes the effects of leakage inductance and resistance of-
both ‘primary and secondary windings. The resistance
R.is an equivalent resistance representing the constant -
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_core losses. Since thesc.are comparatively small, their ef-

fect may be neglected in many approximate calculations,
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creases as more current is drawn from the sec-
. ondary. The induced voltage consequently de-
creases, since the applied voltage (which the
induced voltage must equal in the primary)
.has been effectively reduced. The secondary
induced voltage also decreases proportionately.
When current flows in the secondary circuit
the secondary leakage reactance causes an
additional voltage drop, which results in a
further reduction in the voltage available from
the secondary terminals. Thus, the greater the
secondary current, the smaller the secondary
terminal voltage becomes. The resistance of
the primary and secondary windings of the
transformer also causes voltage drops when
current is flowing, and, although these voltage
drops are not in phase with those caused by
leakage reactance, together they result.in a
lower secondary voltage under load than is in-
dicated by the turns ratio of the transformer.
At power frequencies (60 cycles) the voltage at
the secondary, with a reasonably well-designed
transformer, should not drop more than about
10 per cent under load. The drop in voltage
may be considerably more than this in a trans-
former operating 4t audio frequencies, however,
since the leakage reactance in a transformer
increases directly with the frequency.
Impedance ratio — In an ideal transformer
having no losses or leakage reactance, the
primary and secondary volt-amperes are equal;
that is,

E, 1, =E,I,

On this assumption, and by making use of the
relationships between voltage, current and
turns ratio previously given, it can be shown

that

B-20)

'I: I, \n,
Since Z = E/I, E./I, is the impedance of the
load on the secondary ecircuit, and E,/I, is the
impedance of the loaded transformer as viewed
from the line. The equation states that the
impedance presented by the primary of the

transformer to the line, or source of power,
is equal to the secondary load impedance multi-

CORE TYPE

Fig. 237 — Two common types of transformer construc-
tion, Core pieces are interleaved to provide a continu-
ous magnetic path with as low reluctance as possible,

.
'

=} /ron Core . Fig. 238 — The auto-trans-
former is based on the trans-
former principle, but uses
. only one winding. The line
F lLine  and load currents in the
A common winding (A) flowin

opposite directions, so that
the resultant current is the
difference between them. The
voltage across A is propor-
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Load tional to the turns ratio..

plied by the square of the primary-to-second-
ary turns ratio. This primary impedance is
called the reflecied impedance or reflected load.
The reflected impedance will have the same
phasé angle as the secondary load impedance,
as previously explained. If the secondary load
is resistive only, then the input terminals of the
transformer primary will appear to the source
of e.m.f. as a pure resistance.

In practice there is always some leakage re-
actance and power loss in the transformer, so
that the relationship above does not hold ex-
actly. However, it gives results which are ade-
quate for many practical cases. The impedance
raito of the transformer consequently is con-
sidered to be equal to the square of the turns
ratio, both ratios being taken from the same
winding to the other.

Impedance matching — Many devices re-
quire a specific value of load resistance (or
impedance) for optimum operation. The re-
sistance of the actual load which is to dissipate
the power may differ widely from this value,
hence the transformer, with its impedance-
transforming properties, is frequently called
upon to change the actual load to the desired
value. This is called impedance matching. From
the preceding paragraph,

n _ |2,

Ny Zy
where n,/n, is the required secondary-to-
primary turns ratio, Z, is the impedance of the
actual load, and Z, is the impedance required
for optimum operation of the device delivering
the power.

Transformer construction — Transformers
are generally built so that flux leakage is mini-~
mized insofar as possible. The magnetic path
is laid out so that it is as short as possible, since
this reduces its reluctance and hence the num-
ber of ampere-turns required for a given flux
density, and also tends to minimize flux leak-
age. Two core shapes are in common use, as
shown in Fig. 237. In the shell type both wind-
ings are placed on the inner leg, while in the
core type the primary and secondary windings
may be placed on separate legs, if desired. This
is sometimes done when it is necessary to mini-
mize capacity effects between the primary and
secondary, or when there is a large difference of
potential between primary and secondary.

Core material for small transformers is
usually silicon steel, called *‘transformer iron.”
The core is built up of thin sheets, -called

-
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laminalions, insulated from each other (by a
thin coating of shellae, for example) to prevent
the flow of eddy currents which are induced in
the iron at right angles to the direction of the
field. If allowed to flow, these 'eddy currents
would cause considerable loss of energy in
overcoming the resistance of the core material.
The separate laminations are overlapped, to
make the magnetic path as continuous as
possible and thus reduce leakage.

The number of turns required on the pri-
mary for a given applied e.m.f. is determined
by the maximum permissible flux density in the
type of core material used, the frequency, and
the magnetomotive force required to force the
flux through the iron. As a rough indication,
windings of small power transformers fre-
quently have about two turns per volt for a
core of 1 square inch cross-section and a mag-
netie path 10 or 12 inches in length A longer
path or smaller cross section would require
more turns per volt, and vice versa.

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

In power transformers distributed capaclty
in the windings is of little consequence, but in
audio-frequency transformers it may cause un-
desired resonance effects (see § 2-10 for a dis-
cussion of resonance). High-grade audio trans-

- formers often have special types of windings

designed to minimize distributed capacity.
The autotransformer — The transformer
prineiple can be utilized with only one winding
instead of two, as shown in Fig..236; the princi-
ples just discussed apply equally well. The
autotransformer has the advantage that, since
the line and load currents are out of phase,
the section of the winding common to both
circuits carries less current than the remainder
of the coil. This advantage is not very marked
unless the primary and secondary voltages do
not differ very greatly, while it is' frequently
disadvantageous to have a direct connection
between primary and secondary circuits. For
these reasons, application of the autotrans-
former is usually limited to boosting or reduc-
ing the line voltage by a relatively small
amount for purposes of voltage correction.

¢ 2-10 Resonant Circuits

Principle of resonance — It has been shown
(§ 2-8) that the inductive reactance of a'coil
and the capacitive reactance of a condenser
are oppositely affected by frequency. In any

.series combination of inductance and capaci-

tance, therefore, there is one particular fre-
quency for which the inductive and capacitive
reactances are equal. Since these two react-
ances cancel each other, the net reactance in
the circuit-becomes zero, leaving only the re-
sistance to impede the flow of current. The
frequency at which this occurs is known as the
resonant frequency of the circuit and the circuit

is said to be in resonance at that frequency, or
tuned to that frequency.

Series circuits — The frequency at which a
series circuit is resonant is that for which
X1 = Xc¢. Substituting the formulas for in-
ductive and capacitive reactance (§ 2-8) gives

1
2#fC
Solving this equation for frequency gives

SR

2r/IC
This equation is in the fundamental units —
cycles per second, henrys and farads — and so,
if fractional or. multiple units %are used, the ap-
propriate factors must be inserted to change

them to the fundamental units. A formula in
units commonly used in radio circuits is

f=5
2ry/LC
where f is the frequency in kiloeycles per sec-
ond, 2r is 6.28, L is the inductance in micro-
henrys (uh.), and C is the capacitance in micro-
microfarads (upfd.).

The resistance that may be present does not
enter into the formula for resonant frequency.

When a constant a.c. voltage of variable fre-
quency is applied, as shown in Fig. 239-A,
the current flowing through such a circuit will
be maximum at the resonant frequency. The
magnitude of the current at resonance will be
determined by the resistance in the circuit. The
curves of Fig. 239 illustrate this, curve a being
for low resistance and curves b and c¢ being
for increasingly greater resistances.

In the circuits used at radio frequencies the
reactance of either the coil or condenset at
resonance is usually several times as large.as
the resistance of the cireuit, although the nef
reactance is zero. As the applied frequency de-
parts from resonance, say on the low-frequency
side, the reactance of the condenser increases
and that of the inductance decreases, so that
the net reactance (which is the difference be-
tween the two) increases rather rapidly. When
it becomes, several times as high as the resist-
ance, it becomes the chief factor in determining
the amount of eurrent flowing. Hence, for cir-
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cuits having the same values of inductance and
capacity but varying amounts of resistance,
the resonance curves tend to coincide at fre-
.quencies somewhat removed from resonance.
The three curves 1n the figure show this tend-
ency.
Parallel circuits — The parallel-resonant
* cireuit is illustrated in Fig. 239-B. This ecir-
cuit also contains inductance, capacitance and
resistance in series, but the voltage is applied in
.parallel with the combination instead of in
series with it as in A. As explained in connec-
tion with parallel inductance and capacity
(§ 2-8), the total current through such a com-
-bination is less than the current flowing in the
branch having the smaller reactance. If the
currents through the inductive and capacitive
branches are equal in amplitude and exactly
180 degrees out of phase, the total current,
called the line current, will be zero no matter
how large the individual branch currents may
be. The impedance (Z = E/I) of such a cir-
_ cuit, viewed from its parallel terminals, would
be\mﬁmte In practice the two currents will not
be emactly 180 degrees out of phase, because
there is always some resistance in one or both
branches. This resistance makes the phase re-
lationship between current and voltage less
than 90 degrees in the branch containing it,
hence the phase difference between the cur-
rents in the two branches is less than 180 de-
grees and the two currents will not cancel com-
pletely. However, the line current may be very
small if the resistance is small compared to the

reactance, and thus the parallel impedance at "

resonance may be very high.

As the applied frequency is increased or de-
creased from the resonant frequency, the re-
actance of one branch decreases and that of
the other branch increases. The branth with
the smaller reactance takes a larger current, if
the applied voltage is constant, and that with
the larger reactance takes a smaller current.
As a result, the difference between the two
currents becomes larger as the frequency is
moved farther from resonance. Since the line
current is the difference between the two cur-
rents, the current increases when the frequency
moves away from resonance; in other words,
the parallel impedance of the circuit decreases.
- The variation of parallel impedance of a
parallel-resonant circuit with frequency is il-
lustrated by the same curves of Fig. 239 that
show the variation in current with frequency
for the series-resonant circuit. The pa.ra’.llel
1mpedance at resonance increases as the serieg
resistance is made smaller.

In the case of parallel circuits, resonance
may be defined in three ways: the condition
which gives maximum impedance, that which
gives a power factor of 1 (impeddnce purely
resistive), or (as in series circuits) when the in-
ductive and capacitive reactances are equal. If
the resistance is low, the resonant frequencies
obtained on the three bases are practically
identical. This condition usually is satisfiéd in
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radio work, so that the resonant frequency of
a parallel circuit is generally computed by the
series-resonance formula given above. -
Resistance at high frequencies — At radio
frequencies the resistance of a conductor may
be considerably higher than its resistance to
direct current or low-frequency a.c. This is
because of what is known as the skin effect. The
magnetic field set up inside the wire tends to
force the current to flow in the outer part of the
wire to a degree where it will travel a long,
round-about surface path around a conductor
such as a condenser plate rather than a much -
shorter direct path through the metallic con-
duetor. In the case of inductance coils the cur-
rent concentrates not only on the outer surface
of the conductor, but also in the portions most
closely linked by the mutual magnetic fields.
The importance of this_effect increases with -
frequency. At high radio frequencies this skin
effect is so pronounced that practically all the
current flows very near the surface of the con-
ductor, thereby in effect reducing the cross-
sectional area and hence increasing the re-
sistance. For this reason low resistance can
be achieved only by using conductors with
large surface area, but, since the inner part of
the conductor ‘does not carry current at the
higher frequencics, thin-walled tubing will
serve even more efficiently than solid wire of

" the same diameter.

A further effect occurs in coils at radio fre-
quencies. The magnetic fields ¢ause a concen-
tration of current in certain parts of the con-
ductors, again .causing an effective decrease
in the conductor size and raising the resistance.
These effects, plus the effects of stray currents
caused by dlstubuted capacity (§ 2-8), raise
the effective resistance of a coil at radio fre-
quencies to many times the d.c. resistance of
the wire. i

Magnetic materials at hufhfrequencxes-—
At frequencies above the audio range (upper
limit in the vicinity of 15,000 cycles) ordinary
iron and stcel cores are not useful for increasing
the inductance of coils, although they are
highly effective for this purpose at low fre-
quencies. This is principally because losses
from currents induced in the iron (eddy cur-

- rents) increase to a prohibitive extent at high

frequehcies, since the induced current is pro-
portional to frequency. Coils for radio-fre-
quency purposes either are constructed with-
out magnetic material, (air-core) or, have spe-
cial types of iron cores particularly designed to .
reduce losses. Cores for radio-frequency use are
made from finely divided iron of selected
grades, held together with an insulating bind- _
ing material in'such a way that each iron parti-
cle is effectively insulated from the others. This.
prevents, or greatly reduces, the loss from
eddy currents. The permeability. of such a
‘““powdered-iron”’ core is high enough, and the
core losses are low enough, so that it is possible

- to construct an iron-core coil having lower

effective resistance than-an air-core coil of the
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same inductance,  Although coils of this type
now are used chiefly at the lower radio fre-
quencies (below about 2 Mc.), practicable iron-
core coils have been constructed for frequencies
approaching the very-high-frequency range.
Sharpness of resonance — As the internal

_series Tesistance is inereased the resonance

curves become ‘‘flatter” for frequencies near
the resonance frequency, as shown in Tig. 239.
The relative sharpness of the resonance curve
near resonance frequency is o measure of the
sharpness of tuning or selectivity (ability to dis-
criminate between voltages of different fre-

-quencies) in such circuits. This is an important

consideration in tuned circuits for radio work.

Flywheel effect; Q — A resonant circuit
may be ¢ompared to a flywheel in its behavior.
Just as such a_wheel will continue to revolve
after it is no longer driven, so also will oscilla-
tions of electrical energy continte in a resonant
circuit after the source of power is removed.
The flywheel continues to revolve because of
its stored mechanical energy; current flow
continues in a resonant circuit by virtue of the
energy stored in the magnetic field of the coil
and the electric field of the condenser. When
the applied power is shut off the energy surges
back and forth between the coil and condenser,

‘being first stored in the field of one, then re-

leased in the form of current flow, and then re-
stored in the field of the other. Since there is
always resistance present some of the energy

- is lost as heat in the resistance during each of

these oscillations of energy, and eventually all
the energy is so dissipated. The length of time
the oscillations will continue is proportional to
the ratio of the energy stored to that dissi-
pated in each cycle of the oscillation. This ratio

is called the @ (quality factor) of the circuit.

Sinee energy is stored by either the induct-
ance or cavacity and may be. dissipated in
either the inductive or capacitive branch of the
cireuit, a Q can be established for either the in-

ductance or capacity alone as well as for the.

entire circuit. It can be shown that the energy

" stored is proportional to the reactance and

that the energy dissipated is proportional to
the resistance, so that; for either inductance or
capacity associated with resistance,

X

R .

" This relationship is useful in a variety of cir-

cuit problems. )

In resonant circuits at frequencies below
about 28 Mec. the internal resistance is almost
wholly in the coil; the condenser resistance
may be neglected. Consequently, the @ of the
circuit as a whole is determined by the Q of the
coil. Coils for use at frequencies below the very-
high-frequency region may have Qs ranging
from 100 to several hundred, depending upon
their size and construction. :

The sharpness of resonance of a tuned cir-

cuit is directly’ proportional to the @ of the

circuit. As an indication of the effect-of Q, the

current in & series circuit drops to a little less’
than half its resonance value when the applied
frequency is.changed- by an amount equal to_
1/Q times the resonant frequency, The paral-
lel'impedance of a parallel eircuit similarly de-
creases with change in frequency. For example,
in a circuit having a @ of 100, changing the ap-
plied frequency by 1/100th of the resonant
frequency will decrease the parallel impedance
to less than half its value at resonance.
Damping, decrement — The rate at which
current dies down in amplitude in a resonant
eircuit after the source of power has been re-
moved is éalled the decrement or damping of
the circuit. A circuit with high decrement
(low Q) is said to be highly damped; one with
low decrement (high Q) is lightly damped.
Voltage rise — When a voltage of the Teso-
nant frequency is inserted in series in a reso- -
nant circuit, the voltage which appears across
either the coil or condenser is considerably
higher than the applied voltage. This is be-
cause the.current in the circuit is limited only
by the actual resistance of the coil-condenser
combination in the circuit, and hence may have
a Trelatively high value; however, the same
current flows through the high reactances of
the ecoil and condenser, and econsequently
causes large voltage drops (§ 2-8). As explained .
above, the reactances are of opposite types and
hence the voltages are opposite in phase, so
that the net voltage around the circuit is only
that which is applied. The ratio of the reactive
voltage to the applied voltage is proportional
to the ratio of reactance to resisance, which is
the Q of the circuit. Hence, the voltage across
either the coil or condenser is equal to @ times
the voltage inserted in series with the circuit. °
This can be better understood by referring

. to Tig. 240 and the discussion of parallel-

resonant impedance in the following para-
graphs. It should be noted that the curve
labelled “resistance’ in the figure is not the
actual a.c. resistance of the circuit, as referred
to above, but rather the parallel impedance of
the combination, which becomes 'a pure re-
sistance’at resonance. ' .
If, for example, the inductive reactance of
a circuit is 200 ohms, the capacitive reactance

_is 200 ohms, the resistance 5 ohms, and the

applied voltage-is 50, there will be but the 5
ohms of pure resistance to oppose the current
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Fig. 240 — The impedance of a parallel-rcsonant resist- -

. ance circuit is-shown here separated into its reactance

and resistance components. The parallel resistance of the,
circuit is equal to the parallel impedance at resonance.




flow through the network. Thus the actual cur-
rent in the combination of coil and condenser
and resistance will be 50/5 or 10 amperes. The

* voltage developed across either the coil or the

equal condenser will be its .reactance (200)
times the current (10) or 200 X 10 = 2000
volts.

The ratio of reactive voltage to applied
voltage is proportional to the ratio of the
reactance of the coil or the condenser to the
resistance. Since the latter ratio equals the
Q of the circuit, the reactive voltage equals
the applied voltage times the Q (200/5 or
40 X 50 = 2000 volts).

Parallel-resonant circuit impedance —
The parallel-resonant circuit offers pure re-
sistance (its resonant impedance) between its
terminals because the line current is practically
in phase with the applied voltage. At frequen-
cies off resonance the current increases through
the branch having the lower reactance (and
vice versa) so that the circuit becomes reac-
tive, and the resistive component of the im-
pedance decreases as shown in Fig. 240.

If the circuit @ is 10 or more, the parallel
impedance at resonance is given by the formula

Z. = X*/R = XQ

where X is the reactance of either the coil or
the condenser and R is the internal resistance.

Q of loaded circuits— In many applica-
tions, particularly in receiving, the only power

dissipated is that lost in the resistance of the.

resonant circuit itself, Hence the coil should be
designed to have as high Q as possible. Since,
within limits, increasing the number of turns
raises the reactance faster than it raises the
resistance, coils for such purposes are made
with relatively large inductance for the fre-
quency under consideration.

On the other hand, when the circuit delivers
energy to a load, as in the case of the resonant
circuits used in transmitters, the energy con-
sumed in the circuit itself is usually negligible
compared with that consumed by the load. The
equivalent of such a circuit can be represented
as shown in Fig. 241-A, where the parallel

resistor represents the load to which power is

delivered. If the power dissipated in the load
is greater by 10 times or more than the power
lost in the coil and condenser, the parallel im-
pedance of the resonant circuit alone will be so
high compared to the resistance of the load
that the latter may be considered to determine
the impedance of the combined circuit. (The
parallel impedance of the tuned circuit alone
is resistive at resonance, so that the impedance
of the combined circuit may be caleulated from

® ‘[-E L%J !

Fig. 241 — The equivalent circuit of a resonant cir-
cuit delivering power to a load. The resistor R rcpresents
the load resistance. At (B) the load is tapped across
part of L, which by transformer action is equivalent to
using a higher load resistance across the whole circuit.
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the formula for resistances in parallel. If one
of two Tesistances in parallel has 10 times the
resistance of the other, the resultant resist-
ance is practically equal to the smaller resist-
ance.) The error will be small, therefore, if the
losses in the tuned circuit alone are neglected.
Then, since Z = XQ, the Q of a circuit loaded
with a resistive impedance, Z, is
Z
Q X

where Z is the load resistance connected across
the circuit and X is the reactarce of either the
coil or condenser. Hence, for a given parallel
impedance, the effective Q. of the circuit in-
cluding the load is inversely proportional to
the reactance of either the coil or the con-
denser. A circuit loaded with a relatively low
resistance (a few thousand ohms) must there-
fore have a large capacity and relatively small
inductance to have reasonably high .

From the above it is evident that connecting
a resistance in parallel with a resonant circuit
decreases the impedance of the circuit. How-
ever, the reactances in the circuit are un-
changed, hence the reduction in impedance is
equivalent to a reduction in the Q of the cir-
cuit. The same reduction in impedance also
could be brought about by increasing the series
resistance of the circuit. The equivalent series
resistance introduced in a resonant circuit by
an actual resistance connected in parallel is
that value of resistance which, if added in
series with the coil and condenser, would de-
crease the circuit @ to the same value it has
when the parallel resistance is connected.
When the resistance of the resonant circuit
alone can be neglected, the equivalent re-
sistance is

the symbols having the same meaning as in the
formula above.

The effect of a load of given resistance on
the @ of the circuit can be changed by con- -
necting the load across only part of the circuit.
The most common method of accomplishing
this is by tapping the load across part of the
coil, as shown in Fig. 241-B. The smaller the
portion of the coil across which the load is
tapped, the less the loading on the circuit; in
other words, tapping the load, ““down” is
equivalent to connecting a higher value’of load
resistance across the whole circuit. This is
similar in principle to impedance transforma-
tion with an iron-core transformer (§2-9).
However, in the high-frequency resonant cir- .’
cuit the impedance ratio does not vary exactly
ag the square of the turn ratio, because all the
magnetic flux lines do not cut every turn of
the coil. A desired reflected impedance usually
must be obtained by experimental adjustment.

L/C ratio — The formula for resonant fre-

" quency of a circuit shows that the same fre-

quency always will be obtained so long as the

pa
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product of L and C is constant. Within this

limitation, it is evident that L can be large and’

C small, L small and C large, ete. The relation
between the two for a fixed frequency is called
the L/C ratio. A high-C circuit is one which
has more capacity than “normal” for the fre-
quency ; a low-C circuit one which has less than
normal capacity. These terms depend to a
considerable extent upon the particular appli-
cation considered, and have no exact numeri-
cal meaning.’

- LC Constants — The frequency of a reso-
nant circuit varies inversely as the square root
of the product of the inductance and capaci-

tance. Therefore the product of the values of’

L and C required to resonate at any given fre-
quency is a numerical constant. The formula
for this constant any frequencyis °

25330.3
(faze.?

Doubling both the capacitance and the in-
ductance (giving a product of 4 X ) halves
the frequency; reducing the capacitance by
one-half and the inductance by onehalf dou-
bles the frequency; leaving the inductance
fixed and reducing the capacitance to one-half
increases the frequency 40 per cent. To double
the frequency, it is necessary to reduce either
the capacitance or the inductance to one-
fourth (leaving tlie other value fixed).

Any combination of capacity and inductance
will tune to the same frequency provided the
product of C and L equals the LC constant for
that frequency.

¢ 2-11 Coupled Circuits
Energy transfer; loading — Two circuits
are said to be coupled when energy can be
transferred from one to the other. The circuit
delivering energy is called the primary circuit;
that receiving energy is called the secondary
circuit. The energy may be practically all
dissipated in the secondary circuit itself, as in
receiver circuits, or the secondary may simply
act as a medium through which the energy is
transferred to a load resistance where it does
work. In the latter case, the coupled circuits
may act as a radio-frequency impedance-
matching device (§ 2-9) where the matching
can be accomplished by adjusting the loading
on the secondary (§ 2-10) and by varying the
‘coupling between the primary and secondary.
Coupling by a common circuit element —
One method of coupling between two resonant
circuits is to have some type.of circuit element
. common to both circuits. The three variations
of this type of coupling (often called direct
coupling) shown at A, B and C of Fig. 241,
utilize 2 common inductance, capacity and
resistance, respectively. Current circulating
in one LC branch flows through the common
element (L., Ce, or R:) and the voltage devel-
oped across this element causes current to flow

LC = = ph. X pufd.

in the other LC branch. The degree of coupling .

.between the two circuits becomes greater as the

i

reactance (or resistance) of the common ele-
ment is increased in comparison to the remain-
ing reactances in the two branches.

If both circuits are resonant to the same

frequency, as is usually the case, the common

impedance — reactance or resistance’— re-
quired for maximum energy transfer is gener-
ally quite small compared to the other react-
ances in the circuits.

Capacity coupling— The circuit at-D .

shows electrostatic coupling between two reso-
nant circuits. The coupling increases as the
capacity of C. is made greater (reactance of C.
is decreased). When two resonant circuits are
coupled by this means, the capacity required
for maximum energy transfer is quite small if
the @ of the secondary circuit is at all high.
For example, if the parallel impedance of the
secondary circuit is 100,000 ohms, the react~
ance of the coupling condenser need not be
lower than 10,000 ohms or so for ample cou-

pling. The corresponding capacity required is,

only a few micromicrofarads at high frequencies.

Inductive coupling — Fig. 241-Eillustrates
inductive coupling, or coupling by means of
the magnetic field. A circuit of this type re-
sembles the iron-core transformer (§ 2-9) but,
because only a small percentage of the flux
lines set up by one coil cut the turns of the
other coil, the simple relationships' between
turns ratio, voltage ratio and impedance ratio
in the iron-core transformer do not hold. To
determine the operation of such circuits, it is
necessary to take account of the mutual induct-
ance (§ 2-5) between the coils.

Input output  (K)

®)

Input output (G)

©

.
Input <

=
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Fig. 242 — Basic methods of circuit coupling,

'

-1




46

o— . —o
L LZE c, :
Input ;!‘c' ’ =< : output
i v

M

Fig. 243 — Link coupling. The mutual inductances at
both cnds of the link are equivalent to mutual inductance
between the tuned circuits, and serve the same purpose.

Link coupling— A variation of inductive
coupling, called link coupling, is shown in Fig.
243. This gives the effect of inductive coupling
between two coils which may be so separated
that they have no mutual inductance; the link
may -be considered simply as a means of pro-
viding the mutual inductance. Because mutual
inductance between coil and link is involved at
each end of the link, the total mutual induct-
ance between two link-coupled circuits cannot
be made as great as when normal inductive
coupling is used. In practice, however, this
ordinarily is not disadvantageous. Link cou-
pling frequently is convenient in the design of
equipment where inductive coupling would be
impracticable for constructional reasons.

-The link coils generally have few turns com-
pared to the resonant-circuit coils, since the
coefficient of coupling is relatively independent
of the number of turns on either coil.

Cocfficient of coupling — The degree of
coupling between ‘two coils is a function of
their mutual inductance and self-inductances:

'
VILL,

where k is called the coefficient of coupling. It is
often expressed as a percentage. The coefficient
of coupling cannot be greater than 1, and gen-
erally is much smaller in resonant circuits.
Inductively coupled circuits — Three types
of circuits with inductive coupling are in
general use. As shown in Fig. 244, one type has
a tuned-secondary curcuit with an untuned-

-
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Fig. 244 — Types of inductively coupled circuits. In A
and B, one circuit is‘tuned, the othcr untuned. C shows
the method of coupling between two tuned- circuits.

primary coil, the second a tuned-primary cir-
cuit and untuned-secondary-coil, and the third
uses tuned circuits in both the primary and
secondary. The circuit at A is frequently used
in receivers for coupling between amplifier
tubes when the tuning of the circuit must be
varied to respond to signals of different fre-
quencies. Circuit B is used principally in trans-
mitters, for doupling a radio-frequency ampli-
fier to a resistive load. Circuit C is used for .
fixed-frequency amplification in reccivers. The
same circuit also is used in transmitters for
transferring power to a load which has both
reactance and resistance.

If the coupling between the primary and see-
ondary is “tight” (coefficient of coupling
large), the effect of inductive coupling in cir-
cuits§ A and B, Fig. 244, is much the same as
though the circuit having the untuned coil
were tapped on the tuned cireuit (§ 2-10). Thus
any resistance in the circuit to which the un-
tuned coil is connected is coupled into the
tuned circuit in proportion to the mutual in-
ductance. This is equivalent to an increase in

. the series resistance of the tuned circuit, and its

v

Q and selectivity are reduced (§ 2-10). The-
higher the coefficient of coupling, the lower the
@ for a given value of resistance in the coupled
circuit. These circuits may be used for imped-
ance matching by adjustment of the coupling
and of the number of turns in the untuned coil.
If the circuit to which the untuned coil is
connected has reactance, a certain amount of
reactance will be “coupled in”’ to the tuned
circuit depending upon the amount of re-
actance present and the degree of coupling.
The chief effect of this coupled reactance is to
require readjustment of the tuning when the
coupling is increased, if the tuned ecircuit has
first been adjusted to resonance under condi-
tions of very loose coupling. o
Coupled resonant circuits — The effect of
a tuned-secondary circuit on a tuned primary
is somewhat more complicated than in- the
simpler circuits just described.'When the sec-
ondary is tuned to resonance with the applied
frequency, itsimpedance is resistive only. If the
primary also is tuned to resonance, the current
flowing in the secondary circuit (caused by the
induced voltage) will, in turn, induce a volt-
age in the primary which is opposite in phase
to the voltage acting in series in the primary

circuit. This opposing voltage reduces the °

effective primary voltage, and thus causes a re-
duction in primary current. Since the actual
voltage applied in the primary circuit has not
changed, the reductionin current can be looked

-upon as being caused by an increase in the re-

sistance of the primary circuit. That is, the
effect of coupling ‘a resonant secondary to the
primary is to increase the primary resistance.
The resistance under consideration is the serics
resistance of the primary circuit, not the paral-
lel impedance or resistance. The'parallel re-
sistance decreaSes, since the increase in series
resistance reduces the § of the primary circuit.,

IR
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If the secondary circuit is not tuned to res-
onsnce, the voltage induced back in the pri-
mary by the secondary current will not be ex-
actly out of phase with,the voltage acting in
the primary; in effect, reactance is coupled
into the primary circuit. If the applied fre-
quency is fixed and the secondary circuit tun-
ing is being varied, this means that the primary
circuit will have to be retuned to resonance
each time the secondary tuning is changed.

If the two circuits are initially tuned to res-
onance at a glven frequency and then the ap-
plied frequency is varied, both circuits become
reactive at all frequencies off resonance. Under
these conditions, the reactance coupled into the

" primary by the secondary retunes the. primary
circuit to a new resonant frequency. Thus, at
" some frequency off resonance, the primary cur-
rent will be maximum, while at the actual res-
‘onant frequency the current will be smaller
because of the resistance coupled in from the
secondary at resonance. There is a point of
maximum primary current both above and
below the. true resonant frequency.

These effects are almost negligible with very
“loose’’ coupling (coefficient of coupling very
small), but increase rapidly as the coupling
increases. Because of them, the selectivity of a
pair of coupled resonant circuits can be varied

-over a considerable range simply by changing
the coupling between thém. Typical curves
showmg the variation of selectxvxty are shown
in Fig. 245, lettered in order of increasing co-
efficient of couplmg At loose coupling, A,.the
voltage across the secondary circuit (induced
voltage multiplied by the @ of the secondary

" circujt) is less than the maximum possible

because the induced voltage is small with loose
coupling. As the coupling increases the sec-
ondary voltage also increases, until critical
coupling, B, is reached. At still closer coupling
the effect of the primary current “humps”

- causes the secondary voltage to show some-
what similar humps, while when the coupling
is further increased the frequency separation of
the humps becomes greater. Resoriance curves
such as those at C.and D are called ‘“‘flat-
topped,”’ because the output ‘voltage is sub-
stantially ‘constant over an appreciable fre-
quency range. Such a characteristic is desirable
in many receiver applications.

Critical coupling — It will be observed that
maximum secondary voltage is obtained in the
curve at B in Fig. 245. With tighter coupling
the.resonance curve tends to be double-peaked,
but in no case is such a peak higher than
that shown for curve B. The coupling at which
the secondary voltage is maximum is known as
critical coupling, With this coupling the re-
- gistance coupled into the primary circuit’ is
equal to the resistance of the primary itself,

cotresponding to the condition of matched’

impedances. Hence, the enérgy transfer is max-
imum at critical coupling. The over-all selec-
tivity of the coupled circuits at eritical coupling
is intermediate between that obtainable with

‘near

loose coupling and tight coupling. At very loose
coupling, the selectivity of the system is very
nearly equal to the product of the selectivities
of the two circuits taken separately; that is, the
effective Q of the circuit is equal to the product
of the Qs of the primary and secondary.’

Effect of circuit Q — Critical coupling is a
function of the @s of the two circuits taken in-
dependently. A higher coefficient of coupling
is required to reach critical coupling when the
Qs are low; if the Qs are high, as in receiving
applications, a coupling coefficient of a few
per cent may give critical coupling.

With loaded circuits it is not 1mpossxble for -
the Q to reach such low values that critical
coupling cannot be obtained even with the
highest practicable coefficient of coupling (coils
as close physically as possible). In such case
the only way to secure sufficient coupling is to
increase the @ of one or both of the coupled
circuits. This can be done either by decreasing
the L/C ratio or by tapping the load down on
the secondary coil (§ 2-10). One or the other of
these methods often must be used- with link
coupling, because the maximum coefficient of
coupling between two coils seldom runs higher
than 50 or 60 per cent and the net coefficient
is approximately equal to the products of the
coefficients at each end of the link. If the load
resistance is known beforchand, the circuits
may be designed for a @ in the vicinity of 10
or so with assurance that sufficient coupling
will be available; if unknown, the pmper Qs can
be determined by experiment.

Shielding — Frequently it is nccessary to
prevent coupling between two circuits which,
for constructional reasons, must be physically
cach other. Capacitive coupling may
readily be prevented by enclosing one or both
of the ecircuits in grounded low-resistance
metallic containers, called shields. The electro-
static field from the circuit components does
not penetrate the shield,. because the lines of
force are short-circuited (§ 2-3). A metallic
plate called a bafle shield, inscrted between
two components,’ may suffice to prevent elec-
trostatic coupling between them, since very lit-
tle of the field tends.to bend around such a
shield if it is large enough to. make the compo-
nents electrostatically invisible to each other.

RELATIVE OUTPUT VOLTAGE

—p—
FREQUENCY

Fig. 245 — Showing the effect on the output voltage
from the-sccondary circuit of changing the coeflicient of
coupling between two resonant circuits independently
tuned to the same frequency. The input voltage is held

constant in amplitude while the frequency is varied,
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Similar metallic shielding is used at radio
frequencies to prevent magnetic coupling. In
this case the magnetic field induces a current
(eddy current) in the shield, which in turn sets
up its own magnetic field opposing the original
field (§2-5). The induced current is propor-
tional to the frequency and also to the conduc-
tivity of the shield, hence the shielding effect
increases with frequency and with the conduec-
tivity and thickness of the shielding material. A
closed shield is required for good magnetic
shielding; in some cases separate slields, one
about each coil, may be required. The baffle
shield is rather ineffective for magnetic shield-
ing, although.it will give partial shielding if
placed at right angles to the axes of, as well as
between, the two coils to be shielded from
each other. ’

Cancellation of part of the field of the coil
reduces its inductance, and, since some energy
is dissipated in the shield, the effective resist-
ance of the coil is raised as well. Hence the Q of
the coil is reduced. The effcet of shielding on
coil @ and inductance becomes less as the dis-
tance between the coil and shield is increased.
The losses also decrease with an increase in the
conductivity of the shield material. Copper and
aluminum are satisfactory materials. The Q
and inductance will not be greatly reduced if

. the spacing between the sides of the coil and

the shield is at least half the coil diameter, and
is not less than the coil diameter at the ends of
the coil.

At audio frequencies the shielding container
should be made of magnetic material, prefera-
bly of high permeability (§ 2-5), so as to effce-
tively short-eircuit the external flux about the
coil to be shielded. A nonmagnetic shield is
quite incffectual at these low frequencies
since the induced current is small because of
eddy currents that oppose flux penetration.

Filters — By suitable choice of circuit ele-
ments a coupling system may be designed to

pass, without undue attenuation, all frequen-

cies below and reject all frequencies above a
certain value, called the cut-off frequency. Such
a coupling system is called a filter, and in the
above case is known as a low-pass filter.
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If frequencies above the cut-off frequency are
passed und those below attenuated, the filter is
a high-pass filter. Simple filter circuits of both
types are shown in Fig. 246, along with typical
frequency-response curves. The fundamental
circuit, from which more_complex filters are
constructed, is the L-section. Fig. 246 also
shows m-section and T-section filters, both con-
strueted from the basic L-section.

A band-pass filter; also shown in Fig. 248,
is a combination of high~ and low-pass filter
elements designed to pass without attenuation
all frequencies between two selected cut-off
frequencies, and to attenuate all frequencies

outside these limits. The group of frequencies -

which is passed by the filter is called the puss-
band. Two resonant circuits with greater than
critical coupling represent a eommon form of
band-pass filter.

In curves of Fig. 246, A shows the attenua-
tion at high frequencies of a single-section low-
pass filter with high-Q components; B illus-
trates the extremely sharp cut-off obtainable
with 2 more claborate three-scetion filter.
Curve C is that of a liigh-pass section having
high @, comparable to A. D shows the attenus.
tion by a less-efficient seetion having some re-
sistance in the inductance branch. Curves E,
F and G illustrate various band-pass charac-
teristics, E being a low-Q filter designed for
narrow-band response, F a high-Q nsrrow-
band filter, and G a wide-band high-Q two-
section filter. .

Filter circuits are frequently encountered
both in low-frequency and r.f. applications.
The proportions of L and € for proper opera-
tion depend upon the load resistance connected
across the output terminals, L being larger and
C smaller as the load resistance is increased.
The type of scction does not affcet the at-
tenuation curve, provided the input and out-
put resistances arc correct. In a symmetrical
filter the input and output impedances must
be equal to the characteristic impedance for
which the filter is designed. Assuming these
relationships, the design equations on the fol-
lowing page apply to the sections illustrated
in Fig. 246. :

L-Section 7= Section, r-Section
« DB’ . :
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ig. 246 — Basic forms of filter networks, Typical frequeney response curves for each type are shown at the right.

;

i}




.

B Elecfrifal and -Radio Fundqmén’tals '

‘Low-pass filter:

R 1
L = C =
‘Il'fc ‘ll'fcR
VI 1
R = =
Cz f(} T\/L102
High-pass filter:
R _ 1
" 4afe ¢= 4nf.R
VL 1
R = = ——
Cy 7 47V LyCy
Band-pass filter:
I fo=h
Ly =—— Cy =""——
T (- YT 4nffoR
(fo—SfOR 1
Ly = ¥+ Co=———
2 47rf1f2 z T(fZ_fl)R

= ‘21;1 - \éf:z fa=ve
1 _ 1

T 20vInG;  27VIsCh

In these formulas, R is the terminal imped-

ance and f. the design cut-off frequency for
low-pass and high-pass filters. For band-pass

R

Iu

filters, f1 and fz-are the pass-band limits and -

far the middle frequency.

The resistance-capacity filter, shown in Fig.
247, is used where both d.c. and a.c. are flowing
through the circuit and it is desired to provide
greater attenuation for the alternating current
than the direct current. It is usually employed
where the direct current has a low value so
that the d.c. voltage drop is not excessive, or
when a d.c. voltage drop actually is required.
The time constant, BC, (§ 2-6) must be large
compared to the time of one cycle of the lowest
frequency to be attenuated. In determining the
time constant, the resistance of the load must
be included as well as that in the filter itself.

Bridge circuits — A bridge circuit is a device
primarily used in making measurements of re-
sistance, reactance or impedance (§ 2-8), and
frequency, although bridges also have other
applications in radio circuits.

The fundamental form is shown in TFig.
248-A. It consists of four resistances (ecalled
arms) connected in series-parallel to a source
of voltage; E, with a sensitive galvanometer,

M, connected between the junctions of the

geries-connected pairs. When the equation
Ry _Rj
Ry R
is satisfied there is no potential difference be-
tween points A and B, since the drop across Rz

Fig. 247 — L-section and w-scction re-
sistance-capacity filter circuits (left) and

frequencics in the audio-frequency range.
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Fig. 248 — Bridge circuits utilizing resistance, induct-
ance and capacity arms, both alone and in combination.
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equals that across I2; and the drop across g
equals that across B3 Under these conditions
the bridge is said to be balanced, and no current
flows through M. If R3 is an unknown resist-
ance and R4 is a variable known resistance,
R3 can be found from the following equation
after 24 has been adjusted to balance the
bridge (nwl! indication on M):

Ry
Ry =~ Rs"
3= g,

Ry and R are known as the raiio arms of the
bridge; the ratio of their resistances is usually
adjustable (frequently in steps of 1, 10, 100,
ete.), so that a single variable resistor, B4, can
serve as a standard for measuring widely dif-
ferent values of unknown resistance.

Bridges similarly can be formed with arms
containing capacity or inductance, and with
combinations of either with resistance. Typical
simple arrangements are shown in Fig. 248.
For measurements involving alternating cur-

rent the bridge must not introduce phase shifts

which will destroy the balance, hence similar
impedances should be used in each branch, as
shown in Fig. 248, and the Qs of the coils and
condensers should be the same. When bridges
are used at audio frequencies, a telephone
headset is a suitable null indicator. The bridges
at E and F are commonly used in r.f. neutral-
izing cireuits (§4-7); the voltage from the
source, K, is balanced out at X.
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€ 2-12-A Linear Circuits

Standing waves — If an electrical impulse
‘is started along a wire, it will travel at approxi-
mately the speed of light until it reaches the
end. If the end of the wire is open circuited,
the impulse will be reflected at this point and
will travel back again. When a high-frequency
alternating voltage is applied to the wire a cur-
rent will flow toward tlie open end, and reflec-
tion will occur continuously. If the wire is long
enough so that time comparable to a half cycle
or more is required for current to travél to the
open end, the phase relations between the re-
flected current and outgoing current will vary
along the wire. At one point the two currents
will -be 180° out of phase and at another in
phase, with intermediate values between. As-
sunting negligible losses, the resultant current
along the wire will vary in amplitude from zero
to a maximum value. Such a variation is called
a standing wave. The voltage along the wire also
goes through standing waves, reaching its
maximum value where the current is minimum
and vice versa.

These phenomena are useful in various ways. _
For example, if a single wire is cut to such a
length that standing waves can exist upon it at
a certain frequency and energy of that fre-
quency is applied, that energy will be radiated
into space as though there were’ an infinite
extension of the wire. It is by this means that
radio signals are transmitted and reccived.
If, however, the wire is arranged so that im-
mediately alongside it lies another wire carry-
ing standing waves of similar frequency and
amplitude but precisely 180° out of phase, no
radiation will occur because the one set of
standing waves will cancel the other. Again, -
if this pair of wires, which is termed a transmis-
sion line, is provided with asuitable load circuit
at the far end, the energy carried by the wires
will be delivered to this load without loss other
than that resulting from the ohmic resistance
of the wires themselves.

Frequeney and wavelength — It is possible
to describe the constants of such line circuits in
terms of inductance and capacitance, or in-
ductance and capacitance per unit length, but-
it is more convenient to give them simply in
terms of fundamental resonant frequency or of
length. Since the velocity at which the current

2nd Harmonlc

Fundamental or 18¢°
Harmonic

o

L

< d e,
N3\ 2

@~ Current Maxima (anti-nodes)

bedef — Current Nodes

Fig. 248 — Standing-wave current distribution on a
wire operating as an oscillatory circuit, at the fundamen-
tal, second harmonic and third barmonic frequencies.
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Fig. 249 — Standing wave and instantaneous current
(shown by the arrows) iu a folded resonant-line circuit.

travels is 300,000 kilometers (186,000 miles)
per second, the wavelength, or distance the cur-
rent will travel in the time of one cycle, is

_ 300,000 :
sz-

where A is the wavelength in meters and f.. is
the frequency in kilocycles.

‘Wavelength is also used interchangeably
with frequency in describing not only antennas
but also tuned cireuits, complete transmitters,
receivers, ete. Thus, the terms ‘“high-frequency
receiver’’ and ‘‘short-wave receiver,” or “75-
meter antenna’ and ““4000-kiloeycle antenna,”
are synonymous. ]

Harmonic resonance — Although a coil-
condenser combination having lumped con-
stants (capacitance and inductance) resonates
only at one frequeney, circuits sueh as an-
tennas which contain distributed constants
resonate readily at frequencies which are very
nearly integral multiples of the fundamental
frequency. These frequencies are, therefore, in
harmonic relationship to the fundamental fre-
quency, and hence are referred to as harmon-
ics (§ 2-7). In radio practice the fundamental
itself is called the first harmonic, the frequency
twice the fundamental is called the second har-
monic, and so on.

Fig. 248 illustrates the distribution of cur-
rent on a wire for fundamental, second and
third harmonic excitation. There is one point
of maximum current with fundamental opéra-
tion, two when operation is at the second har-
monic, and three at the third harmonic; the -
number of current maxima corresponds to the
order of the harmonic and the number of stand-
ing waves on the wire. As noted in the figure,
the points of maximum current are called
anii-nodes (also known as “loops”) and the
points of zero current are called nodes.

Radiation resistance — Since a line ecircuit
has distributed inductance and capacity, cur-
rent flow" causes storage of energy in mag-
netic and electrostatic fields (§2-3, 2-5). At
low frequencies practically all the energy so
stored is returned to the wire during another
part of the cycle (§2-8), but above 15,000
cycles or so (radio frequency) some escapes —
is radialed —in the form of electromagnetic
waves. Since energy radiated by a line or an-
tenna is dissipated, insofar as the lino is con-

A
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.cerned, the loss can be considered as taking place
in an equivalent resistance. This equivalent re-
sistance is known as radiation resistance.

Resonant-line -circuits — The effective re-
sistance of a resonant straight wire, such as an
antenna, is considerable, because of the power
radiated. The resonance curve of such a
straight-line eireuit is quite broad; in other
words, its @ is relatively low. However, by
folding the line, as suggested by Fig. 249, the
fields -about the adjacent-sections largely can-
cel each other.and very little radiation takes
place. The radiation resistance is greatly re-
duced, and the line-type circuit can be made to
have .a very sharp resonance curve, or high Q.

A cireuit of this type will have a standing
wave on it, as shown by the dashed-line of Fig.
249, with the instantaneous current flow in
each wire opposite in direction to the flow in
the ‘other, as indicated by the arrows-on the
diagram. This opposite current flow accounts
for the cancellation of radiation, since the
fields about the two wires oppose each other.
TFurthermore, the impedance across the open
ends of the line will be very high (thousands of
ohms) while the impedance across the line near
the closed end will be very low. This is beeause
the current is low and the voltage is high at
the open end of the line, but the current is high
and the voltage low at the closed end.

L }% _]l
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Fig. 250 — A quarter-wave coaxial-line resonant eircuit.

A folded liné may be made in the form of
two coaxial or concentric conductors, as shown
in Fig. 250. In effect, this line is directly com-
parable with the parallel conductor line, except
that one conductor may be said to have been
rotated around the other in a complete circle.
The coazial line has even lower radiation re-
sistanece than the folded-iwire line, since the
outer conductor acts as a shield. Standing
waves exist but are confined to the outside of
the inner conductor and the inside of the outer
conductor, since skin effect prevents the cur-
rents from penetrating to the other sides.
Thus such a line will have no radio-frequency
potentials on its exposed surfaces, and no radi-
ation can oceur. Because of the low radiation
resistance and the relatively large conducting
surfaces, such self-enclosed lines ean be made
to have much higher @s than are attainable
with coils and condensers. They are most appli-
cable at very high frequencies (very short wave-
lengths) (§ 2-7), where the dimensions are small.

A modified form of construction for coaxial
lines is the “trough” line in which a tubular
inner conductor is enclosed within a rectangular
sheet-metal box or trough, usually left open on
one side to facilitate tapping or other adjust-
ments. The absence of shielding on one side

51

does not affect the performance materially, and
the simplicity of construction is an advantage.

Nonresonant lines— The foregoing has
been coneerned primarily with ““short’’ lines of
a length resonant at a given frequency. With a
transmission line of infinite length, the power
would travel along the line until eventually it
would be entirely dissipated; consequently,
none would be reflected and no standing waves
would exist on the line. Theoretically, such a
line would present a constant impedance in the
form of a pure resistance to an input at any
frequency. In practice the characteristics of
such a line can be simmulated by terminating a
line of finite length with a load resistance or
impedance equal to the characteristic im-
pedance of the line.

Whether lines are classified as resonant or
nonresonant depends upon the standing-wave
ratio. If the ratio is near 1, the line is said to be

. nonresonant. Reactive effects will be small,

and consequently no special tuning provisions
need be-made for cancehng them (§ 2-10) even
when the line length is not an exact multiple of
a quarter wavelength, 1f the standing-wave ra-
tio is large, the input reactance must be can-
celed or ““tuned out” unless the line is resonant
—i.e., 2 multiple of 2 quarter wavelength.

Characteristic impedance — The charac-
teristic tmpedance of a transmission line, also
known as the swrge tmpedance, is defined as
that impedance which a long line would present
to an eleetrical impulse induced in the line.
Mathematically, it is the square root of the
ratio of inductance to ecapacity per unit length
of the line..

The characteristic impedance of air-insu-
lated transmission lines may be caleulated from
the following formulas:

Parallel-conductor line:
Z = 276 log % (5)

where Z is the surge immpedance, b the spacing,
center to center, and a the radius of the con-
ductor. The quantities b and a must be meas-
ured in the same units (inches, cm., ete.).

Coazial or concentric line:
Z=138lg 2 )
a .

where Z again is the surge impedance. In this
case, b is the inside diameler (not radius) of
the outer conductor and a is the outside diam~
eter of the inner conductor. The formula is true
forlines having air as the dielectric, and approxi-
mately so with ceramic insulators so spaced
that the major part of the insulation is air.
The surge impedance for both parallel and
coaxial lines using various sizes of conductors
is given in chart form on page 52.
When a solid insulating material is used >~
tween the conductors, because of the i~
in line capacity the impedance_ d-
the factor 1/+/K, where K i
constant of the insulati




The impedance of a single-wire transmission
line varies with conductor size, height above
ground, and orientation with respect to ground.
An average figure is about 500 ohms.

Standing-wave ratio— The lengths of
transmission lines used at radio frequencies
are of the same order as the operating wave-
lengths, and therefore standing waves of cur-
rent and voltage may appear on the line.
The ratio of current (or voltage) at a loop to
the value at a node (standing-wave ratio) de-
pends upon the ratio of the resistance of the
load connected to the output end of the line
(its termination) to the characteristic imped-
ance of the line itself. That is,

Z.u Zt
Standing-wave ratio = — or — )
Z, Z,

where Z, is the characteristic impedance of the
line and Z; is the terminating resistance. Z, is
- generally called an impedance, although it
must be non-reactive and therefore must cor-
respond to a pure resistance for the line to
operate as described. This means that, when
the load or termination is an antenna, it must
be resonant at the operating frequency.

The formula is given in two ways because it
is customary to put the larger number in the
numerator, so that the ratio will not be frac-
tional. As an example, a 600-ohm line termi-
nated in a resistance of 70 ohms will have a
standing wave ratio of 600/70, or 8.57. The
ratio on & 70-ohm line terminated in a resist-
ance of 600 ohms would be the same. Thus,
if the current as measured at a node is 0.1 am-
pere, the current at a loop will be 0.857 ampere.
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A line terminated in a resistance equal to its
characteristic impedance is equivalent to an
infinitely long line; consequently there is no
reflection, and no standing waves will appear.
The standing wave ratio therefore is 1. The
input end of such a line appears as a pure re-
sistance of a value equal to the characteristic
impedance of the line.

Input and output ends— The input end
of a line is that connected to the source of
power; the output end is that connected to the
power-absorbing device. When a line connects
a transmitter to an antenna, the input end is
at the transmitter and the output end at the
antenna; with the same line and antenna con-
nected to a receiver, however, the energy flows
from the antenna to the receiver, hence the
input end of the line is at the antenna and the
output end at the receiver.

Reactance, resistance, impedance — The
input end of a line may show reactance as well
as resistance, and the values of these quantities
will depend upon the nature of the load at the
output end, the electrical length of the line,
and the line characteristic impedance. The
reactance and resistance are important in
determining the method of coupling to the
source of power. Assuming that the load at the
output end of the line is purely resistive, which
is essentially the case since the load circuit is
usually tuned to resonance, a line less than a
quarter wavelength long clectrically will show
inductive reactance at its input terminals when
the output termination is less than the charac-
teristic impedance, and capacitive reactance
when the termination is higher than the
characteristic impedance. If the line is more
than a quarter wave but less than a half wave
long, the reverse conditions exist. With still
longer lengths, the reactance characteristics
reverse in each succeeding quarter wavelength.
The input impedance is purely resistive if the
line is an exact multiple of a quarter wave in
length. The reactance at intermediate lengths
is higher the greater the standing-wave ratio,
being zero for a ratio of 1.

Transmission lines as circuit elements —
Sections of transmission lines, together with
combinations of such sections, can be used to
simulate practically any electrical circuit
element. Transmission lines can be.used as re-
sistance, inductance and capacity, as well as for
resonant circuits, impedance-matching trans-
formers, filters, and even as insulators.

When a quarter-wavelength line is con-
nected between a ‘““hot’ eireuit and ground,
the input offers a high resistive impedance
which is infinite. In other words, the trans-
mission line is virtually an insulator. Insulating
lines of this sort are commonly employed in
ultrahigh frequeney work. Such insulators can
be used to provide a d.c. path between the r.f,
conductor and chassis, and at the same time
effectively block the flow of r.f. current.

A transmission line terminated in its charac-
teristic impedance affords a pure resistance at
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high frequencies, and so may be used
as a non-reactive resistor. Untermi-

Charactenistics of
OPEN LINE SECTIONS

Characternstics of
SHORTED LINE SECTIONS

nated lines afford a variety of reactive

Relative Lengths
of line Sections
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Inresonant circuits asemployed at the
lower frequencies it is possible to con-
sider each of the reactance compo-
nents as a separate entity. A coil is used to
provide the required inductance and a con-
denser is connected across it to provide the nec-
essary capacity. The fact that the coil has a
certain amount of self-capacity of its own, as
well as some resistance, while the condenser
also possesses a small self-inductance, can
usually be disregarded.

At the very-high and ultrahigh frequencies,
however, it is no longer possible to separate
these components. The connecting leads which,
at lower frequencies, would serve merely to
join the condenser to the coil now may have
more inductance than the coil itself. The re-
quired inductance coil may be no more than a
single turn of wire, yet even this single turn
may have dimensions comparable to a wave-
length at the operating frequency. Thus the
energy in the field surrounding the “coil,” in-
stead of being confined to the wire by adjacent
turns, may in part be radiated. The part which
is radiated is, of course, lost. At a sufficiently
high frequency the loss by radiation may rep-
resent a major portion of the total energy in
the circuit. Since energy which cannot be
utilized as intended is wasted, regardless of
whether it is consumed as heat by the resist-
ance of the wire or simply radiated into space,
the effect is as though the resistance of the
tuned circuit were greatly increased and its @
reduced to & negligible quantity.

For this reason, it is common practice to
utilize resonant sections of transmission line as
tuned circuits at frequencies above 100 Mc. A

Charactensttcs of Line Sections Characteristics of Line Sections
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Fig, 252 ~= Terminated lines as reactive circuit elements,

Fig. 253 — Opcn and closed transmissiou lines as circuit elements.

quarter-wavelength line, or any odd multiple
thereof, shorted at one end and open at the
other, exhibits large standing waves. When
a voltage of the frequency at which such a
line is resonant is applied to the open end, the
response is very similar to that of a parallel
resonant circuit; it will have very high input
impedance at resonance and a large current
flowing at the short-circuited end, multiplied
many times over that flowingin at the open end.

The action of a resonant quarter-wavelength
line can be compared with that of a coil-and-
condenser combination whose constants have
been adjusted to resonance at a corresponding
frequency. Around the point of resonance, in
fact, the line will display very nearly the same
characteristics as those of the tuned circuit.
The equivalent relationships are shown in Fig.
253. At frequencies off resonance the line dis-
plays qualities comparable to the inductive and
capacitive reactances of the coil and condenser

-circuit, although the exact relationships in-

volved are somewhat different. For all practi-
cal purposes, however, sections of resonant
wire or transmission line can be used in much
the same manner as coils or condensers.

In very-high-frequency circuits operating
at frequencies in the neighborhood of 300 Mec.,
the spacing between conductors becomes an
appreciable fraction of a wavelength. To keep
the radiation loss as small as possible the
parallel conductors should not be spaced far-
ther apart than 10 per cent of the wavelength,
center to center. On the other hand, thespacing
of large-diameter conductors should not be
reduced to much less twice the diameter be-
cause of what is known as the prozimity effect,
whereby another form of loss is introduced
through eddy currents set up by the adjacent
fields. Because the cancellation is no longer
complete, radiation from an open line becomes
so great that the @ is greatly reduced. Conse-
quently, at these frequencies coaxial lines must
be used. While the coaxial line is advantageous
at the lower irequencies, as well, because it is
more complicated to construct and adjust-
ments are more difficult the open type of line
is generally favored at these frequencies.
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Fzg 254—Tq1malcm‘. couplmg cireuits for parallcl-
line, coaxial-line and conventional resonant circuits.

Impedance transformation — Regardless
of the standing-wave ratio, the input imped-
ance of a line a half-wave long electrically will
be equal to the impedance connected at its
output end; the same thing is true of a line any
integral multiple of a half-wave in length.
Such & line can be considered to be a one-to-one
transformer. However, if the line is a quarter-
wave (or an odd multiple of a quarter-wave)
long, the input impedance will be equal to

Z,2
Zy = — ®
Z,

where Z, is the characteristic impedance of the
line and Z, the impedance connected to the out-
put end. That is, a quarter-wave section of line
will match two impedances, Z: and Z,, pro-
vided its characteristic impedance, Z,, is equal
to the geometric mean of the two impedances.
A quarter-wave line may, therefore, be used
as an impedance transformer. By suitable selec-
tion of constants, a wide range of impedance-
matching values can be obtained.

Since the impedance measured between the
two conductors anywhere along the line will
vary between the two end values, a short-
circuited quarter-wave line (§2-12) can be
used as a linear {ransformer with an adjustable
impedance ratio. For best operation, the two
terminating impedances must be of the same
order of magnitude. However, a series of quar-
ter-wave sections can be used to obtain a step-
by-step match of two terminal impedances
efficiently if they are widely different.

Impedance-matching or transformation with
transmission-line sections may also be affected
by taps on quarter-wave resonant lines em-
ployed as coupling circuits in the same manner
as conventional coil-condenser circuits. The
equivalent relationships between parallel-line,
coaxial-line and coil-and-condenser circuits for
this purpose are shown in Fig, 254,

Other impedance-matching arrangements
employ the use of matching stubs or equivalent
sections so arranged so as to balance out the
reactive component introduced by the coupled
circuit. These are employed primarily in con-
nection with antenna feed systems and are
described in detail in-§ 10-8.
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Transmission-line filter networks — The
same general equations can be applied to any
type of clectrical network whether it be an
actual section of transmission line, a eombina-
tion of lumped-circuit elements, or a combina-
tion of transmission-line elements. Ordinary
electric filters as used at lower frequencies use
combinations of coils and condensers to fulfill
this purpose, but coils cannot be used at
extremely high frequencies. Combinations of
transmission-line sections or combinations of
transmission lines and parallel-plate condensers
may, however, be used for the elements of very-
high-frequency filter networks, instead.

Construction — Practical information con-
cerning the construction of transmission lines
for such specific uses as feeding antennas and
as resonant circuits in radio transmitters will
be found in the construetional chapters of this
Handbook. Certain basic considerations applic-
able in general to resonant lines used as circuit
elements may be considered here, however.

While either parallel-line or coaxial sections
may be used, the latter are preferred for higher-
frequency operation. Representative methods
for adjusting the length of such lines to reso-
nance are shown in I'ig. 255. At the left, a slid-
ing shorting disc is used to reduce the eﬂectlve
length of the line by altering the position of
the short circuit. In the center, the same effect
is accomplished by using 2 telescopmg tube in
the end of the inner conductor to vary its
length and therefore the effective length of the
line. At the right, two possible methods of
mounting parallel plate condensers, used to
tune a foreshortened line to resonance, are
illustrated. The arrangement with the loading
capacity at the open end of the line has the
greatest tuning effect per unit of capacity; the
alternative method, which is equivalent to
“tapping” the condenser down on the line, has
less effect on the @ of the circuit.

The short-circuiting disc at the end of the
line must be designed to make perfect electrical
contact. The voltage is a minimum at this end
of the line; therefore, it will not break down
some of the thinnest films. Usually a soldered
connection or a tight clamp is used to secure
good contact. When the length of line must be
readily adjustable, the shorting plug is pro-
vided with spring collars which make contact
on the inner and outer conductors at some dis-
tance away from the shorting plug at a point
where the voltage is sufficient to break down
the film between the collar and the conductor.
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q 2-12-B Wave Guides
and Cavity Resonators

Hollow wave guides —
In Tig. 256-A, several closed
quarter-wave stubs are shown
connected in parallel across a
two-wire transmission line.
Since the open end of each
stub is equivalent to an open
circuit, the line impedance is not affected by
their presence. Inough stubs may be added
to form a U-shaped rectangular tube with
solid walls, as at B, and another identical U-
shaped tube may be added edge-to-edge to
form the rectangular pipe shown in Fig. 256-C.
As before, the line impedance still will not be
affected. But now, instead of a two-wire trans-
mission line, the energy is being conducted
_ within a hollow rectangular tube. This is the
fundamental operating mechanism of what is
known as the hollow wave guide.

The frequency-determining dimension of
such a wave guide is z, its height. This must be
a half wavelength or multiple thereof. The
width of the tube is important only in that it
determines the breakdown voltage.

Operating principles of wave guides—
Around any conductor carrying current there
exist magnetic and electric fields, each in a
- separate plane, and each at right angles to the

other. Use is made of this fact to direct energy
lengthwise through hollow metallic tubes.
The v.h.f. energy is injected at one end, either
through capacitive or inductive coupling or by
radiation, and is received at the other end. The
wave guidé then merely confines the energy of
the fields, which are propagated through it to
the receiving end by means of reflections
against its inner walls.

Typical illustrations of reflected magnetic
waves inside of a hollow wave guide are shown
in Fig. 257. At A, the points of incidence of the
wave are relatively far apart. Since energy in
the wave moves down the guide faster when
the reflections are few and far between, a rela-
tively high frequency is being used in this case.
At B, there are more reflections within a given
length of the tube, which means that the

-propagated frequency must be lower. A still
lower frequency is used at C, since the wave as
a whole is slower reaching the end of the tube.

Along the line of propagation, a right-angle
relationship exists between the electric and
magnetic fields. Therefore, as shown in Fig.
257-D, by selecting the proper frequency an
angle of incidence, a, can be obtained whereby
the two fields do not overlap each other at any
point because at this frequency there will be an
equal number of reflections of both fields, all at
the same angle with respect to the inside of the
tube. Under these conditions, maximum propa-
gation of energy through the tube occurs. The
length of wave guide at which maximum energy
transfer occurs, for a given frequency, is known
as the critical length.

Fundamentals

Fig. 256 — Evolution of a wave guide from a two-wirc transmission line.

®)

When the angle of incidence becomes less
and less, as indicated in Fig. 257-E, there will
be increasingly fesver reflections of the magnetic
field against the walls of the guide. On the
other hand, there will be more reflections of the
clectric field, as ean be seen by following
the paths of the arrows which are shown
crossing the line of projection of the magnetic
field. As the angle of incidence, a; approaches
zero, the path of the magnetic field becomes
more nearly parallel to the lengthwise axis of
the tube, but the electric field is reflected more
frequently and it strikes the walls of the tube
at points which are progressively closer to-
gether. Finally, when the magnetic field reaches
a plane entirely parallel to the axis, the electric
ficld merely “bounces’ up and down at right
angles to the axis and no energy is transmitted
down the tube.

Modes of propagation — The term mode
refers to the arrangement of the magnetic and
electric ficlds and the extent to which each is
propagated through a hollow wave guide. All
modes of transmission may be placed in two
general groups. That which has a component
of the electric field in the direction of propaga-
tion but no component of the magnetic field
in that direction is known as a T'M ({ransverse
magnelic) mode, and the waves are called B
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Fig, 258 — Field distrihution in a hollow wave guide.

waves. A mode is designated as a TE (frans-
verse electric) mode with H waves when only
a component of the magnetic field and no
components of the electric field are in the direc-
tion of propagation. If the field has some mode
of transmission other than these two, it will be
classified under one or the other general classi-
fication and designated with an appropriate
subseript, such as T My,; or TMo,s.

Hlustrations of a typieal mode of simple
form are given in Fig. 258. The side view at A
shows the grouping of electrostatic lines inside
the tube for a propagation path similar to that
in Tig. 257-C. The same subject viewed from
the front end of the tube is shown at Fig. 258-B.
A top view showing the magnetic field is given
in Fig. 2568-C. From these diagrams it may be
seen that the maximum and minimum intensi-
ties of the electric and magnetic fields occur
simultaneously at the same positions inside the
tube. Different modes result where the propa-
gation is such as to produce more complex
wave patterns inside the wave guide than
those discussed here.

Hollow wave guides of circular form may be
used following the same general principles
which apply to the rectangular tubes discussed
above. Different modes of transmission occur
in circular tubes, however, because of the dif-
ferent configuration of the propagated waves
within the tube. ’

Cavity resonators — The resonant circuits
heretofore discussed (§ 2-12-A) are composed
of what are termed lumped constants of L and
C. As the frequency isincreased, however, these
constants, if used in their accustomed form,
must be reduced to impractiecably small physi-
cal dimensions. As explained previously
(§ 2-12-B), this difficulty may be overcome in
part by using transmission lines as linear reso-
nant circuits. Another kind of linear circuit
even more generally applicable at extremely
high frequencies is the cavity resonator, the
derivation of which is shown in Fig. 259. The
cavity resonator may be compared with a
coaxial line from which the central conductor
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has been removed, waves being propagated in
the space within the cavity rather than along
an inner conductor.

Considering that even a straight piece of wire
has appreciable inductance at the very-high
frequencies, it may be seen in Tig. 259-A and
-B that a direct short across a two-plate con-
denser with air dielectric is the equivalent of a
tuned eircuit with a typieal eoiled inductance.
‘With two wires between the plates, as shown
in Fig. 259-C, the circuit may be thought of as
8 resonant-line section. For d.c. or even low
frequency r.f., this line would appear as a short
across the two condenser plates. At the ultra-
high frequencies, however, as shown in Tig.
252, such a section of line a quarter-wavelength
long would appear as an open circuit when
viewed from one of the plates with respect to
the other end of the section.

Increasing the number of parallel wires be-
tween the plates of the condenser would have
no cffect on the equivalent circuit, as shown at
D. Eventually, the closed figure at E will be
developed: Since each wire which is added in D
is like connecting inductances in parallel, the
total inductance across the condenser becomes
increasingly smaller as the solid form is ap-
proached, and the resonant frequency of the
figure therefore becomes higher.

If energy -from some v.h.f. source now is in-
troduced into the cavity in & manner such as
that shown at T, the circuit will respond like
any equivalent coil-condenser tank circuit at its
resonant frequency. A cavity resonator may
therefore be used as a u.h.f. tuning element,
along with a tube of suitable design, to form
the main components of an oscillator circuit
capable of functioning at frequencies consid-
erably beyond the maximum limits of conven-
tional tubes, coils and condensers.

The frequency of a eavity resonator may be
varied by the plunger arrangement shown at I,
Other methods also may be used for this pur-
pose, such as placing a small sphere at various
positions inside the cavity in order to alter the
field pattern of standing waves in both the elec-
tromagnetic and electrostatic fields.

T @

o G o

Fig. 259 — Steps in the derivation of a cavity resonator
from a conventional coil-and.condenser tuned eircuit,
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Fig. 260 — Concentric-
cylindcr or “pot”-type
tank for v.h.f. The
equivalent circuit dia-
gram is also shown.
Connections are made
to the terminals marked
Bite T, For maximum Q the

ratio of b to ¢ should

be hctween 3 and 5.

q 2-12-C Lumped-Constant Circuits

V.h.f. resonator circuits — At the very-
high frequencies the low values of L and C
required make ordinary coils and condensers
impracticable, while lincar circuits offer me-
chanical difficulties in making tuning adjust-
ments over a wide frequency range.

To overcome these difficulties, special high-Q
lumped-constant circuits have been developed
in which connections from the “condenser’ to
the “coil”’ are an inherent part of the structure.
Integral design minimizes both resistance and
inductance and increases the C/L ratio.

" The simplest of these circuits is based on the

use of dises combining half-turn inductance
loops with semi-circular condenser plates. By
connecting several of these half-turn coils in
parallel, the effective inductance is reduced to
a value appreciably below that for a single
turn. Tuning is accomplished by interleaving
grounded rotor plates between the turns. Both
by shielding action and short-circuited-turn
effect, these further reduce the inductance.

Another type of high-C circuit is a single-
turn toroid in a form commonly termed the
“hat” resonator. It consists of two copper
shells with wide, flat “brims’’ mounted facing
each other on an axially aligned copper rod.
The capacity in the circuit is chiefly that be-
tween the wide shells, while the large-diameter
central rod comprises the inductance.

“Ppot”’-type tank circuits— The lumped-
constant concentric-element tank in Fig. 260,
commonly referred to as the ‘‘pot’ circuit,
equivalent to a very short coaxial line (no
linear dimension should exceed 1/20th wave-
length), loaded by a large integral capacity.

The inductance is supplied by the field
surrounding the central copper rod, A. The
capacity is provided by the concentric cylin-
ders, B and C, plus the capacity between the
plates at the bottoms of the eylinders.

Approximate values of capacity and induct-
ance for tank circuits of the “pot” type can be
determined by the following:

L = 0.0117 Iogs uh.

0.6225 d

_ 0. b?
0 = (PZEE) 4 (QLBEY e
. og 3 c

where the symbols are as indicated in Fig.
260, and all dimensions are in inches. The left-
hand term for eapacity applies to the concen-
tric eylindérs, B and C, while the second term
gives the capacity between the bottom plates.’

“Butterfly” circuits — The tank -circuits
described in the preceding section are pri-
marily fixed-frequency devices. The *“butter-
iy circuits shown in Fig. 261 are capable of
being tuned over an exceptionally wide range,
while still having high @ and reasonable physi-
cal dimensions. The circuit at A is derived from
a conventional balanced-type variable condens-
er. The inductance is in the wide circular band
connecting the stator plates. At its minimum
setting the rotor plate fills the opening of the
loop, reducing the inductance to a minimum..
Connections are made to points 1 and 2.
This basic structure eliminates all connecting
leads and avoids all sliding or wiping electrical
contacts to a rotating member. A disadvantage
is that the electrical midpoint shifts from point
3 to point 3’ as the rotor is turned. Constant
output coupling may be obtained electromag-
netically by means of a coupling Joop located
at point 4, however.

In the modification shown at C, two sectoral
stators are spaced 180°, thereby achieving the
electrical symmetry required to permit tapping
for balanced operation. Connections to the
circuit should be made at points 1 and 2 and it
may be tapped at points 8 and 3’, which are
the electrical midpoints. Where magnetic cou-
pling is employed, points 4 and 4’ are suitable
locations for coupling links.

The capacity of any butterfly circuit may be
computed by the standard formula for parallel-
plate condensers given in the Appendix. Sim-
ilarly, the maximum inductance can be ob-
tained approximately by finding theinductance
of a full ring of the same diameter and multi-
plying the result by a factor of 0.17. The ratio
of minimum to maximum inductance varies be-
tween 1.5 and 4 with usual construction.

Any number of butterfly sections may be
connected in parallel. In practice, units of four
to eight plates prove most satisfactory. The
ring and stator may either be made in one piece
or with separate sectoral stator plates and
spacing rings assembled with machine serews.
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Fig. 261 — “Butterfly’” tank circuits for v.h.f., showing
front and cross-section views and the egquivalent circuit.
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Fig. 262 — Modes of vibration for various crystal cuts.
A — Fundamental (2bove) and harmonic (below) of the
AT and BT cuts, B— The GT eut. C— CT and DT
cuts (above) and ET and FT cuts (below). D — NT cut.

(I 2-12-D _ Piezoelectric Crystals

Piczoelectricity — Properly ground plates
or bars of quartz and certain other crystalline
materials, such as Rochelle salts, show a me-
chanical strain when subjected to an electric
charge and, conversely, a difference in po-

tential between two faces when subjected to -

mechanical stress. The relationship between
mechanical force and electrical stress is known
as the piczoclectric effect. The charges appearing
on the crystal as a result of mechanical force
applied to the crystal or mechanical vibration
of the crystal itself are termed piezoelectricity.

Piezoelectric crystals may be employed as
devices for changing either mechanical energy
to electrical energy or electrical energy to me-
chanical energy. In the former category are
crystal microphones and phonograph pickups;
in the latter, crystal headphones, crystal loud-
speakers and crystal recording heads.

A properly cut crystal is a mechanical vibra-
tor electrically equivalent to a series-resonant
circuit of very high @, and so can be also used
for many of the purposes for which ordinary
resonant circuits are used. The resonant fre-
quency, as in the case of other highly elastic
solids such as metal reeds and violin strings, de-
pends upon shape, thickness, length and cut.

Natural quartz crystals are usually in the
form of a hexagonal prism terminated at one
or both ends by a six-sided pyramid. Joining
the vertices of these pyramidal ends, and per-
pendicular to the plane of the hexagonal cross
section, is the optical or Z axis. The three elec-
trical or X axes lie in a plane perpendicular to
the optical axis and passing through opposite
corners of the hexagon. The three mechanical
or Y axes lie in the same plane bul perpen-
dicularly to the sides of the hexagon.

Active plates cut from'a raw crystal at
various angles to its optical, electrical and
mechanical axes have differing characteristics
as to thickness, frequency-temperature coeffi-
cient, power-handling capabilities, etc. The
basic cuts are designated X and Y after their
respective axes, but a variety of specialized
cuts, such as the AT, are in more common use.

Frequency-thickness ratio — The linear os-
cillating dimension of the crystal is the princi-
pal .frequency-determining factor, the other
dimensions being of relatively minor impor-
tance. For most crystal cuts, the thickness and
frequency are related by a constant, X, when

K

=7
where f is the frequency in megacycles and ¢
the thickness of the crystal in mils. For the

X-cut, K = 112.6; for the Y-cut, K = 77.0;

for the AT-cut, K = 66.2.

At frequencies above about 10 Me. the
crystal becomes very thin and correspondingly
fragile, so that crystals seldom are manu-
factured for fundamental operation above this
frequency. Direct crystal control on 14 and 28
Me. is secured. by use of ‘“harmonic”’ crystals,
which are ground to be active oscillators when
excited at a harmonic (usually the third).

Temperature coefficient of Jrequency —

The resonant frequency of a erystal varies with .

temperature, the variation depending upon the
type of cut. The frequency change is usually

-expressed as a coefficient relating the number

of cycles of frequency change per megacycle
per °C. It may be either positive (increasing
frequency with increasing temperature) or
negative (decreasing frequency with increasing
temperature). X-cut crystals have a negative
coefficient of 15 to 25 cycles/Me./°C. The co-
eflicient of Y-cut erystals may vary from —20
cycles/Me./°C. to 4100 cycles/Me./°C.

Variations in frequency caused by tempera-
ture changes can be minimized by proper
cutting of the plate. By orienting the plate
through various angles in relation to its optical,
electrical and mechanical axes, a compensatory
relationship can be derived between the dimen-
sions of the plate, its density, and its elastic
constants — the components responsible for
the temperature coeflicient.

The AT cut is the type perhaps most exten-
sively used for transmitter frequency control.
This plate can be ground to almost any fre-
quency between 300 to 5000 ke. Its opposite,
the BT cut, is used for frequencies within the
range 4500 to 10,000 ke.
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Fig. 263 — Frequency change in parts per million V8.
variation in temperature in °C. for various crystal cuta.
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For frequencies below 500 ke., CT and DT
shear-type cuts have been developed which
depend not upon thickness but on length and
width for determining frequency. Plates- of
the. CT and DT type vibrating at a harmonic
mode are designated ET or I'T cuts. ’

" The low-drift types described above show &
zero temperature coefficient ‘through only a
few degrees of change. Another type of cut,

the GT, will drift less than 1 cycle/Me./°C. -

over a temperature change of 100° C. In this
plate a face shear vibration is changed into

* two longitudinal vibrations coupled together.

At a certain ratio of length to width one mode
has a Zero temperature coefficient, making it
especially useful as a frequency standard. The
MT cut, which also vibrates longitudinally,
can be used from 50 to 100 ke. The NT crystal
is a flexurally vibrating cut having a low tem-
perature coefficient in the range from 4 to 50
ke. MT and NT cuts are useful for phase-
modulated f.m. transmitters.

q 2-13 Miscellaneous Circuit Details

Combined a.c. and d.c. — There are many
practical instances of simultaneous flow of
alternating and direct currents in a circuit.
When this occurs there is a pulsating current,
and it is said that-an alternating current is
superimposed on a direct current. As shown in
Fig. 264, the maximum value is equal to the
d.c. value plus the a.c. maximum, while the
minimum value (on the negative a.c. peak) is
the difference between the d.c. and the maxi-
mumn a.c. values. The average value (§ 2-7) of
the current is simply equal to the direct-cur-
rent component alone. The effective value
(§ 2-7) of the combination is equal to the
square root of the sum of the effective a.c.
squared and the d.c. squared:

I = Y% Im:2 + Id::E

where I,. is the effective value of the a.c.
component, I is the effective value of the com-
bination, and I, is the aversge (d.c.) value of
the combination.

Beats — When two dissimilar frequencies

are superimposed electrically or mechanieally,
at recurrent intervals each original frequency

by
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Fig. 264 — Pulsat- 3
ing current, com- >
posed of an alternat- §
ing current or volt-
age superimposed on 3 ~
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will have its amplitude alternately increased
and decreased at a rate corresponding exactly
to the difference and sum of the original fre-
quencies. If two or more alternating currents of
different frequencies are present in a normal
cireuit they will have no particular effect upon
one anotherand can-be separated again by the

proper selective circuits. However, if two (or
more) alternating currents of different frequen-
cies are present in an element having unilateral
or one-way current flow properties, not only

.will the two original frequencies be present in
* the output but also currents having frequencies -

equal to the sum, and difference, of the original

frequencies. These sum and differencé frequén-

cies are called the beal fréquencies. For ex-
ample, if frequencies of 2000 and 3000 kc. are
present in a normal circuit only those two fre-
quencies exist, but if they are passed through a
unilateral-element there will be present in the
output not only the two original frequencies of
2000 and 3000 ke. but also currents of 1000
(3000 — 2000) and 5000 (3000 + 2000) ke.

Suitable circuits can be used to select the-

desired beat frequency. The human ear has
unilateral characteristics and is, therefore,
capable of hearing audible beat frequencies.
Electronic devices of this nature are called
mixers, converters, and detectors.

By-passing — In combined circuits, it is fre-
quently necessary to provide a low-impedance
path for a.c. around, for instance, a source of
d.c. voltage. This can be done by using a by-
pass condenser, which will not pass direct cur-

rent but will readily permit the flow of alter- .

nating current. The capacity of the condenser
should be of such value that its reactance is
low’(of the order of 1/10th or less) compared
to the a.c. impedance of the device being by-
passed. The lower the reactance, the more effec-
tively will the a.c. be confined as desired.
Similarly, alternating current can be pre-
vented from flowing through a direct-current
circuit to which it may be connected by in-
serting an inductance of high reactance (called
a choke coil) between the two circuits. This will
permit the d.c. to flow without hindrance, since
the resistance of the choke coil may be made

quite low, but will effectively prevent the a.c.

from flowing where it is not wanted.

If both r.f. and low-frequency (audio or
power) currents are present in a circuit, they
may be confined-to desired paths by similar
means, since an inductance-of high reactance
for radio frequencies will have negligible re-
actance at low frequencies, while a condenser
of low reactance at radio frequencies will have
high reactance at low frequencies.

Grounds — The term ‘‘ground’” 1is fre-
quently met with in ‘discussions of circuits.
Normally it means the voltage reference point
in the circuit. There may or may not be an ac-
tual connection to earth, but it is understood
that a point in the circuit said to be at ground
potential could be connected to earth without
disturbing the operation of the circuit in any
way. In direct-current circuits, the negative
side generally is grounded. The ground symbol
in circuit diagrams is used for convenience in
indicating common connections between vari-
ous parts of the éireuit, as through a metal
chassis, and, with respeet to actual ground,
usually has the meaning indicated above. -
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.Chapter Jhree

Vacuum Tubes

¢ 3-1 Diodes

Rectification — Practically all of the vac-
uum tubes used in radio work depend upon
thermionic conduction (§ 2-4) for their opera-
tion. The simplest type of vacuum tube is that
shown in Fig. 301. It has two elements, a cath-~
ode and a plate, and is called a diode. When
heated by the “ A’ battery the cathode emits
electrons, which are attracted to the plate if the
plate is at a positive potential with respect to
the cathode.

Because of the nature of thermionic con-
duction, the tube is a conductor in one direc-
tion only. If a source of alternating voltage is
connected between the cathode and plate, then
electrons will flow only on the positive half-
cycles of alternating voltage; there will be no
electron flow during the half cycle when the
plate is negative with respect to the cathode.
Thus the tube can be used as a rectifier, to
change alternating current to pulsating direct
current. This alternating current can be any-
thing from the 60-cycle kind to the highest
radio frequencies.

Rectification finds its chief applications in
detecting radio signals and in power supplies.
These are treated in Chapters Seven and
Eight, respectively.

Characteristic curves — The performance
of the tube can be reduccd to easily understood
terms by making use of tube characteristic.
curves. A typical characteristic curve for &
diode is shown at the right, in Fig. 301. It
shows the current flowing between plate and
cathode with different d.c. voltages applied
between the elements. The curve of Fig. 301
shows that, with fixed eathode temperature,
the plate current increases as the voltage be-
tween cathode and plate is raised. For an ac-
tual tube the values of plate current and plate
voltage would be plotted along their respective
axes.

The power consumed in the tube is the prod-
uct of the plate voltage multiplied by the plate
current, just asin any d.c. circuit. In a vacuum
tube this power is dissipated in heat developed
in the plate and radiated to the bulb.
O
Aok

PLATE CURRENT

o FLATE VOLTAGE

Fig. 301 — The diodc or two-element tube and a typical
characteristic curve showing plate current vs. voltage.
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Space charge— With the cathode tem-
perature fixed the total number of electrons
emitted is always the same, regardless of the
plate voltage. Fig. 301 shows, however, that
less plate current will flow at low plate voltages
than when the plate voltage is large. With low
plate voltage, only those electrons nearest the
plate are attracted to the plate. The electrons
in the space near the cathode, being themselves
negatively charged, tend to repel the similarly
charged electrons leaving the cathode surface
and cause them to fall back on the eathode.
This is called the space-charge eflect. As the
plate voltage is raised more and more electrons
are attracted to the plate, until finally the space
charge effect is completely overcome. When
this occurs all the electrons emitted by the
cathode are attracted to the plate, and a fur-
ther increase in plate voltage can cause no
further increase in plate current. This condi-
tion is called saturation.

€ 3-2 Triodes

Grid control — If a third element, called the
conlrol grid, or simply the grid, is inserted be-
tween the cathode and plate of the diode, the
space-charge effect can be controlled. The tube
then beeomes a triode (three-element tube) and
is useful for more things than rectification. The
grid is usually in the form of an open spiral or
mesh of fine wire. If the grid is connected ex-
ternally to the cathode so that it is at the same
potential as the cathode, and a steady voltage
from a d.c. supply is then applied between the
cathode and plate (the positive of the “B” sup-
ply is always connected to the plate), there
will be a constant flow of electrons from cath-
ode to plate through the openings of the grid,
much as in the diode. However, if the grid is
given a positive potential with respect to the

cathode, the space charge will be partially

neutralized and there will be an increase in
plate current. If the grid is made negative with
respeet to the cathode, the space charge will
be reinforced and the current will decrease.

This effect of grid voltage can be shown by
curves in which plate current is plotted against
grid voltage. At any given value of grid volt-
age the plate current will still depend upon the
plate voltage, so if complete information about
the tube is to be secured it is necessary to plot
a sertes of curves taken with various values
of plate voltage. Such a set of grid voltage vs.
plate current curves, typical of a small receiv-
ing triode, is shown in Fig. 303.

So long as the grid has a negative potential
with respect to the cathode, electrons emitted
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Fig. 302 — Tllustrat-
ing the construction of
an elementary triode
vacuum tube, showing
the filament, grid (with
an end view of the grid
wires) and plate. The
relative density of the
space charge is indi-
cated roughly by the
dot density. DBattery
symbols follow those
of the usual schematic
diagrams, while the
schematic tube symbol
is shown at the right.
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by the cathode are repelled (§ 2-3) from the
grid, with the result that no current flows to the
grid. Hence, under these conditions, the grid
consumes no power. However, when the grid
becomes positive with respeet to the cathode,
electrons are attracted to it, and a current flows
to the grid; when this grid current flows, power
is dissipated in the grid circuit.

In addition to the set of curves showing the
relationship between grid voltage and plate
current at various fixed values of plate voltage,
two other sets of curves may be plotted to
show the characteristics of a triode. These are
the plate voltage vs. plate current characteris-
tie, which shows the relationship between plate
voltage and plate current for various fixed
values of grid voltage, and the constant-cur-
rent characteristic, which shows the relation-
ship between plate voltage and grid voltage for
various fixed values of plate current.

Amplification — The grid evidently acts as
a valve to control the flow of plate current, and
it is found that it has a much greater effect on
plate current flow than does the plate voltage;
that is, a small change in grid voltage is just
as cffective in bringing about a given change in
plate current as is a large change in plate
voltage.

The fact that a small voltage acting on the
grid is dquivalent to a large voltage acting on
the plate indicates the possibility of amplifica-
tion with the triode tube; that is, the genera-
tion of a large voltage by a small one, or the
gencration of a relatively large amount of
power from a small amount. The many uses of
the electrouic tube nearly all are bascd upon
this amplifying feature. The amplified power or
voltage output from the tube 1s obtained, not
from the tube itself, but from the source of
e.m.f. connected between its plate and cathode.
The tube simply controls the power from this
source, changing it to the desired form.

To utilize the controlled power, a device for
consuming it, or for transferring it to another
cireuit, must be connected in the plate circuit,
sinee no particularly useful purpose would be
served in having the current merely flow
through the tube and the source of e.m.f. Such
a device is called the load, and may be cither a
resistance or an impedance. The term ‘‘imped-
ance” is frequently used even though the load
may be purcly resistive.

Amplification factor — 'L

of the grid and plate voltages on the pla
rent is measured by ‘the amplification factor of
the tube, usually represented by the Greek
letter z. Amplification factor is defined as the
ratio of the change in plate voltage required
to produce a given change in plate current to
the change in grid voltage required to produce
the same plate-current change. Strictly speak-
ing, very small changes in both grid and plate
voltage must be used in determining the am-
plification factor, because the curves showing
the relationship between plate voltage and
plate current, and between grid voltage and
plate current, are not perfectly straight, espe-
cially if the plate current is nearly zero. Hence
the slope (§1-10) varies at different points
along the curves, and different values will be
obtained for the amplification factor as larger

" or smaller voltage differences are taken for the

purpose of calculating it. The expression for
amplification factor can be written:

AE,
LT AR,

where A E, indicates a very small change in
plate voltage and A E, is the change in grid
voltage producing the same plate current
change. The symbol A (the Greek letter delta)
indicates a small increment, or small change.

The amplification factor is simply a ratio,
and has no unit.

Plate resistance — Since only a limited
amount of plate current flows when a given
voltage is applied between plate ahd cathode,
it is evident that the plate-cathode circuit of
the tube has resistance. However, there is no
simple relationship between plate voltage and
plate current, so that in general the plate eir-
cuit of the tube does not follow Ohm’s Law.
Under a given set of econditions the application
of a given plate voltage will cause a certain
plate current to flow, and if the plate voltage
is divided by the plate current a ‘““resistance”
value will be obtained ‘which frequently is
called the ‘““d.c. resistance’ of the tube. This
¢d.c. resistance” will be different for every
value of plate voltage and also for different
values of grid voltage, since the plate current
also depends upon the grid voltage when the
plate voltage is fixed.

In applications of the vacuum tube, it is more
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Fig. 803 — Grid voltage vs. platé current curves at vari-

ous fixcd values of plate voltage (Es) for a typical small

triode. Characteristic curves of this type can be taken

by varying the battery voltages in thecircuit at the right.
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where A I}, is a small change in plate voltage
and AT, the corresponding small change in
" plate current, the grid voltage being fixed.

Plate resistance is expressed in ohms, since
it is the ratio of voltage to current. The value
of plate resistance will, in general, change with
the particular voltages applied to the plate and
grid. It depends as well upon the structure of
the tube; low-x tubes have relatively low plate
resistance and high-u tubes have high plate
resistance.

Transconductance — The effect of grid
voltage upon plate current is expressed by the
grid-plate transconductance of the tube. Trans-
conductance is a general term giving the rela-
tionship between the voltage applied to one
electrode and the current which flows, as a
result, in a second clectrode. As in the previous
two cases, it is defined as the change in current
through the second electrode caused by a
change in voltage on the first. Thus the grid-

- plate transconductance, commonly called the
mutual conductance, is

Al
On = AT,

where g, is the mutual conductance, A I, the
change in plate current, and A E, the changein
grid voltage, the plate voltage being fixed. As
before, the sign A indicates that the changes
must be small. Transconductance is measured
in mhos, since it is the ratio of current to volt-
.age. The unit usually employed in connection
with vacuum tubes is the micromho (one mil-
lionth of 2 mho), because the conductances are
small. By combining with the two preceding
formulas, it can be shown that g, = u/rp.
The mutual conductance of a tube is a rough
indication of its merit as an amplifier, since it
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Fig, 304 —Plate voltage vs. plate current curves at
various fixed values of negative grid voltage for the same
triodo as that used to obtain the curves in Fig. 303.
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.ue effects of both amplifieation factor

« plate resistance. Its value varies with the
voltages applied to the plate and grid. With
the plate voltage fixed, the mutual conductance
decreases when the grid is made increasingly
negative with respect to the cathode. This
characteristic frequently can be used to ad-
vantage in the control of amplification, since
the amount of amplification can be varied over
wide limits simply by adjusting the value of a
steady voltage applied to the grid.

Static gnd dynamic curves— Curves of the
type shown in Figs. 301 and 303 are called
static curves. They show.the current which
flows when various voltages are applied di-
rectly to the tube electrodes. Another useful
set of static curves is the ‘“plate family,” or

- plate voltage vs. plate current characteristic. A

typical set of curves of this type is shown in
Fig. 304. )

A curve showing the relationship between
grid voltage and plate current when a load
resistance is gonnected in the plate circuit is
called a dynamic characteristic curve. Such
a curve includes the effect of the load resist-
ance, and hence is more indicative of the per-
formance of the tube as an amplifier. With
a fixed value of plate-supply voltage the actual
value of voltage between the plate and cathode
of the tube will depend upon the amount of
plate current flowing, since the plate current
also flows through the load resistance and
therefore results in a voltage drop which must
be subtracted from the plate-supply voltage.
The dynamic curve includes the effect of this
voltage drop. Consequently, the plate cur-
rent always is lower, for a given value of grid
bias and plate-supply voltage, with the load
resistance in the civeuit than it is without it.

Representative dynamic charactervistics are
shown in Fig. 305. These were taken with the
same type of tube whose static curves are
shown in Fig. 303. Different curves would be
obtained with different values of plate-supply"
voltage, Z; this set is for a plate-supply
voltage of 300 volts. Note that increasing the
value of the load resistance reduces the plate
current at a given bias voltage, and also that
the curves are straighter with the higher values
of load resistance. Zero plate current always
occurs at the same value of negative grid bias,
since at zero plate current there is no voltage
drop in the load resistance and the full supply,
voltage is applied to the plate.

Fig. 306 shows how the plate current re-,
sponds to an alternating voltage (signal) ap-
plied to the grid. If the plate current is to have
the same waveshape as that of the signal, it is
necessary to confine the operation to the
straight section-of the curve. To do this, it is
necessary to select an operafing point near the
middle of the straight portion; this operating
point is determined by the fixed voltage (bias)
applied to the grid. The alternating signal
voltage then adds to or subtracts from the grid
bias, depending upon whether the instantane-
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ous signal voltage is negative or positive with

‘respect to the cathode, and causes a corre-
‘sponding variation in plate current. The maxi-
mum departure. of instantaneous grid voltage
:or plate current from the operating point is
called the swing. The varying plate current
flows through the load resistance, causing a
varying voltage drop which constitutes the
useful output voltage of the tube. )
- The point at which the plate current is re-
duced to 'zero is called the cui-off point. The
value of negative grid voltage at which cut-off
occurs depends upon the amplification factor
of the tube and the plate voltage. It is approxi-
mately equal to the plate-supply voltage di-
vided by the amplification factor.
Interelectrode capacities— Any pair of
clements in a tube forms a miniature condenser
(§ 2-3), and, although the capadities of these
condensers may be only a few micromicro-
‘farads or less, they must, frequently be taken
into aceount in vacuum-tube circuits. The ca-
pacity from grid to plate (grid-plaie capacity)
has an important effect in many applieations.
In triodes, the other eapacities are the grid-
cathode and plaie-cathode. In multi-element

tubes (§ 3-5), similar ¢apacities exist between

these and other electrodes. With screen-grid
tubes, the terms “input” ‘znd ‘“output” ca-
pacity mean, respectively, the capacity meas-
ured from grid to all other elements connected
together and from plate to all other elements
.connected together. The same terms are used
with triodes but are not so easily defined, since
the effective capacities existing depend upon
the operating conditions (§ 3-3).

Tube ratinigs — Specifications of suitable
operating voltages and currents are called fube
" rafings. Ratings include proper values for fila-
ment or heater voltage and current, plate volt-
age and current, and similar operating specifi-
cations for other elements. An important rating
in power tubes is the mazimum safe plate dissi-
pation, or the maximum power tliat can be dis-

sipated continuously in heat on the plate(§ 3-1).

C 3-3 Amplification

Principles — The operation of a simple am-
plifier, which was described briefly in the pre-
ceding section, is shown in more detail in Fig.
307. The load in the plate circuit is the resistor,
Rp. For the sake of example, it is assumed that
the plate-supply voltage is 300 volts, the nega-
tive grid bias is 5 volts, and the plate current
at this bias when R, is 50,000 ohms is2 milli-
amperes (0.002 ampere). If no signal is applied

to the grid circuit, the voltage drop in the load

resistor is 50,000 X 0.002, or 100 volts, leaving
200 volts between the plate and eathode.

If a sine-wave signal having a peak value of
2 volts is applied in series with the bias voltage
in the grid circuit, the instantaneous voltage
at the grid will swing.to -— 3 volts at the in-
stant the signal reaches its positive peak and

to — 7 volts at the instant the signal reaches .

its negative peak. The maximum plate current
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Fig. 305 — Dynamic characteristics of a small triode
with various load resistances from 5,000 to 100,000 ohms.

will occur at the instant the grid voltage is

. — 3 volts and, as shown by the graph, will have

a value of 2.65 milliamperes. The minimum
plate current occurs at the instant the grid
voltage is — 7 volts, and has a value of 1.35
ma. At intermediate values of grid voltage, in-
termediate plate-current values will occur. The
instantaneous voltage between the plate and.
cathode of the tube also is shown on the graph. .
When the plate current is maximum the in-
stantaneous voltage drop in R, is 50,000 X
0.00265 or 132.5 volts, and when the plate.
current is minimum the instantaneous voltage
drop in R, is 50,000 X 0.00135 or 67.5 volts.
The actual voltage between plate and cathode
is therefore the difference between the plate-
supply voltage, 300 volts, and these voltage
drops in the load resistance, or 167.5 and 232.5
volts, respectively.

The varying plate voltage is an a.c. voltage -
superimposed (§ 2-13) on the steady plate-
cathode voltage of 200 volts, which was pre-
viously determined- for no-signal conditions.
The peak value of this a.c. output voltage is
the difference between either the maximum or
minimum plate-cathode voltage and the no-
signal value of 200 volts. In the illustration
this difference is 232.5 — 200 or 200 — 167.5,
or 32.5 volts. Since the grid signal voltage has
a peak value of 2 volts, the voltage amplifica-
tion ratio of the amplifier is 32.5/2 or 16.25.
That is, approximately 16 times as much volt-

Plate Current
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Fig. 306 — Behavior of the plate current of a vacuum

tube in respomse to an alternating signal voltape

superimposed on a steady negative grid voltage or-bias.
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Fig. 307 — Amplificr operation. When the plate current
varics in responsc to the signal applied to the grid, a
varying voltage drop appcars across the load, Ry, as
shown hy the dashed curve, Ej. I is the plate current.

age will be obtained from the plate circuit as
is applied to the grid circuit.

It will be observed that only the alternating
plate and grid voltages enter into the ealcula-
tion of the amplification ratio. The d.e. plate
and grid voltages are of course essential to the
operation of the tube, since they set the oper-
ating point, but otherwise their presence may
be ignored. This being the case, it is possible to
show that the tube can be replaced by an
equivalent generafor which has an internal re-
sistance equal to the a.c. plate resistance of the
tube (§ 3-2) at the operating point chosen and
which generates a voltage equal to the ampli-
fieation factor of the tube multiplied by the
signal voltage applied to the grid. The equiva-
lent generator, together with the load resist-
ance, R;, is shown in Fig. 308. This simplifica-
tion enables ready calculation of the amplifica-
tion. If the generated voltage is u,, then the
same current flows through 7, and R,, and
hence the voltage drop across I,, which is the
useful output voltage, is

(7.
rp + By

since B, and r, together constitute a voltage
divider (§ 2-6). The voltage-amplification ratio
is given by the output voltage divided by the
input voltage, hence dividing the above ex-
pression by I, gives the following formula for
the amplification of the tube:
ulty
Ty + By

This expression shows that, to obtain a large
voltage-amplification ratio, it is necessary to
make the plate load resistance, R, large com-
pared to the plate resistance, r5, of the tube.
The maximum possible amplification, obtained
when &, is infinitely larger than r,, is equal to
the u of the tube. A tube with a large value of u
will, in general, give more voltage amplification
than one with 2 medium or low value. How-
ever, the advantage of the high g is less than
might be expected, because a high-z tube
usually also has a correspondingly high value
of r,, 50 that a high value of load resistance
must be used to realize an appreciable part of

Eﬂ = f‘Eﬂ

Amplification =

B S
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the possible amplification. This in turn not only
requires the use of high values of plate-supply
voltage, but has some further disadvantages to
be described later.

Amplifiersin which the voltage output, rather
than the power output, is the primary con-
sideration are called voltage amplifiers.

Power in grid circuit — In the operation
depicted in Fig. 306, the grid is always negative
with respect to the cathode. If the peak signal
voltage is larger than the bias voltage, the grid
will be positive with respect to the eathode
during part of the signal cyele. Grid eurrent will
flow during this time, and the signal source
will be called upon to furnish power during the
period while grid current is flowing, In many
cases the signal souree is not capable of furnish-
ing appreeciable power, so that care must be
taken to avoid “driving the grid positive.”’

When dealing with small signals the source
of signal voltage frequently has high internal
resistance, so that a considerable voltage drop
oceurs in the source itself whenever it is called
upon to furnish grid current. Since this voltage
drop oceurs only during part of the cycle, the
voltage applied to the grid undergoes a change
in waveshape because of the current flow. This
is shown in Fig. 309, where a sine-wave signal
is generated but, because of the internal resist-
ance of the source, is distorted at the grid of the
tube during the time when grid current flows.

If the internal resistance of the signal source
is low, so that the internal voltage drop is
negligible when current flows, this distortion
does not occur. With such a source, it is pos-
sible to operate over a greater portion of the
amplifier characteristic.

Harmonic distortion— If the operation of

the tube is not confined to a straight or linear -

portion of the dynamic charaecteristic, the
waveshape of the output voltage will not be
exactly the same as that of the signal voltage.
This is shown in Fig. 310, wherge the operating
point is selected so that the signal voltage
swings into the curved part of the character-
istic. While the upper half-cycle of plate cur-
rent reproduces the sine-wave shape of the
positive half-eyele of signal voltage, the lower
half-cycle of plate current is considerably dis-
torted and bears little resemblance to the upper
half-eycle of plate current.

As explained in § 2-7, 2 non-sinusoidal wave-
shape can be resolved into a number of sine-
wave components or harmonies which are
integral multiples of the lowest frequency
present. Consequently, this type of distortion
is known as harmonic distortion. Distortion re-

Fig. 308 — Equivalent
circuit of the vacuum-
tuhe amplifier. The
tube is replaced hy an
equivalent generator
baving an internal re-
sistance equal to the
a.c. plate resistance
of the vacuum tube.
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sulting from grid-current flow, described in the-
preceding paragraph, also is harmonic distor-

tion. Harmonic distortion from either or both
causes may arise in the same amplifier.

Harmonic distortion may or may not be
tolerable in an amplifier. At audio frequencies
it is desirable to keep harmonic distortion
to o minimum, but radio-frequency amplifiers
are frequently operated in such a way that the
r. f. wave is greatly distorted.

Frequency -distortion — Another type of
distortion, known as frequency distoriion, oc-
curs when the amplification varies with the
frequency of the =s.c. voltage applied to the
grid circuit of the amplifier. It is not neces-
sarily accompanied by harmonic distortion. It
can be shown by & frequency-response curve or
graph in which the relative amplification is
plotted against frequency over the frequency
range of interest.

Resistance-coupled amplifiers— An am-
plifier with a resistance load is known as a
“resistance-coupled’” amplifier. This type of
amplifier is widely used for amplification at
audio frequencies. A simplified circuit is shown
in Fig. 311, where the amplifier is coupled to a
following tube. Since all the power output of a
resistance-coupled amplifier is consumed in the
load resistor such amplifiers are used almost
wholly for voltage amplification, usually work-
ing into still another amplifier.

A single amplifier is called a stage of ampli-
fication, and a number of amplifier stages in
succession are said to be in cascade.

The purpose of the coupling condenser, C.,
is to transfer to the grid of the following tube
the a.c. voltage developed across R, and to
prevent the d.c. plate voltage on tube A from
being applied to the grid of tube B. The grid
resistor, I2,, transfers the bias voltage to the grid
of tube B and prevents short-circuiting the a.c.
voltage through.the bias battery. Since no grid
current flows, there is no d.c. voltage drop in
R,; consequently the full bias voltage is ap-
plied to the grid. In order to obtain the maxi-

Fig. 309 — Distortion of ap-
plicd signal hecanse of grid-
current flow. With the oper-
ating point at 3 volts nega-
tive bias, grid current will Operating A
flow as shown by the curve Point
whenever the applied signal 141
voltage is more than 3 volts N - A
positive. If there is appre-

ciablc internal resistance, as
indicated in the second draw-
ing, there will be a voltage
drop in the resistance when-
ever current is flowing but
not during.the period when
no eurrent flows, The signal
will reach the grid unchanged
so long as the instantancous o

voltage is less than 3 volts -5

positive, but the voltage at GENERATECRSCRAL
the grid will be less than the  nmeof ™~
instantancous voltage when = Gridgurrent
the latter is above this fig~ o
ure. The shape of the nega-

tive half-cycle is nnaltered.
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Fip. 310 — Harmonic distortion resulting from choice
of an operating point on the curved part of the tube
charaeteristie. The lower half-cyele of plate current docs
not have the smine shape as the grid voltage causing it.

mum a.c. voltage at the grid of tube B the
reactance of the coupling condenser must be
small compared to the resistance of R, so
that most of the voltage will appear across R,
rather than across C. Also, the resistance of I,
must be large compared to 2, because, so far
as the a.c. voltage developed in E, is con-
cerned, I, is in parallel with 2, and therefore
is just as much a part of B, as though it were
connected directly in parallel with it. (The
impedance of the plate-supply battery is as-
sumed to be negligible, so that there is no a.c.
voltage drop between the lower end of R, and
the common connection between the two
tubes.) In practice the maximum usable value
of R, is limited to from 0.5 to about 2 megohms,
depending upon the characteristics of the tube
with which it is associated. If the value is made
too high, stray electrons collecting on the grid
may not “leak off”” back to the cathode rapidly
enough to prevent the accumulation of a nega-
tive charge on the grid. This is equivalent to
an increase in the negative grid bias, and hence
to a shift in the operating point.

The equivalent circuit of the amplifier now
includes C., R,, and a shunt capacity, Cs, which
represents the input capacity of tube B and
the plate-cathode capacity of tube 4, to-
gether with such stray capacity as exists in the
circuit. The reactance of C, will depend upon
the frequency of the voltage being amplified,
and, since C; is in parallel with B, and Ry, it also
becomes part of the load impedance for the
amplifier. At low frequencies — below 1000
eycles or s0 — the reactance of C, usually is so
high that it has practically no effect on the
amplification, but, since the reactance de-
creases at higher frequencies, it is found that
the amplification drops off rapidly when the
reactance of C, becomes comparable to the
resistance of B, and R, in parallel. To main-
tain the amplification at high frequencies, it
is necessary that R, be relatively small if C, is
large, or that C, be small if R, is large.

Under the best conditions, in practice C. will
be of the order of 15 pufd. or more, while it is

1




Fig. 311 — Typical resilstancc-couplcd amplifier circuits,

possible for it to reach values as high as a few
hundred wpufd. The larger values are encoun-
tered when tube B is a high-u triode, as de-
scribed in a later paragraph. Even with a low
value of shunt eapacity, the shunt reactance
will decrease to a comparatively low value at
the upper limit of the audio-frequency range;
a shunting capacity of 20 upfd., for example,
represents a reactance of about 0.5 megohm
at 15,000 cycles, and hence is of the same order
as R, for the type of tubes with whieh such a
low value of eapacity would be associated. In
order to secure the same amplification at high
as at low frequencies, therefore, it is necessary
to sacrifice low-frequency amplification by re-
ducing the value of R, to the point where the
reactance of C, at the highest frequency of
interest is considerably larger than E,.

At radio frequencies the reactance of C, be-
comes so low that the amount of amplification
it is possible to realize is negligible compared
to that which can be obtained in the audio-
frequency range. The resistance-coupled am-
plifier, therefore, is used principally for audio-
frequency work.

Impedance-coupled amplifiers — If either
the plate resistor or grid resistor (or both) in
the amplifier described in the preceding para-
graph is replaced by an inductance, the ampli-
fier is said to be impedance-coupled. The induct-
ance or impedance is commonly substituted for

the plate load resistor, so that the usual circuit -

for such an amplifier is as given in Fig. 312.
Considering the operation of the tube from
the standpoint of the equivalent eircuit of
Fig. 308, it is evident, that a voltage drop would
exist across a reactance of suitable value sub-
stituted for the indicated load resistance, R,
so long as the output of the generator is alter-
nating current. From the physical standpoint,
any change in the current flowing through the
inductance in Fig. 312 would cause a self-
induced e.m.f. having a value proportional to
the rate of change of current and to the in-
ductance of the coil. Consequently, if an a.c.
signal voltage is applied to the grid of the tube,
the resultant variations in plate eurrent cause
a corresponding a.c. voltage to appear across
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the coil terminals. This induced voltage is the
useful output voltage of the tube.

The amplitude of the output voltage can be
calculated, knowing the x and plate resistance
of the tube and the impedance of the load, in
much the same way as in the case of resistance
coupling, except that the equation must be |
modified to take account of the fact that the
phase relationship between current and voltage
is not the same in an impedance as it is in a
resistance. In practice, the plate load induct-
ance is shunted by the tube and stray capaci-
ties of the circuit as well as by its own distributed
capacity. Since the greatest amplification will
be secured when the load impedance is as high
as possible, the coil usually is made to have
sufficient induetance so that, in combination
with these shunting capacities, the circuit as a
whole will be parallel-resonant at some fre-
quency near the middle of the audio-frequency
range. Under these conditions the load im-
pedance has its highest possible value, and is
approximately resistive rather than reactive.

The equation for amplification with resist-
ance coupling shows that, when R, is several
times the plate resistance, r,, a further increase
in B, results in comparatively little increase in
amplification. The load circuit of an imped-
ance-coupled amplifier usually has an im-
pedance value quite high in comparison to the
plate resistance of the tube with which it is
used, so that the load impedance can vary over
a considerable range without much effect on
the amplification. This gives the impedance-
coupled amplifier an amplification vs. frequency
characteristic which is fairly ““flat’’ — that is,
the amplification is practically constant with
changes in frequency — over a considerable
portion of the audio-frequency range. How-
ever, the performance of the impedance-coupled
amplifier is not as good in this respcet as that
of a well-designed resistance-coupled amplifier.

If the impedance of the load cireuit is high
compared to the plate resistance of the tube,
which will be the case if the tube is a low-u
triode and normal inductance values (a few
hundred henrys) are used in the plate circuit,

Fig. 312 — Impedance-coupled amplificr.

the amplification in the optimum frequency
range will be practically equal to the u of the
tube. At lower frequencies the impedance de-
creases because of the decreasing reactance of
the coil, while at higher frequencies the im-
pedance again decreases because of the de-
creasing reactance of the shunt ecapacities.
Thus the amplification drops off at both ends
of the range, usually more rapidly than with
resistance coupling.
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The frequency-response characteristic of the
impedance-coupled amplifier deperds consid-
erably upon the plate resistance of the tube.
If impedance coupling is used with tubes of
very high plate resistance, the response will be
markedly greater at the resonant frequency
than at frequencies either higher or lower.

Impedance coupling can be used at radio
frequencies, since the inductance can be ad-
justed to resonate with the shunt capacities at
practically any desired frequency.

Transformer-coupled  amplifiers — The
coupling impedance in Fig. 312 may be re-
placed by a transformer, connected as shown in
Fig. 313. A.c. voltage is developed across the
primary of the transformer in the same way as
in the case of impedance coupling. The second-
ary of the transformer serves as a means for
transferring the voltage to the grid of the fol-
lowing tube, and if the secondary has more
turns than the primary the voltage across the
secondary terminals will, in general, be larger
than the voltage across the primary terminals.

As in the case of impedance coupling, the
effective capacity shunting the primary of an
audio-frequency transformer usually causes
the primary circuit to be parallel-resonant at
some frequency in the middle of the audio-
frequency range. At the medium audio fre-
quencies, therefore, the voltage across the
primary is practically equal to the applied grid
voltage multiplied by the u of the tube. The
voltage across the secondary will be the pri-
mary voltage multiplied by the secondary-to-
primary turns ratio of the transformer, so that
the total voltage amplification is x times the
turns ratio. The amplification at low frequen-
cies depends upon the ratio of the primary
reactance to the plate resistance of the tube,
-a8 in the case of impedance-coupled amplifiers.

At some high frequency, usually in the range
5000-10,000 cycles with ordinary transformers,
the leakage inductance (§ 2-9) of the secondary
becomes series resonant with the effective ca-
pacity shunting the secondary. At and near
this resonant frequency the resonant rise in
voltage may increase the amplification con-
siderably, giving rise to a ‘peak’ in the
frequency-response curve of the amplifier. At
frequencies above this resonance point amplifi-
cation decreases rapidly, because as the re-
actance of the shunting capacity decreases it
tends to act more and more as a short circuit
across the secondary of the transformer. The
relative height of the high-frequency peak de-
pends principally upon the effective resistance
of the secondary circuit. This effective resist-
ance includes the actual resistance of the
secondary coil and the ““reflected”” (§ 2-9) plate
resistance of the tube, this resistance being in
parallel with the primary of the transformer.
Consequently, the height of the peak is affected
by the tube with which the transformer is used.
The peak can be reduced by connceting a 0.25
to 1 megohm resistor across the transformer
secondary. While this helps to flatten the fre-

‘
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quency response curve, it also reduces the
amplification at medium and low frequencies.
Transformer coupling is most suitable for
triodes of low or medium z and having medium
values of plate resistance. This is because the
primary inductance required for good am-
plification at low frequencies is proportional to
the plate resistance of the tube with which the
transformer is to be used, and in practice it is
difficult to obtain high primary inductance, a
large secondary-to-primary turns ratio (“‘step-
up ratio’), and low distributed capacity in the
windings all at the same time. Increasing the
primary inductance usually means that the
turns ratio must be reduced, because the in-
crease in distributed capacity as the coils are
made larger tends to bring the resonant peak
down to a relatively low frequency unless the
secondary inductance is decreased to compen-
sate for the increase in capacity. The step-up
ratio seldom is more than 3 to 1 in transformers
designed for good frequency response.

Fig. 313 — Transformer-coupled amplificr.

Transformer coupling can be used at radio
frequencies if the transformers are properly de-
signed for the purpose. In such transformers
either the primary or secondary (or both) is
made resonant at the frequency to be used, so
that maximum amplification will be secured.

Phase relations in plate and grid circuits
— When the exciting voltage on the grid has
its maximum positive instantaneous value, the
plate current also is maximum (§ 3-2), so that
the voltage drop across the resistance con-
nected in the plate circuit of a resistance-
coupled amplifier likewise has its greatest
value. The actual instantaneous voltage be-
tween plate and cathode is therefore minimum
at the same instant, because it is equal to the
d.c. supply voltage (which is unvarying) minus
the voltage drop across the load resistance.
When the signal voltage is at its negative peak
the plate current has its least value, with the
result that the voltage drop in the load resist-
ance is less than at any other part of the cycle.
At this instant, therefore, the voltage between
plate and cathode is maximum.

These variations in plate-cathode voltage
constitute the a.c. output of the tube, superim-
posed on the mean or no-signal plate-cathode
voltage. Since the alternating plate-cathode
voltage is decreasing when the instantaneous
grid voltage is increasing (becoming more
positive with respect to the cathode), the out-
put voltage is less than the mean value, or
negative, when the signal voltage is positive.
Likewise, when the signal voltage is negative

* the output voltage is positive, or greater than




the mean value. In other words, the alternating
plate voltage is 180 degrees out of phase with
the alternating grid voltage. Thus there is
a phase reversal through the amplifier. The
relationships should become clear from the be-
havior of the signal voltage and E, in Fig. 307.

The same phase relationship between signal
and output voltages holds when the amplifier
is impedance- or transformer-coupled, in the
frequency region where the load acts like a
parallel-resonant circuit. However, if the-load
is reactive the phase relationship is not exactly
180 degrees but depends upon the kind of
reactance present and the relative amounts of
reactance and resistance. (This is true also of
the resistance-coupled amplifier at low fre-
quencies where the reactance of the coupling
condenser affects the amplification, or at high
frequencies where the reactance of the shunt-
ing capacities becomes important.) Since the
reactance varies with the applied signal fre-
quency, the phase relationship between signal
voltage and output voltage depends upon the
frequency in such cases.

Input capacity and resistance — When an
alternating voltage is applied between the grid
and cathode of an amplifier tube, an alternat-
ing current flows through the small condenser
formed by these elements (§ 3-2) just as it
would in any other condenser. Similarly, an
alternating current also flows in the condenser
formed by the grid and plate, since there is an
alternating difference of potential between
these clements. When the tube is amplifying,
the alternating plate voltage and signal voltage
are effectively applied in series across the grid-
plate condenser, as indicated in Fig. 314. As
described in the preceding paragraph, in the
resistance-coupled amplifier the two voltages
are out of phase with respect to the cathode,
but inspection of the circuit shows that they
are in phase so far as the grid-plate condenser
is concerned. Consequently, the voltage applied
to the grid-plate capacity is the sum of the
alternating grid and plate voltages, or E; + E,.
Since E, is equal to A X E,;, where A is the
voltage amplification of the tube and circuit,
the a.c. voltage between the grid and plate is
E, (1 + A). The cwrrent, I, flowing in the
grid-plate capacity is I, (1 4+ A4) divided by
the reactance of the grid-plate condenser, and
thus is proportional to the grid-plate capacity.

The signal voltage must help in causing this
relatively large current to flow, and, since the
reactance as viewed from the input circuit

Fig. 314 — The a.c. voltage appearing between the
grid and plate of the amplificr is the sum of the signal
voltage and the output voltage, as shown by this sim-
plified circuit. Instantancous polarities are indicated.
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is X, = E,/I, the input reactance becomes
smaller as the current becomes larger. That is,
the effective input capacity of the amplifier is
increased when the tube is amplifying. From
the above, the increase in input capacity is
approximately proportional to the voltage am-
plification of the circuit and to the grid-plate
capacity of the tube. The total input capacity
is the sum of the grid-cathode capacity and this
additional effective capacity. The total input
capacity of an amplifier may reach values
ranging from 50 to a few hundred micromicro-
farads, if the voltage amplification is high and
the grid-plate capacity relatively large. Both
usually are true in a high-x triode.

When the load is reactive the a.c. grid and
plate voltages still act in.series across the grid-
plate condenser, but since they are not exactly
180 degrees out of phase with respect to the
cathode they are not exactly in phase with
respect to the grid-plate capacity. The.lack of
exact phase relationship indicates that resist-
ance as well as capacity is introduced into the
input circuit. Analysis shows that, when the
reactance of the load circuit is capaeitive, the
resistance component is positive — that is, it
represents a loss of power in the input cireuit
— and that when the load circuit has inductive
reactance the resistance component is negative.
Negative resistance indicates that power is
being supplied to the grid circuit from the plate.

Feed-back — If some of the amplified en-
ergy in the plate circuit of an amplifier is
coupled back into the grid circuit, the ampli-
fier is said to have feed-back. If the voltage fed
from the plate circuit to the grid circuit is in
such phase that, when it is added to the signal
voltage alreacdy existing, the sum of the two
voltages is larger than the original signal volt-

age, the feed-hack is said to be posilive. Posi-.

tive feed-back usually is called regencration. 1f
regeneration exists in a circuit the total am-
plification is increased because the feed-back
increases the amplitude of the signal at the
grid and this larger signal is amplified in the
same ratio, giving a greater output voltage
than would exist if the signal voltage alone
were present in the grid circuit. Many types of
circuits can be used to secure positive feed-
back. A simple one is shown in Fig. 315. The
feed-back eoil, L, a third winding on the grid-
circuit transformer, is connected in series with
the primary of the transformer in the plate
circuit, so that some of the amplified voltage
appears across its terminals. This induces a
voltage in the secondary, S, of the grid-circuit
transformer which, if the winding directions of
the two coils are correct, will increase the value
of signal voltage applied to the grid.

Positive feed-back is accompanied by a
tendency to give maximum amplification at
only one frequency, since the feed-back voltage
will tend to be highest at the frequeney at
which the original amplification is greatest. It
therefore increases the selectivity of the ampli-
fier, and hence is used chiefly where high gain
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and sharpness of resonance both are wanted.

If the phase of the voltage fed back to the
grid circuit is such that the sum of the feed-
back voltage and the original signal voltage is
less than the latter alone, the feed-back is said
to be negaiive. Negative feced-back frequently
is called degencraiion. In this ense the total
amplification is decreased, since the grid signal
has been made smaller, and hence the amplified
output voltage is smaller for a given original
signal than it would be without fecd-back.

The amount of voltage fed back will depend
upon the actual amplification of the tube and
circuit, and if the amplification ratio tends to
change, as it may at the extreme high or low
frequencies in the audio-frequency range, the
feed-back voltage will be reduced when the
amplification decreascs. For example, suppose
that an amplifier has a voltage gain of 20 and
that it is delivering an output voltage of 50
volts. Without feed-back, the grid signal volt-
age required to produce 50 volts output is
50/20 or 2.5 volts. But suppose that 10 per.
cent of the output voltage (5 volts) is fed back
to the grid circuit in opposite phase to the
applied grid voltage. Then, since it is still nec-
essary to have a 2.5-volt signal to produce
50 volts output, the applied voltage must be
2.5 -+ 5 or 7.5 volts. Now suppose that at
some gther frequency the voltage gain drops
to 10. Then for the same 50-volt output a 5-
volt signal is required, but since the feed-back
voltage is still 5 volts the total required signal
is now 10 volts. With feed-back the gain in the
first case was 50/7.5 volts or 6.66 and in the
second case 50/10 or 5, the gain in the second
case being 75 per cent as high as in the first.
Without feed-back the gain in the sccond case
was 50 per cent as high as in the first. The
effect of feed-back thercfore is to make the
resultant gain more uniform, despite the tend-
ency- of the amplifier itself to discriminate
against certain frequencies.

Negative feed-back also tends to decrease
harmonic distortion arising in the plate circuit
of the amplifier. This distortion is presentin the
amplified output voltage, but not in the origi-
nal signal voltage applied to the grid. The
voltage fed back to the grid circuit contains the
distortion but in opposite phase to the distor-
tion components in the plate circuit, hence the
two tend to cancel each other. For similar
reasons, the over-all amplification is less de-
pendent upon the value of load impedance used
in the plate circuit; in fact, if a large amount of
negative feed-back is used in an amplifier it is
even possible to substitute tubes of rather
widely different characteristics withont much
effeet on the over-all performance.

Both positive and negative feed-back may be
applied over several stages of an amplifier,
rather than being applied directly from the
plate circuit to the grid circuit of a single stage.

Power amplification — In the types of am-
plifiers previously described, the clief consid-
eration was that of securing as much voltage
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gain as possible within the permissible limits
of harmonic distortion and frequency response
characteristic. Such amplifiers are prinéipally
used to furnish an amplified signal voltage,
which in turn can be supplied to a suceceeding
amplifier. If the succceding amplifier is oper-
ated in such a way that its grid is never driven
positive with respect to its cathode, grid eur-
rent does not flow, and hence the power re-
quirements are negligibly small. However, if an
amplifiecr is used to actuate some power-con-
suming device, such as a loudspeaker or a
succeeding amplifier in which it is permissible
to drive the grid into the positive region, the
primary consideration is that of obtaining the
maximum power output consistent with the
permissible distortion. In such a case the volt-
age at which the power is secured is of little
consequence, since a transformer may be used
to change the voltage to any desired value,
within reasonable limits. Hence, the voltage
gain of a power amplifier is of little importance.

In power-amplifier operatiori the grid may or
may not be driven into the positive region, de-
pending upon the particular application. The
present discussion will be confined to the triode
amplifier operating without grid eurrent; other
types are considered in § 3-4. The principles-
upon which such a power amplifier operates are
practically identical with those already de-
scribed. The chief differences between a volt-
age amplifier and a power amplifier lie in the
sclection of tubes and in the choice of the value
of load resistance. As previously deseribed, if
voltage gain is the primary consideration the
load resistance should be as large as possible
in comparison to tlie plate resistance of the
tube. It can be shown that, in any clectrical cir-
cuit, maximum power output is secured when
the resistance of the load is made equal to the
internal resistance of the source of power. This
is true whether the power source is a battery,
a generator or a vacuum tube. In the case of the
vacuum tube the internal resistance is the
plate resistance of the tube, so that for maxi-
mum power output the load resistance should
be made equal to the plate resistance. How-
ever, when the tube is operated with so low a
value of load resistance there is considerable
lharmonic distortion, and optimmun power out-
put, representing an acceptable eonipromise
between distortion and the power obtainable, is
sccured when the load resistance is approxi-
mately twice the plate resistance.

Fig. 315—An elementary form of feed-back circuit. The
feed-back may be cither positive or negative, depending!
upon how the coil L is connected in the circuit. This type
of circuit illustrates the principle of feed-back, but it is
not practical for uscin an actual audio-frequency amplificr.
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Power-amplifier circuits — The plate or
output circuit of a power amplifier almost in-
variably is transformer-coupled to the power-
consuming device or load with which it is asso-
ciated. This is because the impedance of the
desired load seldom is the proper value for ob-
taining optimum power output from the ampli-
fier. Consequently, the load impedance must be
changed to a value suitable for the plate eircuit
of the amplifier tube. This can be done by
the use of transformers, as described in § 2-9.

Outprl
Transformer

Fig. 316— An clementary power-amplifier circuit in
which the power-consuming load is coupled to the plate
circuit through an impcedance-inatching transformer.

A basie power-amplifier circuit is shown in
Fig. 316. So long as the amplifier is operated
entirely in the negative-grid region and no grid
current flows, any of the previously described
types of coupling may be nsed between the
grid of the power amplifier and the preceding
amplifier. If there is no preceding amplifier, the
method of coupling will depend prineipally on
the characteristics of the source of the signal.

In Fig. 316 the load is represented as a re-
sistance. An actual load may have a reactance
as well as a resistance component, but only
the resistance will consume power (§ 2-8).

Power amplification ratio— The ratio of
a.c. output power to the a.e. power consumed
in the grid circuit (driving power) is called the
power amplification rutio or simply power am-
plification of the amplifier. If the amplifier
operates without grid current the a.c. power
consumed in the grid eircuit is negligibly small,
so that the power amplification ratio of such an
amplifier is extremely large. With other types
of operation the power amplification ratio may
be relatively small, as described in § 3-4.

Plate efficiency — The ratio of a.c. output
power to the d.c. power supplied to the plate
vircuit is called the plate efficiency of the ampli-
fier. 1t is expressed as a percentage:

% plate eflicienicy = Z—; X 100
where P, is the a.c. output power, I the plate
voltage and I the plate current, the latter two
being d.c. values.

The plate efficiency of amplifiers designed
for minimum distortion and a high power am-
plification ratio (operation without grid cur-
rent) is relatively low — of the order of 15 to
30 per cent. For minimum distortion the opera-
tion must: be confined to the region where the
waveshape of the alternating plate current is
substantially identical with that of the signal
on the grid, and, as previously explained, this

_ requirement can be met only by limiting the
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plate-current variations (that is, the alternat-
ing component of plate clirrent) to the straight
portion of the dynamic grid voltage vs. plate
current, characteristic. Sinee with a given load
resistance the power output is proportional to
the square of the alternating component of
plate current, it follows that limiting the plate-
current variation also limits the power output
in comparison to the d.c. plate power input.

Higher plate efficiency can be secured by
increasing the alternating component of plate
current, but this is accompanied by increased
distortion. Special types of amplifiers have
been devised to compensate for this distortion,
as described in the next section. In some appli-
cations, as in r.f. power amplification, the fact
that the signal applied to the grid is greatly
distorted is of no consequence, so that such
amplifiers can have high plate efficiency.

Power sensitivity — The ratio of a.c. power
output to alternating grid voltage is called the
power sensitivity of an amplifier. It provides a
convenient measure for comparing power tubes,
especially those designed for audio-frequency
amplification where the operation is to be with-
out grid current, since it expresses the relation-
ship between power output and the amount of
signal voltage required to produce the power.

The term power sensitivity also is used in
connection with radio-frequency power ampli-
fiers, in which case it has the same meaning as
power amplification ratio. A tube which de-~
livers its rated output power with a relatively
small amount of power consumed in the grid
circuit is said to have high power sensitivity.

Parallel operation — When it is necessary
to obtain more power output than one tube is
capable of giving, two or more tubes may be
connected in parallel. In this case the similar
clements in all tubes are connected together.
This method is shown in Fig. 317 for a trans-
former-coupled amplifier. The power output of
a parallel stage will be in proportion to the
number of tubes used; the exciting voltage re-
quired, however, is the same as for one tube.

If the amplifier operates in such a way as to
consume power in the grid circuit, the grid
power required also is in proportion to the
number of tubes used.

Push-pull operation — An increase in
power output can be secured by connecting
two tubes in pusk-pull, the grids and plates
of the two tubes being connected to opposite
ends of the circuit as shown in Fig. 317. A
“balanced” ecircuit, in which the cathode re-
turns are made to the midpoint of the input
and output Idevices, is necessary with push-
pull operation. At any instant the ends of the
secondary winding of the input transformer,
T, will be at opposite potentials with respect
to the cathode connection, so that the grid of
one tube is swung positive at the same instant
that the grid| of the other is swung negative.
Hence, in any push-pull-connected stage the
voltages and, currents of one tube are out
of phase with those of the other tube. The




S v . S 550y

Vacuum Tubes

plate current of one tube is rising while the
plate current of the other is falling, hence the
name “‘push-pull.” In push-pull operation the
even-harmonic (second, fourth, ete.) distortion
is cancelled in the symmetrical plate eircuit, so
that for the same power output the distortion
will be less than with parallel operation.

The exciting voltage measured between the
two grids must be twice that required for one
tube. If the grids consume power, the driving
power for the push-pull stage is twice that
taken by either tube alone.

The decibel — The ratio of the power levels
at two points in a cireuit such as an amplifier
can be expressed in terms of a unit called the
decibel, abbreviated db. The number of deci-
bels is 10 times the logarithm of the power
ratio, or

b
db. = 10 logF;

The decibel is a particularly useful unit be-
cause it is logarithmic, and thus corresponds
to the response of the human ear to sounds of
varying loudness. One decibel is approximately
the power ratio required to make a just no-
ticeable difference in sound intensity. Within
wide limits, changing the power by a given
ratio produces the same apparent change in
londness regardless of the power level; thus if
the power is doubled the increase is 3 db., or
three steps of intensity; if it is doubled again
the increase is again 3 db., or three further dis-
tinguishable steps. Successive amplifications
expressed in decibels can be added to obtain the
over-all amplification.

A power loss also can be expressed in deci-
bels. A decrease in power is indicated by a
minus sign (e.g., — 7 db.), and an increase in
power by a plus sign (e.g., + 4 db.). Negative
and positive quantities can be added numeri-
cally. Zero db. indicates the reference power

level, or a power ratio of 1.

Applications of amplification — The ma-~
jor uses of vacuum-tube amplifiers in radio
work are for amplifying at audio and radio fre-
quencies (§ 2-7). The audio-frequency ampli-
fier generally is used to amplify without dis-

qlund

PARALLEL

PUSH-PULL :
Fig. 317 — Parallel and push-pull a.f. amplifier circuits.

crimination at all frequencies in a wide range
(say from 100 to 3000 cycles for voice commu-
nication), and therefore is associated with non-
resonant or untuned eircuits which offer a uni-
form load over the desired range. The radio-fre-
quency amplifier, on the other hand, generally
is used to amplify selectively at a single radio
frequency, or over a small band of frequencies
at most, and therefore is associated with res-
onant circuits tunable to the desired frequency.

An audio-frequency amplifier may be con-
sidered a broad-band amplifier; most radio-
frequency amplifiers are designed to have rela-
tively narrow bandwidths.

In audio circuits the power tube or output
tube in the last stage usually is designed to
deliver a considerable amount of audio power,
while requiring but negligible power from the
input or exciting signal. To get the alternating
voltage (grid swing) required for the grid of
such a tube, voltage amplifiers are used em-
ploying high-z tubes which greatly increase
the voltage amplitude of the signal. Voltage
amplifiers are used in the radio-frequency
stages of receivers as well as in audio amplifiers;
power amplifiers are used in the radio-fre-
quency stages of transmitters.

( 3-4 Classes of Amplifiers

Reason for classification — It is convenient
to divide amplifiers into groups according to
the work they are intended to perform, as re-
lated to the opcrating conditions necessary to
aceomplish the purpose. This makes identifica-
tion easy and obviates the necessity for giving
a detailed description of the operation when
specific operating data are not required.

Class A— An amplifier operated as shown
in Fig. 306 or 307, in which the output wave-
shape is a faithful reproduction of the input
waveshape, is known as a Class-A amplifier.

As generally used, the grid of a Class-A
amplifier never is driven positive with respect
to the eathode by the exciting signal, and never
is driven so far negative that plate-current
cut-off is reached. The plate current is con-
stant both with and without grid excitation.
The chief characteristics-of the Class-A am-
plifier are low distortion, relatively low power
output for a given size of tube, and a high
power-amplification ratio. The plate efficiency
is relatively low (§ 3-3).

Class-A power amplifiers find application,_@:ﬁ'

output amplifiers in audio systems and as
drivers for Class-B power amplifiers. Class-A
voltage amplifiers are found in the stages pre-
ceding the power stage or stages in such ap-
plications, and as r.f. amplifiers in receivers.

Class B— The Class-B amplifier is prima-
rily one in which the output current, or alter-
nating component of the plate current, is
proportional to the amplitude of the exciting
grid voltage. Since power is proportional to the
square of the current,the power output of a
Class-B amplifier is proportional to the square
of the exciting grid voltage.
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Fig. 318 — Class-B
amplifier operation.

In Class-B service the grid bias is set so
that the plate current is relatively low without
grid excitation; the exciting signal amplitude is
made such that the entire linear portion of the
characteristic is used. Fig. 318 illustrates opera-
tion with the tube biased practically to cut-
off. In this condition plate current flows only
during the positive half-cycle of excitation. No
plate current flows during the negative half-
cycle. The shape of the plate current pulse is
essentially the same as that of the positive
swing of the signal voltage. Since the plate
current is driven up toward the saturation
point, it is usually necessary for the grid to be
driven positive with respect to the cathode
during part of the grid swing. Grid current
flows, therefore, and the driving source must
furnish power to supply the grid losses.

Class-B amplifiers are characterized by me-
dium power output, medium plate efficiency
(50 to 60 per cent at maximum signal), and
a moderate ratio of power amplification. At
radio frequencies they are used as linear am-
plifiers to raise the output power level in radio-
telephone transmitters after modulation.

For Class-B audio-frequency amplification
two tubes must be used, the second tube work-
ing alternately with the first so that both halves
of the cycle will be present in the output. A
typical method of achieving this is shown in
Fig. 319. The signal is fed to a transformer,
T\, whose secondary is divided into two equal
parts, with the tube grids connected to the
outer terminals and the grid bias fed in at
the center. A transformer, T, with a similarly
divided primary, is connected to the plates of
the tubes. When the signal voltage in the upper
half of 7' is positive with respect to the center

Fig. 319 — Showing how the outputs of the two tubes
in push-pull are combined in the Class-B audio amplifier,
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connection (center tap), the upper tube draws
plate current while the lower tube is idle; when
the lower half of 71 becomes positive, the
lower tube draws plate ecurrent while the upper
tube is idle. The voltages induced in the
primary ‘of T combine in the secondary to
produce an amplified reproduction of the signal.

Class AB— The similarity between the
Class-A B amplifier, Fig. 319, and the ordinary
push-pull circuit (Fig. 317) will be noted.
Actually, the ouly difference lies in the method
of operation. If the bias is adjusted so that the
tubes draw a moderate value of plate current
with no signal, the amplifier will operate Class
A at low signal voltages and more nearly Class
B at high signal voltages. This method gives
low distortion at moderate signal levels and
high plate efficiency at high signal levels,
making possible the use of relatively small
tubes in audio power amplifiers.

A further distinction can be made between
amplifiers which draw grid current and those
which do not. The Class-A B, amplifier draws
no grid current and thus consumes no power
from the driving source. The Cluss-AB, am-
plifier draws grid current at higher signal levels,
and power must be supplied to its grid circuit.

PLATE CURRENT, Ip

Fig. 320 — Class-C
amplifier operation.

Class C— The Class-C amplifier is one op-

-erated so that the alternating component of

the plate current is directly proportional to the
plate voltage. The output power is therefore
proportional to the square of the plate voltage.
Other characteristics inherent to Class-C oper-
ation are high plate efficiency, high power out-
put, and relatively low power amplification.
The grid bias is set at a value at least twice
that required for plate-current cut-off without
excitation. Thus plate current flows during
only a fraction of the positive excitation
cycle. The exciting signal should be of suffi-
cient amplitude to drive the plate current to
the saturation point, as shown in Fig. 320.
Since the grid must be driven far into the posi-
tive region to cause saturation, considerable
numbers of electrons are attracted to the grid
at the peak of the eycle, robbing the plate of
some that it would normally attract. This
causes the droop at the upper bend of the char-
acteristic, and also may eause the plate-current
pulse to be indented at the top. The output
wave-form is badly distorted, but at radio fre-
quencies the distortion is largely eliminated by

the flywheel effect of the tuned output circuit.
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Radio-frequency amplification — As de-
scribed in the preceding section, the reactances
of the grid-to-cathode and plate-to-cathode
capacities (together with unavoidable stray
capacities) in a vacuum tube become very
low at frequencies higher than the audio-

. frequency range. As a result, ordinary resist-

ance, impedance or transformer coupling can-
not be used at radio frequencies, because these

.capacities act as low-reactance by-passes across

the input and output circuits; hence the total
impedance in either the plate or grid circuit is
too low for appreciable voltage to be developed.
Wlen an amplifier is to be operated at radio
frequencies it is necessary to use resonant cir-
cuits as loads, the circuits being tuned to the
frequency to be amplified. Since such circuits
consist of coils and condensers, the tube and
stray capacities become part of the total tun-
ing capacity and are thus made to serve a use-
ful purpose. As described in § 2-10, the parallel
impedance of a resonant circuit can reach quite
high values when the @ is high. Values of
parallel-resonant impedance suitable for effec-
tive amplification are readily obtainable with
reasonably well-designed tuned circuits. -
Since maximum parallel impedance, and
consequently maximum amplification when
resonant circuits are associated with an am-
plifier tube, is obtained when the circuit is
exactly resonant at the applied frequency, it is
necessary that the resonant circuit associated
with the grid and that connected to the plate
be tuned to the same frequency. In practice,
it is difficult to maintain exact tuning over a
period of time. If the amplifier tube is a triode,
its input circuit will have a negative-resistance
characteristic (§ 3-3) when the plate-circuit
load has inductive reactance. If the resonant
circuit associated with the plate is tuned
slightly to the high-frequency side of exact
resonance, the cireuit will have inductive re-
actance, and energy will be transferred from the
plate circuit to the grid circuit. Such a circuit
has positive feed-back, or is regenerative. If
enough energy is so transferred (very little is
required) the tube will generate a self-sustain-
ing r.f. current, in which case it is said ‘to be

‘oscillating. When oscillation commences the

circuit ceases to amplify incoming signals,
since it 1s generating a signal of its own.
Oscillation in triode amplifiers ean be pre-
vented by using speeial cireuits but in prac-
tice these are unsatisfactory in receiving ap-
plications. Since the feed-back arises because
of the grid-plate capacity of the tube, it is best
eliminated by reducing the grid-plate capacity.
. Screen-grid tubes — The grid-plate capac-
ity ean be eliminated, or at least reduced to a
negligible value, by inserting a second grid
between the control grid and the plate as indi-
cated in TMig. 321. The second grid, called the
screen grid or shield grid, acts as an electro-
static shield (§ 2-11) between the control grid

and plate. It is made in the form of a grid or
coarse screen rather than as a solid metal sheet,
so that electrons can pass through it to the
plate; a solid shicld would entirely prevent the
flow of plate current. The screen grid is con-
nected to the cathode through a by-pass con-
denser, which has low impedance at the radio
frequency- being amplified. The electric lines
of force from the plate terminate on the sereen
grid, very little of the field getting through to
the control grid; similarly, the field set up by
the control grid does not penetrate past the
screen grid. Thus there is no common field
between tlie control grid and plate; hence no
capacity between these two tube elements.

Since the electric field from the plate does
not penetrate into the region oceupied by the
control grid, which is the region in which most
of the space charge is concentrated, the plate is
unable to exert an attraction upon the elec-
trons in this region. Consequently, the plate
voltage cannot control the flow of plate current
as it does in a triode. In order to get electrons
to the plate, it is necessary to apply a positive
potential (with respect to the cathode) to the
sereen. The screen then attracts clectrons much
as does the plate in a triode tube. In traveling
toward the screen the clectrons acquire veloc-
ity, so that most of them shoot between the
sereen wires into the field from the plate. Those
that pass through and are attracted to the
plate constitute tlie plate current of the tube.
A certain proportion do strike the screen,
however, with the result that some current
also flows to the screen grid. The screen cur-
rent will be low eompared to the plate current
in a tetrode, or four-element tube, however.
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Fig. 321 — Representative arrangement of clements
in a screcn-grid tube, with front part of plate and screen-
grid cut away. The screen grid usually is made longer
than cither the control grid or plate, so that the shiclding ¢
will be as effective as possible. In this drawing the con-
trol grid connection is made through a cap on the top of
the tube, thus climinating the capacity which would ex-
ist between the plate and grid leud ‘wires if both passed
through the base. Some modern tubes which have both
leads going through the base use special shielding and
constriction to eliminate cupucity. Symbols for peatode
and tetrode tubes: 11, heater; C, cathode; G, control
grid; P, plate; S, screen grid; Sup., suppressor grid.
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Secondary emission — When an clectron
traveling at appreciable velocity through a
tube strikes the plate it dislodges other elec-
trons. These “splash” from the plate into the
interelement space, 2 phenomenon called sec-
ondary emission. In a triode ordinarily oper-
ated with the grid negative with respect to
cathode, secondary electrons are repelled back
into the plate and cause no disturbance. In
the screen-grid tube, however, the positively
charged screen attracts the secondary elec-
trons, causing a reverse current to flow be-
tween screen and plate. The effect is particu-
larly marked when the -plate and screen
potentials are nearly ecqual, which may be the
case during the part of the a.c. eycle when the
instantaneous plate current is large and the
plate voltage low (§ 3-3).

Pentode tubes — To overcome the effects of
secondary emission, a third grid, ealled the
suppressor grid, may be inserted betwecn the
sereen and plate. This grid, which is connected
directly to the cathode, repels the relatively
low-velocity secondary electrons. They are
driven back to the plate without appreciably
obstructing the regular plate-current flow.

Although the screen grid in oither the tetrode
or pentode greatly reduces the influence of the
plate upon plate-current flow, it is quite ob-
vious that the control grid still can control the
plate current in essentially the same way that
it does in a triode, since the control grid is still
in the space-charge region. Consequently, the
grid-plate transconductance (or mutual eon-
ductance) of a tetrode or pentode will be of the
same order of value as in a triode of corre-
sponding structure. On the other hand, since
the plate voltage has very little effect on the
plate-current flow, both the amplification factor
and plate resistance of a pentode or tetrode are
very high, as is apparent from the definitions of
these constants (§3-2). In small receiving
pentodes the amplification factor is of the
order of 1000 or higher, while the plate re-
sistance may be from 0.5 to 1 or more meg-
ohms. Because of the high plate resistance,
the actual voltage amplification possible with
a pentode is very much less than the large am-
plification factor might indicate. In resistance-
coupled audio-frequency amplifiers, voltage
amplification or gain of 100 to 200 is typical.

A typical set of characteristic curves for a
small pentode is shown in Fig. 322. That the
plate voltage has little effeet on the plate cur-
rent is indicated by the fact that the curves are
practically horizontal once the plate voltage is
high enough to prevent the electrons in the
space between the screen grid and the plate

from being attracted back to the screen. The

plate potential at which this occurs is less than
the screen potential, because the electrons
entering the space have considerable velocity
and hence tend to move away from the screen
despite the fact that it has a positive charge.

In addition to their applications as radio-
frequency amplifiers, pentode or tetrode screen

grid tubes also can be constructed for audio-
frequency power amplification. In tubes de-
signed for this purpose the shielding effect of
the screen grid is not so important; the chief
function of the screen is to sérve as an ac-
celerator of the electrons, so that large values
of plate current can be drawn at relatively low
plate voltages. Such tubes have quite high
power sensitivity (§ 3-4) compared to triodes
of the same power output, because the amplifi-
cation factor of an equivalent triode has to be
made quite low in order to secure the same
plate current at the same plate voltage. Be-
cause of the low g, the triode requires a rela-
tively large signal voltage for full output, hence
has low power sensitivity. The harmonic dis-
tortion is somewhat greater with pentodes and
tetrodes than with triodes, however.
Variable-mu and sharp cut-off tubes —
Receiving screen-grid tetrodes and pentodes
for radio-frequency voltage amplification are
made in two types, known as sharp cut-off
and variable-p or ‘‘super-control’” types. In
the sharp cut-off type the amplification factor
is practically constant regardless of grid bias,
while in the variable-p type the amplification
factor decreases as the negative bias is in-
creased. The purpose of this design is to permit

_the tube to handle large signal voltages with-

out distortion in circuits in which grid-bias
controlis used to vary the mutual conductance,
and hence the amplification.

The way in which mutual conductance
varies with grid bias in two typical small re-
ceiving pentodes, similar except in that one is
a sharp cut-off type and the other a variable-z
type, is shown in Fig. 323. Obviously, the vari-
able-z type can handle a much larger signal
voltage without swinging beyond either the
point of zero grid bias or of plate-current cut-
off (zero mutual conductance), if the bias is
properly chosen.

Beam tubes— A ‘“‘beam’-type tube is a
tetrode with grids so constructed as to form the
electrons traveling to the plate into concen-
trated beams, resulting in higher plate effi-
ciency and power sensitivity. Suitable design
also overcomes the effects of secondary emis-
sion without the necessity for a suppressor
grid. Tubes constructed on the beam principle
are used in receivers as both r.f. and audio
amplifiers, and are built in larger sizes for
transmitting circuits. .
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q 3-5-B Special-Purpose Tubes

Multi-purpose types — A number of com-
bination types of tubes have been constructed
to perform multiple functions, particularly in
receiver circuits. For the most part these are
multi-unit tubes made up of individual tube
element structures, combined in a single bulb
for compactness and economy. Among the
simplest are full-wave rectifiers, combining
two diodes in one envelope, and twin triodes,
consisting of two triodes in one bulb for
Class-B audio amplification. More complex
types include duplex-diode triodes, duplex-
diode pentodes, converters and mixers (for
superheterodyne receivers), combination power
tubes and rectifiers, and so on. In many cases
the nature can be identified by the name.

Mercury-vapor rectifiers — For a pgiven
value of plate eurrent, the power lost in a diode
rectifier (§ 3-1) will be lessened if it is possible
to decrease the plate-ecathode voltage at which
the current is obtained. If a small amount of
mercury is put in the tube, the mercury will
vaporize when the cathode is heated, and,
further, will ionize (§ 2-4) when plate voltage is
applied. The positive ions neutralize the space
charge and reduce the plate-cathode voltage
drop to a practically constant value of about 15
volts, regardless of the value of plate current.
Since this voltage drop is smaller than can be at-
tained with purely thermionic conduction, there
is less power loss in the rectifier. Voltage drop
is constant despite variations. Mercury-vapor
tubes are widely used in power rectifiers.

Grid-control rectifiers— If a grid is in-
serted in a mereury-vapor rectifier it is found
that with sufficient negative grid bias it is
possible to prevent plate current from flowing,
but only if the bias is present before plate volt-
age is applied. If the bias is lowered to the
point where plate current can flow, the mer-
cury vapor will ionize and the grid will lose
control of plate current, since the space charge
disappears when ionization occurs. It can as-
sume control again only after the plate voltage
is reduced below the ionizing potential. The
same phenomenon also occurs in triodes filled
with other gases which ionize at low pressure.
Grid-control rectifiers find considerable appli-
-cation in ‘“electronic switching” circuits.
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q 3-6 Vacuum-Tube Cathodes

Types of cathodes — Cathodes are of two
general types, directly and indirectly heated.
Directly-heated cathodes or filaments are of
the oride-coaled type, consisting of a wire or
ribbon of tungsten coated with an oxide capa-
ble of emitting large numbers of electrons with
comparatively little cathode-heating power.,

When direectly-heated cathodes are operated
on alternating current, the cyclic variation of
current causes the plate current of the tube
to vary at the supply-frequeney rate, producing
hum in the output. Hum from this source is
eliminated in the indirecily heated cathode,
consisting of a thin metal sleeye or thimble,
coated with electron-emitting oxides, enclosing
a tungsten wire which aets as a heater. The
heater brings the cathode to the proper tem-
perature to cause electron emission. This type
is also known as the equi-poleniial cathode
since all of it is at the same potential, in con-
trast to the directly heated filament where a
voltage drop occurs along the wire.

The source of filament power for a directly
heated cathode — battery or transformer —
necessarily is directly connected to the tube
circuit. With an indirectly lieated cathode the
source of heating power can be entirely inde-
pendent of the tube circuit, since the electron-
emitting cathode need not be electrically con-
nected to the heating element.

While the oxide-coated cathode emits the
largest number of electrons per watt of heat-
ing power, it is suitable only for tubes operat-
ing at plate voltages of 1000 volts or less. In
manufacture thereis a tendency for the electron-
emitting material to be deposited on the con-
trol grid which, while of little consequence
in reeceiving tubes, leads to difficulties in
power-tube operation. A receiving tube is
usually operated with little or no grid current,
50 that only very small amounts of power must
be dissipated by the grid. On the other hand, in
a power tube operated as a Class-C amplifier or
oscillator the power the grid must dissipate is
relatively high and its temperature rises cor-

A B C D E

Fig. 324 — Types of eathode construction. Direetly
heated cathodes or filaments are shown at A, B, and C.
The inverted V filament is used in small reeciving
tubes, the M in both receiving and transmitting tub€s.
The spiral filament is a transmitting-tube type. The
indirectly heated cathodes at D and E show two types
of heater construction, one a twisted loop and the other
bunched heater wires. Both types tend to cancel the
magnetic fields set'up by the current through the heater.
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respondingly. In tubes handling large amounts
of power, further raising the internal tube
temperature, the control-grid temperature
may become high cnough to cause electron
emission from the deposited oxide material.
When this occurs, the grid is in effect a second
cathode. The clectrons so emitted increase the
total plate current without increasing the
power output, with the result that the plate
efficiency is lowered and the plate temperature
rises. This in turn tends to increase the grid
temperature, causing more electron emission.
In a short time the tube will “run away” —
its plate current increasing to unsafe values
while the power output decreases.

A second factor which makes oxide-coated
cathodes unsuitable for power tubes is bom-
bardment of the cathode by positive ions.
Although by far the greater part of the air is
pumped out of the tube, there is always some
residual gas. The gas molecules become ion-
ized (§ 2-4), separate into an electron and a
positively charged ion. The heavy positive ion
is repelled by the positive charge on the plate
and driven at high velocity into the cathode,
stripping whole sections of electron-emitting
material from the heating wire or sleeve.

Tubes for operation at less than three or
four thousand volts usually have thoriated-
tungsten cathodes. This type is directly heated,
consisting of a filament of tungsten containing

dissolved thoria which makes the filament .

much more efficient as an eclectron emitter.
While the thoriated filament is in turn less
efficient than the oxide-coated type, it is free
from the grid-emission effects described above
and is less susceptible to positive ion bom-
bardment than the oxide-coated type. Less
gas is trapped or ““occluded” in the cathode it-
self, but the effect of the thorium can be de-
stroyed (if only temporarily) by bombardment.

Tubes built to operate at several thousand
volts are provided with cathodes of pure tung-
sten. This material must be operated at high
temperature (white heat) for reasonable elec-
tron-emission efficiency, but even then is very
much less efficient than either the thoriated
or oxide-coated cathode. However, it is the
only type satisfactory in high-voltage operation.

The operating temperature of a thoriated
tungsten filament is fairly ecritieal, and the
specified filament voltage should be main-
tained within a few per cent. These filaments,
as well as oxide-coated cathodes, eventually
“lose emission’”; that is, the emission effi-
ciency of the cathode decreases sufficient elec-
tron emission for satisfactory tube operation
cannot be obtained without raising the eath-
ode temperature to an unsafe value. Pure
tungsten cathodes do not lose emission, but
the high operating temperature makes them
more susceptible to “burn-out.”

Methods of oblaining grid bias— Grid
bias may be obtained from a source of voltage
especially provided for that purpose, such as
a battery or other type of d.c. power supply.
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This is indiecated in Fig. 325-A. A second
method, utilizing a cathode resistor, is shown at
B; d.c. plate current flowing through the re-
sistor causes a voltage drop which, with the
connections showi, has the right polarity to
bias the grid negatively with respect to the
cathode. The value of the resistor is deter-
mined by the bias required and the plate cur-
rent which flows at that value of bias, as found
from the tube characteristic curves; with the
voltage and current known, the resistance can
be determined by Ohm’s Law (§ 2-6):

B, = I X 1000
I,
where E. = cathode bias resistor in chms
E = desired bias voltage

I. = total d.c. cathode current in milli- ~
amperes.

If the tube is a multi-element type, the screen-
and suppressor-grid currents should be added
to the plate current to obgain the total cathode
current. The control-grid current also should
be included if the control grid is driven positive.
The a.c. component of plate current flowing
through the eathode resistor will cause an a.c.
voltage drop which gives negative feed-back
(§3-3) into the grid ecireuit, and thus reduces
the amplification. To prevent this, the re-
sistor usually is by-passed (§2-13), C. being
the cathode by-pass condenser. To be effective,
the reactance of the by-pass condenser must be
small compared to R at the frequency being

amplified.
'.S'ignalg . 3
Elg _j |
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generally is
satisfied if the
reactanceis 10
percent or less
of the cathode
resistance. In
audio-frequen- ——
cy amplifiers,

This condition
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pacity.

A third bias~
ing method is = 1 .
by useof a grid -
o B % Fig. 35— The three basic mothods

» (g 1 K1 p ohtaining grid bias. A, fixed bias;

32_5'0- Thisre- B, cathode bias; C, grid-leak bias.
quires that the

exciting voltage be positive with respect to the
cathode during part of the cycle, so that grid
current will flow. The flow of grid current
through the grid leak causes a voltage drop -
across the resistor, which gives the grid a nega-~
tive bias. The time constant (§ 2-6) of the grid
leak and grid condenser should be large in com-
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parison to the time of one eycle of the exciting
voltage, so that the grid bias will be substan~
tially constant and will not follow the varia-
tions in a.c. grid voltage. For grid-leak bias,
R, — B X 1000
I

where R, is the grid-leak resistance in ohms,
E the desired bias voltage and I, the d.c. grid
current in ma.

For two tubes operated in push-pull or
parallel with s common cathode- or grid-leak
resistor, the required resistance becomes one-
half that for a single tube. In push-pull Class-A
circuits operating at audio frequencies, it is
unnecessary to by-pass the cathode resistor.
In this case the a.c. component of cathode
current in one tube is out of phase with the
a.c. component in the other, so that the two
cancel each other.

The choice of a biasing method depends

upon the type of operation. Fixed bias usually

. is required where the d.c. plate current of the

amplifier varies in operation, as in Class-B
audio-frequency amplifiers; if cathode bias is
used the bias voltage would vary with the
plate current. Since the plate current of a
Class-A amplifier is constant with or without
signal, such amplifiers almost invariably have
cathode bias. Grid-leal bias cannot be used
with amplifiers operated so that the grid is
always negative with respect to the cathode,
since in such a case there is no grid current and
hence no voltage drop in the grid leak. Grid-
leak bias is chiefly used for r.f. power amplifiers
and for certain types of detectors. In power
amplifiers, & combination of two or even all
three types of bias may be ‘used on one tube.
Cathode circuits; filament center tap —
When &z filament-type cathode is heated by
a.c., hum can be minimized by making the two
.ends of the filament have equal and opposite

potentials with respect to a center point, usu-.

ally grounded (§ 2-13), to which the grid and
plate return circuits are eonnected. The fila-
ment transformer winding may be center-tapped
for this purpose, as shown in Fig. 326-A. With
an untapped winding, a center-tapped re-
sistor of 10 to 50 ohms is used, as at B. The
by-pass condensers, C1 and Cj are used in
r.f. circuits to avoid having the r.f. current
flow through the transformer or resistor.

® ®
G © Plate Grid e Plate
,fh’:,d return return (.L) return
[ —‘:i }:~cz
_— W

Fig. 326 — Filament transformer center-tap connections.

The heater supply for tubes with indirectly
heated cathodes sometimes is center-tapped
for the same purpose; more frequently, how-
ever, one side of thie heater is grounded.

@

Fig. 327 — Calculation of plate and screen voltages.

Plate and screen voltage — Since the d.c.
plate current flows through any resistance °
placed in the plate circuit of a tube as a load
or coupling medium (§ 3-3), the actual voltage
at the plate is less than the supply voltage by
the voltage drop across the total resistance.

With transformer coupling this effect is not
ordinarily of great importance, because the in-
ductance of the transformer primary provides
a high-impedance load at audio frequencies,
while the d.c. resistance of the winding causes
only a small drop in d.c. plate voltage.

In a resistance-coupled or parallel-fed stage
the operating voltage is less than the supply
voltage by the drop through the load resistor,
R,. Thus, in Fig. 327-A, E, = Ey — (Ip X B;).

Screen voltage is determined in the same way,
using the sereen current, I,, to calculate the
drop across the screen dropping resistor, I..

In Fig. 327-B both plate and screen current
flows through a eommon filter resistor, so that
both currents must be added in calculating the
voltage drop across ;. Thus

By = B ~ (I, + L) (By) — LB,
E, = By, — (Iy + 1) (R1) — L.R..

In Fig. 327-C, the sereen voltage, E,, is ob-
tained from & tap on a voltage divider consist-
ing of B, and R,. The screen voltage, E,, is equal
to the voltage drop across R,. First assigning &
value of bleeder current, I (§ 8-4), this value
is added to I, to obtain I,,. Then B, = E./I..
The voltage across I is the difference between
the sereen voltage and the supply voltage, or
Ry = Ey — E,/I... R, is determined as above.

The resistance-capa-
city.filter (§ 2-11) in
Fig. 328, C/ Ry, is & de-
coupling circuit which
isolates the stage from
the power supply, to
eliminate unwanted
coupling between stages
through the common )
impedance of the pow- Fig. 328 — Decoupling in a
er supply. resistance-coupled amplifier.

Frequency response
—The frequency responmse of a resistance-
coupled amplifier is determined by the coupling
condenser, the following-stage grid resistor, the
cathode bias resistor and its by-pass condenscr.
Amplification at low frequencies dependson the
time constant (§ 2-6) of these CR combinations.

The value of the grid resistor, R, should be
at least four times that of the plate load fe-
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sistor, B,, but should not exceed the maximum
value for safe operation of the tube. The higher
values give great-
est low-frequency
response with a
given size of cou-
pling condenser, C;
0.1 ufd. will provide
ample coupling at
low frequencies for
most tubes with the
usual values of load
resistanece and next-

e - p
Fig. 329 — Wide-band pentode Sta'%ehimir;fit:ﬁcceé
amplifier with both low- and )
high-frequency compensation. (§2-8) of C.must be
small compared to
the resistance of B.. With values of R; in the
vicinity of 10,000 ohms, a condenser of 1 nfd.
will suffice, more common practice is to use 5~
or 10-pfd. low-voltage electrolytic condensers.

For maximum voltage gain, R, should have
as high resistance as possible without causing
too great a voltage drop. Values range from
50,000 ohms to 0.5 megohm, the smaller figure
being used with triodes having comparatively
low plate resistance. The value of R, depends
upon [, which principally determines tle
plate current. Values for the sereen resistor,
R., may vary from 0.25 to 2 megohms. A
screen by-pass condenser (C.,) of 0.1 ufd. will be
adequate in most cases.

Table I in Chapter Fourteen shows suitable
values for the more popular types of amplifier
tubes. The calculated stage gain and peak un-
distorted output voltage also are given.

Low-frequency compensation— While the
amplitude response of a resistance-coupled
amplifier usually is satisfactory at low fre-
quencies, the phase angle introduced by the
coupling condenser, C., and the next-stage grid
resistor, R, is sufficient to prevent proper re-
production of low-frequency square waves un-
less very large values are employed. Yet such
large values increase the shunt capacity to
ground, introduce grid-current difficultics in
the following stage, and may even induce re-
laxation oscillations (motorboating).

The effect of the time constant of C.R, may
be compensated for by proper design of the de-
coupling filter, RrCr. The design equation is

CrRlLRr
Rt iy = OB

Values of RrCr from 0.15 to 0.5 should be
used for 0° phase angle above 30 cycles.

High-frequency compensation— The most
widely used method for extending high-
frequency response is the shunt-peaking eir-
cuit, with a resonating (peaking) inductance,
Ly, in shunt across the circuit capacity, C:. The
design values of L and R; are based on the
shunt eapacity, C;, and the maximum required
frequency, fms.. C: can be estimated by adding
3 to b uufd. (for socket and wiring) to the tube
irfput and output eapacities,

T

THE RADIO AMATEUR'lS HANDBOOK

The impedance of L is made one-half the
impedance of C: at fua.. This is equivalent to
making the resonant frequency between L and
C: equal to 1.41 times fiaz.

Simplified design equations for shunt peak-
ing compensation are as follows:

1
RL = 27rfmath
L = 0.5C B2

Typical values of Ry are from 2000 to
10,000 ohms; of L, from 25 to 100 uh.

Cathode follower — The cathode-coupler or
cathode follower, also known as the grounded-
plate or tnverted amplifier, differs from a con-
ventional amplifier in that output is taken
from the cathode circuit rather than from the
plate. Since the cathode impedance is always
low compared with that of the plate, the cireuit
is applicable wherever matching to a low value
of Joad impedance (fifty to several hundred
ohms) is required. Because the eathode fol-

- lower is inherently degenerative, it is par-

ticularly useful wherever equalized frequency
response and minimum phase shift are impor-
tant. Power amplifieation comparable to that
of an equivalent plate-coupled stage may be
secured, but the voltage gain is always less
than unity.

- ®

Fig. 330 — Cathode follower or inverted amplificr cir-
cuits. A, dircet-coupled output; C, resistance-capacity
coupling to load. R: is the usual cathode-bias resistor.

Grounded-grid amplifier — In the cireuit
of Fig. 311 the grid of a triode amplifier is
grounded. Used primarily at very high frequen-
cies above the effective limits of amplification
for pentode tubes, in this cireuit the grid serves
both as a control electrode and as a screen be-
tween cathode and plate, greatly reducing the
internal feed-back capacity. To enhance the
screening effect, tubes designed especially for
grounded-grid u.h.f. amplifier service have
additional internal shielding associated with
the grid. Multiple grid leads connccted in
parallel niinimize lead reactance between tube
elements and ground. R.f. chokes in the heater
leads maintain the heater at cathode potential.

_:I::c, :_L:c,,

Fig, 331 '-'Cl‘o\:illdcd-grid amplifier circuit for v.h.f.
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¢ 3-7-A Oscillators

Self-oscillation — That an amplifier tube
can be made to gencrate a sustained radio-
frequency current (§3-5) by virtue of self-
oscillation is possible only because of the
amplifying action of the tube. In an amplifier
stage having positive feed-back, the total
amplification is larger than it would be without
feed-back (§ 3-3). In general, the greater the
feed-back the greater the total amplification.
The process of increasing feed-back to obtain
greater amplification eannot be carried on in-
definitely, however. Because of the amplifying
properties of the tube, more energy is devel-
oped in the plate cireuit than is required in the
grid cireuit. If enough energy is fed back to the
grid, the feed-back process becomes inde-
pendent of any applied signal voltage. The
tube supplies its own grid excitation and con-
tinuous oscillations are generated. The actual
energy required to overcome the grid losses is,
in the end, taken from the d.c. plate supply.

The process of oscillation may also be con-
sidered from the standpoint of negative resist-
ance. As previously deseribed (§ 3-3), positive
feed-back is cquivalent to shunting a negative
resistance across the input circuit of the tube.
When the value of negative resistance beeomes
lower than the positive resistance of the circuit
(if the circuit is parallel resonant the positive
resistance will be the resonant impedance of
the circuit) the net resistance is negative, indi-
cating that the circuit can be looked upon as a
source of energy. Such a source is capable of
maintaining a constant voltage which can be
amplified by the tube. The actual energy, of
course, comes from the plate circuit of the tube,
so that the two viewpoints are equivalent.

A circuit having the property of generating
continuous osecillations is called an oscillator.
It is not necessary to apply external excitation
to such a circuit, since any random variation in
current will be amplified to cause oscillation.
The frequency of oscillation will be that at
which the feed-back voltage has the proper
phase and amplitude. Where resonant cireuits
are associated with oscillators, the oscillation
frequencyisvery nearly thatof the tuned circuit.

Excitation and bias — The excitation volt-
age required depends upon the characteristics
of the tube and the losses in the circuit, includ-
ing the power consumed in the load. In practi-
cally all oscillators the grid is driven positive
during part of the cycle, so that power is con-
sumed in the grid circuit (§ 3-2). This power
must be supplied from the plate circuit. With
insufficient excitation, the tube will not oscil-
late; with over-excitation, the grid losses (power
consumed in the grid circuit) will be excessive.

Oscillators customarily arve grid-leak biased
(§ 3-6). This takes advantage of the grid-cur-
rent flow and gives better operation, the bias
adjusting itself to the excitation voltage.

Tank circuit — The resonant circuit asso-
ciated with the oscillator is commonly called

rd

the tank circuif, a name derived from the
storage of energy associated with a resonant
circuit (§2-10). The term is applied to any
resonant eireuit in transmitting applications,
whether in an oscillator or in an amplifier.

Plate efficiency — The plate efficiency (§ 3-3)
of an osecillator depends upon the load resist-
ance, excitation and other operating factors.
Usually it is around 50 per cent. It is not as
high as in an amplifier, since the oseillator must
supply its own grid losses. These may represent
10 to 20 per cent of the output power.

Power output — The power output of an
oscillator*is the useful a.c. power consumed
in any load connected to the oscillator. The
load may be coupled as described in § 2-11.

Frequency stability — The frequency sta-
bility of an oscillator is its ability to maintain
constant frequency. The more important fac-
tors which may cause a change in frequency are
(1) temperature, (2) plate voltage, (3) loading,
(4) mechanical variations of circuit elements.
Temperature changes will cause vacuum-tube
elements to expand or contract slightly, thus
causing variations in the interelectrode ca-
pacities (§3-2). Since these are unavoidably
part of the tuned circuit, the frequency will
change correspondingly. Temperature changes
in the coil or condenser will alter their induct-
ance or capacity slightly, again causing a shift
in the resonant frequency. These effects arae
relatively slow in operation, and the frequency
change caused by them is called drift.

Load variations aet in much the same way as
plate voltage variations. A temperature change
in the load may also result in drift.

Plate-voltage variations will cause a cor-
responding instantaneous shift in frequency;
this type of frequency shift is called dynamicin-
stability. Dynamic instability can be reduced
by using a tuned circuit of high effective @.
Since the tube and load represent a relatively
low resistance in parallel with the circuit, this
means that a low L/C ratio (“high-C’’") must
be used (§ 2-10) and that the circuit should be
lightly loaded. Dynamic stability also can be
improved by using a high value of grid leak,
which gives high grid bias and raises the ef-
fective resistance of the tube as seen by the
tank circuit, and by using relatively high plate
voltage and low plate current. Drift ean be
minimized by keeping the d.c. input low for the
size of tube, by using coils of large wire to pre-
vent undue temperature rise, and by providing
good ventilation to carry off heat rapidly. A
low L/C ratio in the tank ecircuit is desirable,
because the interelectrode capacity variations
have proportionately less cffect on the fre-
quency when shunted by a large condenser.

Mechanical variations, usual.y caused by
vibration, cause changes in inductance and/
or capacity which in turn cause the frequency
to “wobble” in step with the vibration.

Mechanical instability can be minimized by
using well-designed components and insulating
the oscillator from mechanical vibration.
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( 3-7-B Feed-Back Oscillators

Magnetic feed-back — One form of feed-
back is by electromagnetic coupling between
plate (output) and grid (input) circuits. Two

represcntative

circuits of this

(C’; type are shown

in Fig. 332. That
<, Rg at A is called the
tickler circuit.
The amplified
current flowing

Rehote in the “tickler,”

Ly, induces a
i voltage in L; in
. the proper phase
R when both coils
-5 are wound in the
samec direetion
and connected
as shown in the
diagram. The
feed-back can be adjusted by adjusting the
coupling between L; and L.

The Hartley cireuit, B, is similar in principle.
There is only one coil, but it is divided so that
part of it is in the plate circuit and part in the
grid circuit. The magnetic coupling between
the two sections provides the feed-back, which
can be adjusted by moving the tap on the coil.
° Capacity feed-back — The feed-back can
also be obtained through capacity coupling, as
shown in Fig. 333. In A, the Colpilis circuit,
the voltage ncross the resonant circuit is di-
vided, by means of the series condensers, into
two parts. The instantaneous voltages at the
ends of the circuit are opposite in polarity with
respect to the cathode, hence in the right phase
to sustain oscillation. The tuned-grid tuned-
plate circuit at B utilizes the grid-plate ca-
pacity of the tube to provide feed-back cou-

.pling. There
.3 Should be no

magnetic cou-
pling between
the two tuned-
circuit coils.
Feed-back can
be adjusted by
varying the
tuning of either
the grid or plate
circuit. The cir-
cuit with the
higher Q (§ 2-10)
determines the
frequency of os-
cillation. The
plate ecircuit
must be tuned
to o slightly
higher fre-
quency than
the grid cireuit,
s0 that it will

(A)

Fig. 332 — Two typcs of oscilla-
tor cirenits with magnetic feed-
back. A, grid tickler; B, Hartley.

R.F.Choke

-

Fig. 333 — Capacity feed-back ns-
cillators. A, Colpitts; B, tuned-
plate tuned-grid; C, ultraudion,

SEE ©
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have inductive reactance and henee give posi-
tive feed-back (§ 3-3). The amount of detuning
is so small it is customary to assume that the
circuits are tuned to the same frequency.

The wuliraudion circuit at C is equivalent to
the Colpitts, with the voltage division for
oscillation brought about throngh the grid-to-
filament and plate-to-filament capacities of the
tube. In this and in the Colpitts circuit, the feed-
back can be controlled by varying the ratio
of the two capacities. In the ultraudion cireuit,
this ean be done by connecting a small variable
condenser between grid and cathode.

The electron-coupled oscillator — The
effects of loading and coupling to the next
stage can be greatly reduced by use of the
electron-coupled circuit, in which a screen-grid
tube (§3-5) is 50 connected that its screen
grid is used as a plate, in conjunction with the
control grid and cathode, in an ordinary
triode oscillator circuit. The screen is operated
at ground r.f. potential (§ 2-13) to act as a shield

= = HV +

Fig. 334 — Elcctron-coupled oscillator circuit.

between the actual plate and the cathode and
control grid; the latter two elements therefore
must be above ground potential. The out-
put is taken from the plate circuit. Under these
conditions the capacity coupling (§ 2-11) be-
tween the plate and other ungrounded tube
elements is quite small, hence the output
power is secured almost entirely by variations
in the plate current caused by the varying
potentials on the grid and cathode. Since in 2
screen-grid tube the plate voltage has 2 rela-
tively small effect on the plate current, the
reaction on the oscillator frequency for differ-
ent conditions of loading is small.

A Hartley (§ 3-7) circuit is used in the fre-
quency-determining portion of the oscillator
shown in Fig. 334, where L; C; is the oscillator
tank circuit. The screen is grounded for r.f.
through a by-pass condenser (§ 2-13), but has
the usual d.c. potential. The cathode connece-
tion is made to a tap on the tank coil to provide
fecd-back. The resonant plate circuit, LgCy,
is tuned cither to the oscillation frequency or
to 2 harmonic. Untuned output coupling also
may be used; the output voltege and power are
considerably lower, but better isolation be-
tween oscillator and amplifier is secured.

If the oscillator tube is a pentode having an
external suppressor connection the suppressor
grid should be grounded. This provides addi-
tional internal shielding and further isolates the
plate from the frequency-determining circuit.
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Fig. 335 — Franklin master-oscillator eircuit.

C1, C2 — Approximately 1 to 2-ppfd. (adjustable).
Ce— 0.001-ufd. R,, IR, — 50,000 ohrus.

Franklin oscillator — The Franklin oscil-
lator circuit of ¥ig. 335, pupular abroad, has
characteristics similar to the e.c.o. A high-gain
feed-back amplifier is very loosely coupled to a
tank circuit, LC, via two condenscrs, C1 and
Cy, of extremely small capacity. So weak is the
coupling that the tube ecircuit has negligible
effect upon the frequéncy-controlling tank.

Crystal oscillators — Since a properly cut
quartz crystal is equivalent to a high-Q tuned
circuit (§ 2-10), it may be substituted for a con-
ventional tuned eireunit in an oscillator to con-
trol the frequency of vscillation. A simple crys-
tal oscillator circuit is shown in Fig. 336. It is

_L— Fig. 336 — Simple erystal

oscillator circuit. Many
variations of this husic cir-
cuit arc used in practice.

similar*to the tuned-plate tuned-grid circuit
except that a crystal is substituted for the
resonant grid circuit. Detailed information on
erystal oscillators is given in Chapter Four.

Series and parallel feed— A circuit such as
the grid-tickler cireuit of Fig. 332-A is said to
be series fed becausc the source of plate voltage
and the r.f. plate eircuit (the tiekler coil) are
connected in series; hence the d.c. plate current
flows through the coil to the plate. A by-pass
(§ 2-13) condenser, C,, is connceted across the
plate supply to shunt the r.f. current around
the power source. Other examples of serics
plate feed arc shown in Figs. 333-B and 334.

In some cases the source of plate power must
be connected in parallel with the tuned circuit
to provide a direct-current path to the plate.
This is illustrated in Fig. 332-B, where it would
be impossible to feed the plate current through
the eoil because there is a direct connection be-
tween the coil and cathode. Hence the voltage
is applied to the plate through a radio-fre-
quency choke, which prevents the r.f. current
from flowing to the plate supply and thus
short-cireuiting the oscillator. The blocking
condenser, Cy, provides a low-impedance path’
for radio-frequency current flow but is an open
circuit for direct current (§2-13). Other ex-
amples of parnllel feed are shown in TFigs.
333-A and 333-C.

Values for the r.f. chokes, by-pass and block-
ing condensers shown will be determined by
the considerations outlined in § 2-13.

Rl

€ 3-7-C Negative Resistance Oscillators.

Negative-resistance oscillations — If a res-
onant circuit were completely free from losses,
a current once started would continue indefi-
nitely; that is, sustained oscillations would
occur. As previously explained, this condition
can be simulated in practice by canceling the
actual resistance in the circuit by inserting an
equal or greater amount of ncgaiive reststance.
Negative resistance is exhibited by any device
showing an increase of current when the ap-
plied voltage is decreased, or vice versa. Fur-
thermore, any negative resistance deviee eap-
able of neutralizing the resistance of a resonant
circuit will maintain sustained oscillations in
that circuit. .

In addition to its ability to create negative
resistance by feed-back in a tuned circuit at its
resonant frequency, a vacuum tube can in itself
be made to show negative resistance by a num-
ber of arrangements of electrode potentials.

When a tube so arranged is conneeted across
8 two-terminal parallel-resonant circuit which
will neutralize its conductance, oscillation will
be established. Typical two-terminal oscillator
eircuits are shown in Fig. 337.

The circuit of TFig. 337-A is that of the
dynatron oscillator, which functions because
of the secondary emission from the plate oc-
curring in certain types of sereen-grid tetrodes.
The simplest but also the least stable of the
negative-resistance or two-terminal osecillators,
it makes use of the fact that the plate-current
curve of a screen-grid tetrode has a downward
slope at certain values of sereen voltage, giv-
ing a negative plate-resistance characteristic
which, by necutralizing the conductance of the
resonant circuit, will serve to sustain oscilla-
tions when
the tuned cir-
cuit has a high
L/C ratio.

In the re-
tarding-field
negative-trans- (A)
conductance
or {transitron
circuit shown
in Fig. 337-1,
negative re-
sistance is pro-
duced by vir- (B)
tue of the fact
that, if the
negatively bi-
ased suppres-
sor grid of a
pentode is
given still
more negative
bias, electrons
which nor-
mally would ©)
pass. through
to the plate

Fig. 337 — Negative-resistance
oscillator circuits. A, dynatron;
B, transitron; C, push-pull cireuit,
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are turned back to the screen, thus increasing
the screen current and reversing normal tube
action (§3-2). The negative resistanee pro-
duced between the screen and suppressor grids
is sufficiently low so that ordinary tuned eir-
cuits will oscillate readily at frequencies up to
15 Me. or so.

The operation of the push-pull negative-
resistance oscillator at C can best be under-
stood by visualizing it as a push-pull resistance-
coupled amplifier in which the output of each
tube is coupled to the input of the other,
resulting in an equivalent negative resistance
between the two plates. The amount of feed-
back, and therefore the waveform of the out-~
put, can be controlled by the degree of coupling
—1i.e., by making the reactance of the coupling
condensers, Ci, small in comparison to the
grid resistors, R;, and by regulating the grid
bias. Low harmonic content and good fre-
quency stability characterize this eircuit.

Resistance-capacity tuning — The oscil-
lators described above differ from the feed-
back type primarily in that the negative re-
sistance required for oscillation is supplied
internally within the vacuum-tube -ecircuit
rather than by an associated feed-back circuit.
The frequency-controlling element, however,
remains a resonant eircuit of the inductance-
capacity type, for which f = 1/2x+/LC.

It is possible to replace the LC circuit with
a resistance-capacity combination having an
appropriate time constant, in which case
f = 1/2xLC. Morcover, by varying either 2 or
C the circuit can be tuned over a wide range in
the same manner as an LC circuit.

The two more common circuits of this type
are shown in Fig. 338. The single-stage RC-
tuned oscillator at A has a three-mesh phase-
shifting nctwork connected between output
and input, so arranged that just enough signal
is fed baek 180° out of phase at the desired
output frequency to sustain oscillation. By
careful feed-back adjustment, excellent sine-

wave form

with ex-
ceptionally
good fre-
quency
stability
may be
obtained.
= The two-

o tube RC-

tuned cir-

cuit at B

is derived

from a

two-stage

cascade re-
sistance-
coupled
amplifier
with pen-

Fig. 338 — Resistance-capacity oscilla- tode tubes,
tors. A, phase-shift. B, ncgative feed-back. the second
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tube constituting the phase-shifting element
supplying a regencrative signal to the adjust-
able C, C’ and R; combination at the desired
frequency, while at all other frequencies the

circuit is degenerative. ’

Relaxation oscillators — There is another
basic category of oscillators, the relazation
type, in which the oscillation frequency is con-
trolled not by a resonant cireuit but by the
reciprocating change of a current or voltage
through the
charging or
discharging of
a condenser
when a certain
critical value
is reached.
Relaxation
oscillation re-
quires, first, a
means for
charging a
condenser (or
other reactive
element) at a
uniform _rate
and, second,
means for rap-
idly discharg-
ing this con-
denser once a
predetermined
voltage has
been built up
across it. The
action is char-
acterized by a
period of rapid
change or instability followed by a period of rel-
ative quiescence or stability during which the
stored-up energy is dissipated or transferred.

Relaxation oscillators have high harmonic
content (nonsinusoidal output) and are inher-
ently unstable, permitting ready synchroniza-
tion with an external controlling voltage.

In the circuit of Fig. 339-A, the operation is
based on the reversed screen-current or dyna-
tron characteristic of a pentode tube, the
frequency being determined by the rate at
which the feed-back condenser, C, discharges
through the tube. Apart from the frequency-
controlling mechanism, this circuit resembles
that of the transitron oscillator (Fig. 337-B).

The alternative pentode circuit at B has the
frequency-controlling elements, C and R, in
the plate circuit. It is capable of operation at
frequencies up to several hundred kiloeycles,
and affords greater control of wave form.

Operation of the squegging oscillator at C is
based on the tendency of any oscillator with
high-Q tuned circuits to produce relatively low-
frequency intermittent oscillations, controlled
by the rate of charge and discharge of L, C
and R through the tube plate resistance, if the
time constant of the grid leak-condenser, L, is
large compared with the period of oscillation.

Fig. 339 — Typical relaxation os-
cillators. A, “dynatron”-type pen-
tode circuit. B, high -frequency pen-
todc circuit, C, squegging oscillator.
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1*® The most versatile relaxa-

T& % tion oscillator circuit of all,

R = Fp shown in Fig. 340, is known

‘ | as the multivibrator. Two
T cj)i & I\ tubes are used with resist~
ance coupling, the output of

Ry Ry one tube being fed to the

+ input cireuit of the other as

Is in the push-pull negative-
Fig. 340 — Themul- resistance oscillator of Fig.
;"”b.""’“"! or re- 337.C, The frequency of the
axation oscillator. . E E .

resulting oscillation is de-
termined by the time constants (§ 2-6) of the
resistance-capacity combinations. The prinei-
ple of oscillation is that of alternately switch-
ing conduction from one tube to the other, with
one grid at cut-off and the other at zero bias, so
that continuous oscillation is maintained, the
second tube being necessary to obtain the
proper phase relationship (§ 3-3) for oscillation
when the energy is fed back.

The multivibrator is a very unstable oseilla-
tor, and for this reason its frequency can be
readily controlled by a small signal of steady
frequency introduced into the circuit. This
phenomenon is called locking or synchroniza-
tion. The output waveshape of the multivibra~
tor is highly distorted, henee has high harmonic
content (§ 2-7). A useful feature is that the
multivibrator can be locked at its fundamental
frequenecy by a frequeney corresponding to
one of its higher harmonies (the tenth harmonic
is frequently used), and thus can be used as a
frequency divider.

¢ 3-8 Cathode-Ray Tubes

Principles — The cathode-ray tube is a
vacuum tube in which the electrons emitted
from a hot cathode are first accelerated to give
them considerable velocity, then formed into
a beam, and finally allowed to strike a special
translucent screen which fluoresces, or gives off
light at the point where the beam strikes. A
narrow beam of moving electrons is analogous
to a wire carrying current (§ 2-4) and, as in
the wire, is accompanied by electrostatic and
electromagnetic ficlds. Hence the beam can be
moved laterally, or deflected, by electric or
magnetic fields. Such fields exert a force on the
beam in the same way as on charged bodies
or on wires carrying current (§ 2-3, 2-5).

Heater Cathode
\ /

. Vertical
High-voltage anode 7
‘?Am%. 2 d;’,‘,fte,‘“‘"’

Since the cathode-ray beam consists only of
moving electrons, its weight and inertia are
negligibly small. For this reason, it can be made
to follow instantly the variations in periodically
changing fields even at radio frequencies.

Electron gun — The electrode arrangement
which forms the electrons into a beam is called
the electron gun. In the simple tube structure
shown in Fig. 341, the gun consists of the cath-
ode, grid, and anodes Nos. 1 and 2. The inten-
sity of the electron beam is regulated by the
grid in the same way as in an ordinary tube
(§ 3-2). Anode No. 1 is operated at a positive
potential with respect to the cathode, thus
accelerating the electrons which pass through
the grid, and is provided with small apertures
through which the electron stream passes. On
emerging from the aperturcs the electrons are
traveling in practically parallel straight-line
paths. The electrostatic fields set up by the po-
tentials on anode No. 1 and anode No. 2 form
an electron lens system, comparable to an opti-
cal lens, which makes the electron paths con-
verge to a point at the fluorescent screen in
much the same way that a glass lens takes
parallel rays of light and brings them to a point
focus. Focusing of the electron beam is accom-
plished by varying the potentials on the anodes,
the potential in turn determining the strength
of the field. The potential on anode No. 2 is
usually fixed, while that on anode No. 1is va-
ried to bring the beam into focus. Anode No. 1
is, therefore, called the focusing electrode.

Sharpest focus is obtained when the elec-
trons of the beam have high velocity, so that
relatively high d.c. potentials are common with
cathode-ray tubes. A second grid may be
placed between the control grid and anode No.
1, for additional acceleration of the electrons.

Methods of deflection — When focused,
the beam from the gun produces only a small
spot on the sereen, as described above. How-
ever, if after leaving the gun the beam is de-
flected by ecither magnetic or eclectrostatic
fields, the spot will move across the screen in
accordance with the force exerted on the beam.
If the motion is sufficiently rapid, retentivity
of vision makes the path of the moving spot
(trace) appear as a continuous line.

Electrostatic deflection, the type generally
used in the smaller tubes, is produced by de-

Flnorescent screen

77
Control electrode Focusi) Horizontal Glass
Grid No. el d /M ¥y envelo
Gl gk, s 8

Fig. 341 — Typical construction for a modern cathode-ray tube of the electrostatic-deflection type. The envelope
is made of glass, with the fluorescent scrcen at one end. Leads for the high-voltage anode, the deflection plates, and
other electrodos are insulated low-capacity conductors carried inside the _envelnpo to the base,
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deflector potentials. A — Both deflectors at zero potential. B — Ler
E, F, G — Equal positive potentials on adjacent plates.

C — Positive potential on upper vertical deflector. D,

flecting plates. Two scts of plates are placed at
-right angles to each other, as indicated in Fig.
341. The fields are crcated by applying suitable
voltages between the two plates of cach pair.
Usually one plate of each pair is connected to
anode No. 2, to cstablish the polarities (§ 2-3)
of the vertical and horizontal fields with respect
to the beam and to each other.

Tubes for magnetic deflection use the same
type of electron gun, but have no deflection
plates. Instead, the deflecting fields are set up
by means of coils corresponding to the plates
used in tubes having clectrostatic deflection.
The coils are external to the tube, as shown in
Tig. 333, but are mounted close to the glass
envelope in the relative positions occupied by
electrostatic deflection plates. Coils A and A2
are connected so their fields aid and their axes
are on the same line through the tube. Coils B,
and Bs likewise are connected with fields aiding
and are aligned along the same axis through the
tube, but perpendicularly to the AAg axis.

The beam deflection ecaused by a given
change in the field intensity is called the de-
Sflection sensitivity. With electrostatic-deflection
tubes it is usually expressed in millimeters per
volt, which gives the linear movement of the
spot on the sereen as a function of the voltage
applied to a set of deflecting plates. Values
range from about 0.1 to 0.6 mm/volt, depend-
ing upon the tube construction and gun elee-
trode voltages. The sensitivity is decreased by
an increase in anode No. 2 voltage because a
higher voltage gives the electrons in the beam
higher velocity, and hence they are less easily
deflected by a field of given strength.

Fluorescentscreens — The fluorescent screen
materials used have varying characteristics, ac-
cording to the type of work for which the tube
is intended. The spot color is green, white,
yellow or blue, depending upon the screen
material. The persistence of the screen is the
time duration of the after-glow which exists
when the excitation of the electron beam is

Amm’e No.s B\% /é

(ﬁ'c:::D

P
6nd Anode Mw. 2 /§ \%\
A, B,

Flg 343 — A cathode-ray tube with magnetic deflec-
tion. The gun is the same as in the clcctrostatlc-deﬂcc-
tion tube shown in Fig. 341, but the beam is deflected by
magnetic instead of electric fields. Actual deflection coils
fit closcly to the neck of the tube, so that the field
will be as strong as possible for a given coil current.
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Fig. 342—Spot diagrams showing the position of the cathode-ray beam on the fluoreseent screen for different
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Positive potential on right horizontal deflector.

removed. Screens are classified as long-,
medium- and short-persistence types. Small
tubes for oscilloscope use usually have medium-
persistence scrcens of greenish fluorescence.

Tube circuits — A representative cathode-
ray tube circuit with electrostatic deflection is
shown in Fig. 344. One plate of each pair of de-
flecting plates is connected to anode No. 2.
Since the voltages required normally are rather
high, the positive terminal of the supply is
usually grounded (§ 2-13) so that the common
deflection ‘plates will be at ground potential.
This places the cathode and other elements at
high potentials above ground, hence these ele-
ments must be well insulated. The various
electrode voltages are obtained from a voltage
divider (§2-6) across the high-voltage d.c.
supply. R3 is a variable divider or “‘potenti-
ometer’’ for adjusting the negative bias on the
control grid and thereby varying the beam cur-
rent; it is called the intensity or brightness con-
trol. The focus, or sharpness of the luminous
spot formed on the screen by the beam, is con-
trolled by R,, which changes the ratio of the
anode No. 2 and anode No. 1 voltages. The -
focusing and intensity controls interlock to
some extent, and the sharpest focus is obtained
by keeping the beam current low.

Deflecting voltages for the plates are applied
to the terminals marked “input voltage,” R,
and R having high values of resistance (1
megohm or more) to drain off any accumulation
of charge on the deflecting plates. Usually some
provision is made to place an adjustable d.c.
voltage on each set of plates, so that the spot
can be “‘centered”’ when stray electrostatic or
magnetic fields are present; the adjustable d.c.
voltage neutralizes the effect of such fields.

The tube is mounted so that one set of plates
produces a horizontal line when a varying volt-
age is applied to it, while the other set of plates
produces a vertical line under similar condi-
tions. They are called, respectively, the “hori-
zontal” and ‘““vertical” plates, but which set
of actual plates produces which line is simply a
matter of how the tube is mounted. It is usually
necessary to provide a mounting which can be
rotated to some extent, so that the lines will
actually be horizontal and vertical.”

Power supply — The d.c. voltage required
for operation of the tube may vary from 500
volts for the miniature type (1-inch diameter
screen) to several thousand volts for the larger
tubes. The current, however, is very small, so
that the power required likewise is small. Be-
cause of the low current drain, a power supply
with half-wave rectification (§ 8-3) and a single
0.5- to 2-ufd. filter condenser is satisfactory.
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( 3-9 The Oscilloscope

Description — An oscilloscope is essentially
a cathode-ray tube in the basie cireuit of Tig.
344, but with provision for supplying a suitable
deflection voltage on onc set of plates (ordi-
narily those giving horizontal deflection). The
deflection voltage is the time base or sweep.
Oscilloscopes frequently are also equipped with
vacuum-tube amplifiers for increasing the am-
plitude of small a.c. voltages to values suitable
for application to the deflecting plates. These
amplifiers ordinarily are limited to operation
in the audio- or video-frequency range.

Formation of patterns — When periodi-
cally varying voltages are applied to the two
sets of deflecting plates, the path traced by the
fluorescent spot forms a pattern which is sta-
tionary so long as the amplitude and phase re-
lationships of the voltages remain unchanged.
Fig. 345 shows how such patterns are formed.
The horizontal sweep voltage is assumed to
have the “sawtooth’”’ waveshape indicated;
with no voltage applied to the vertical plates
the trace simply sweeps from left to right
across the screen along the horizontal axis
X~X' until the instant H is reached, when it
reverses direction and returns to the starting
point. The sine-wave voltage applied to the
vertical plates &imilarly would trace a line
along the axis Y~Y"’ in the absence of any de-
flecting voltage on the horizontal plates. How-
ever, when both voltages are present the posi-
tion of the spot at any instant depends upon
the voltages on both sets of plates at that in-
stant. Thus at time B the horizontal voltage
has moved the spot a short distance to the
right and the vertical voltage has similarly
moved it upward, so that it reaches the actual
position B’ on the screen. The resulting trace
is easily followed from the other indicated posi-
tions, which are taken at equal time intervals.

+ -
L 20000009 tmj,
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Fig. 344 — Cathode-ray tube circuit. Typieal values for
a 3-inch (screen-diameter) tube such as the 3AP1/906:
Ri, R2—1 to 10 megohms, R4 — 0.2 megohm.
Ra — 20,000 ohms. Rz — 0.5 megohm.
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Fig. 345 — A.c. volt-
age waveshape as
viewed on an oscil-
loscope screen,
showing the forma-
tion of the pattern
from the horizontal
(sawtooth) and ver-
[} tical sweep voltages.
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Types of sweeps — A sawtooth sweep-volt-
age waveshape, such as is shown in Figs. 345
and 347 is called a linear sweep, because the de-
flection in the horizontal direction is directly
proportional to time. If the sweep were perfect
the “fly-back”’ time, or time taken for the spot
to return from the end (H) to the beginning (7
or A) of the horizontal trace, would be zero, so
that the line HI would be perpendicular to the
axis Y-Y’. Although the fly-back time cannot
be made zero in practicable sweep-voltage gen-
erators it can be made quite small in compari-
son to the time of the desired trace AH, at lcast
at most frequencies within the audio range. The
fily-back time is somewhat exaggerated in Fig.
345, to show its effect on the pattern. The line
H'I' is called the return trace; with a linear
sweep it is less brilliant than the pattern, be-
cause the spot is moving much more rapidly
during the fly-back time than during the time
of the main trace. If the fly-back time is short
enough, the return trace will be invisible.

The linear sweep has the advantage that it
shows the shape of the wave applied to the
vertical plates in the same way in which it is
usually represented graphically (§ 2-7). If the
time of one cycle of the a.c. voltage applied to
the vertical plates is a fraction of the time
taken to sweep horizontally across the screen,
several cytles of the vertical or signal voltage
will appear in the pattern. The shape of only
the last cycle (or the last few cycles, depending
upon the number in the pattern and the-
characteristics of the sweep) to appear will be
affected by the fly-back in such a case.

Although the linear sweep generally is most
useful, other sweep waveshapes may be desira-
ble for certain purposes. The shape of the pat-
tern obtained, with a’ given signal waveshape
on the vertical plates, obviously will depend
upon the shape of the horizontal sweep voltage.
If the horizontal sweep is sinusoidal, the main
and return sweeps each occupy the same time
and the spot moves faster horizontally in the
center of the pattern than it does at the ends.

prepy
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If two sinusoidal voltages of the same frequen-
cy are applied simultaneously to both scts of
plates, the resulting pattern may be a straight
line, an ellipse or a circle, depending upon the
amplitude and phase relationships. If the fre-
quencies are harmonically related (§2-7) a
stationary pattern will result, but if one fre-
quency is not an exact harmonie of the other
the pattern will show continuous motion. This
is also the case when a linear sweep circuit is
used; the sweep frequency and the frequency
under observation must be harmonically re-
lated or the pattern will not be stationary.

The sweep generator does not ordinarily
function as a self-controlled oscillator but
rather as an externally controlled or synchro-
nized oscillator which supplies voltage of the
required waveform at the periodicity of the
signal under study or a multiple thereof.

Sweep circuits — A sinusoidal sweep is easi-
est to obtain, since it is possible to apply a.c.
voltage from the power line, either directly or
through a suitable transformer, to the hori-
zontal plates. A variable voltage divider or
potentiometer may be used to regulate the
width of the horizontal trace.

Practically all sweep circuits employ some
version of the relaxation oscillator (§ 3-6). Be-
cause of its lack of inherent stability, this type
of oscillator is readily controlled or “locked-

in” by voltage from an external source even

when that voltage is of a different frequency.

| C‘ ]. —
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Fig. 346 — A linear-sweep oscillator using a gas triode.

C1—0.001 to 0.25 ufd. Caz — 0.1 ufd.
C3z— 0.5 ufd. Cy—25 ufd. 25-volt
Ri1—0.3 to 1.5 megohms. electrolytie.

Ra — 2000 ohms. R4 — 25,000 ohms,

Rs — 0.25 megohm. Rs — 0.1 megohm.

The *B” supply should deliver 300 volts. C; and R; are
proportioned to give a suitable sweep frequeney; the
higher the time constant (§ 2-6), the lower the frequency.
R4 limits grid-eurrent flow during the deionizing period,
when positive ions are attracted to the negative grid.

A typical circuit for a lincar swecep generator
is shown in Fig. 346. The tube is a gas triode or
grid-control rectifier (§ 3-5), also known as a
thyratron. The striking or breakdown voltage,
which is the plate voltage at which the tubp
ionizes or fires and starts conducting, is deter-
mined by the grid bias. When plate voltage,
E:, is applied, the condenser; C1, acquires a
charge through R;. As shown in Fig. 347, the
charging voltage rises relatively slowly, as
shown by the solid line, until the breakdown
or flashing point, V/,isreached. Then the conden-
ser discharges rapidly through the comparative-
lylowplate-eathode resistanceof the tube. When
the voltage drops to a value too low to main-
tain plate-current flow, E,, the ionization is
extinguished and C; once more charges through
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R,. If R, is large enough, the voltage across €
rises linearly with time, t;, up to the break-
down point. This linear voltage change is used
for the sweep, being applied to the cathode-
ray tube plates through C,. The fly-back time,
f3, is the time required for discharge through
the tube; to keep this time small, the resistance
during discharge must be low.

To obtain a stationary pattern, the “saw-
tooth” rate is controlled by varying C; and R,
and synchronized by introducing some of the
voltage being observed on the vertical plates
into the grid circuit of the 884 tube. This
voltage *‘triggers” the tube into operation in
synchronism with the signal frequency. Syn-
chronization will occur so long as the signal fre-
quency is nearly the same as, or a multiple of,
the sweep frequency, provided the -eircuit
constants and the amplitude of the synchro-
nizing voltage are properly adjusted.

The upper frequency limit*of gaseous-tube
sweep oscillators is in the vicinity of 50,000
cycles, even with the most eareful design, be-
cause of the fly-back time limitations imposed
by the gaseous content of the tube.

To attain a higher-frequency sweep, a
“hard”’-tube oscillator such as that shown in
Fig. 348 must be used. This circuit may be
recognized as being similar to that of the pen-
tode relaxation oscillator of Fig. 338-B. With
suitable constants it is capable of an upper fre-
quency limit of 100 to 200 ke. or more. If a tube
is used which has a high ratio of plate current
to screen current, the screen voltage will rise
to a very high value during the plate discharge
and thus aid in reducing the fly-back time.

A variety of waveshapes may be obtained
from this circuit, ranging from the sawtooth or
trinngular waves which oceur at the plate to

- the rectangular waveform of the screen-grid

voltage. The plate-circuit waveforms are those
most often employed for oscilloscope work.

Fig. 348 — Pcntode-tube high-speed sweep generator.

C—0.001 to 0.1 G C2
ufd. -
C1,C2—0.1 ufd. & ne, Output
Ca — 1.0 ufd. ""g‘i'
R—25,000 ohms I
to5Smeg- En
ohms. = E
R1 — 0.5 megohm variable. =
Rz — 0.1 megohm,
Ra— 25,000 ohms. -8

The sweep rate is controlled by R and C,
but it is influenced also by the value of Rs. R;
determines the output waveshape by regulating
the ratio of charge to discharge time, thus de-
termining the part of the cycle occupied by
the rectangular-shaped screen-voltage wave.
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Fig. 349 — Dual-triode blocking-tube oscillator and dis-
charge tube, with characteristic waveforms at the right.

C — 0.001-0.01-xfd. mica, R — 0.25 megohm variable.
Ci, Cz — 0.005-0.5 ufd.  Ri —0.1-2 megohin.
Cz— 0.1 ufd. 1, Lz — See text.

The blocking-tube oscillator in Fig. 349 is
also ecapable of high-frequency operation,
chiefly because the oscillator portion generates
a very short, sharp pulse which charges C
almost instantaneously. Because of its superior-
ity in this respect, this circuit has received con-
siderable application in television work. Its
operation is distinguished from that of the
squegging oscillator (Fig. 338-C) in that the
intermittent high-frequency oscillations are
almost instantly blocked as the bias built up
by the grid-leak and condenser, C and R, goes
far beyond cut-off. With suitable constants,
the build-up time for this blocking bias can be
limited to a single high-frequency cycle, re-
sulting in a very short, abrupt pulse of plate
current (I,). Because of the large time constant
of C and R, the discharge time is very much
slower. Until the charge again leaks off through
R, the circuit is paralyzed. When C is dis-
charged, the cycle repeats.

Ly and Ly are tightly coupled and designed
to be self-resonant at perhaps ten times the
maximum sweep frequency.

In the practical form, shown in Fig. 351, the
blocking oscillator itself is the left-hand sec-
tion of the dual triode. The second triode
section is used as a discharge tube, the rate of
discharge being controlled by the CaR; combi-
nation. By giving this combination the proper
time constant, the output wave can be made to
have almost any desired form. R exercises lim-
ited control over the frequency range, while the
value of R, determines the output amplitude.

Vacuum-tube switching circuits — In con-
trast to time-base circuits which deliver recur-
rent output impulses, certain applications in
oscilloscope and other electronic work call for
what are termed vacuum-tube or clectronic
switching circuits.

A keying circuit is a non-locking electronic
switch which closes (or opens) a circuit when a
control voltage is applied and returns the ecir-
cuit to normal when the control voltage is re-
moved. The keying voltage is usually applied
as control-grid bias, although screen- and
suppressor-grid voltage also are employed.

A trigger circuit may also be operated in this
manner, but more strictly it is a type of locking
or holding electronic switch, wherein a second
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impulse is required to restore the circuit. After
the initiating control pulse the circuit remains
closed, despite removal of the control voltage,
until a second releasing impulse is received.
Circuits in which values of current or voltage
change abruptly from one stable condition
to another at some critical value of voltage
or resistance, and then change back abruptly
at a different critical value of the controlling
voltage or resistance, are used for this purpose.
Fig. 352-A shows the basic pentode form of
trigger circuit. In this cireuit d.c. coupling be-
tween the secreen and suppressor grids causes
the suppressor voltage to change with screen
voltage. With a high value of resistance in
series with the screen, abrupt changes in these
currents oceur when the supply voltages or the
screen-circuit resistance are varied. For exam-
ple, by proper choice of voltage and circuit con-
stants the plate current corresponding to a
given value of screen current may be made
zero. Triggering impulses may be introduced in
series with any of the clectrodes, but the con-
trol grid is the most sensitive. The values of the
supply voltages are not critical, but the proper
relation must be maintained between them.
In the two-tube trigger circuit of Fig. 352-B,
the flow of plate current through the load re-
. sistance, 75, of one tube makes the grid of the
other tube negative. If the voltage across 7 is
large enough, the other tube is biased to cut-
off. As a result, current flows in only one tube
at a time. Conduction may be caused to trans-
fer abruptly from one tube to the other at crit-
ical values of grid or plate voltage, however,
merely by changing the value of any voltage
on any electrode in a direction such as to de-
crease the plate current of the conducting
tube or cause current to flow in the other tube.
Triggering action can be initiated by a voltage
pulse of short duration, or even by merely
touching the grid terminal of one tube.
Circuits such as these are the basis of many
electronic measuring instruments and controls.

G
ﬁl";;r)l}— =cz
Voltage output
Ry
Rg
4 4
(A)
Ry Ry
f._i' R. R, _"LC
5 -
Loy T i AT ,,;_;.M
S o
ﬂ,‘:;:q Rl R‘
e
L= Re.
® =" 4

Fig. 350 — Typical vacuum-tube trigger circuits.
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Fig. 351 — Shaping of sinc wave to square wave by
diode clipping action. ‘T'he wavcforns at the upper right
illustrate, progressively, the sinusoidal input wave, the
positive peak clipped by the diode parallel limiter (A),
and the negative peak clipped by the diode series lim-
iter (B). These arc performed jointly in double-diode
parallel limiter (C) and double-diode serics limiter (D).

q 3-10 Pulse Technique

In pulse transmission and reception (§ 1-4),
specialized means are employed to generate and
shape characteristic pulses on the transmitting
end and to recreate and interpret these pulses
on the receiving end. Oue is a process of wave-
shaping and injecticn; the other of separation
and selection. Certain basic circuit elements
are common to both; eleinentary examples of
such circuits will be discussed in this section.

Waveshaping — The primary waveforms
employed in pulse transmission, apart from the
basic sine wave, are the rectangular wave (from
narrow pulse to square wave), trapezoidal wave,
triangular wave (from isosceles to right-angle
sawtooth), exponcutial and sawtooth waves.

The nonsinusoidal waveforms obtainable
from certain oscillators, particularly those of
the relaxation type, approximate the general
shapes required. To trim such waves to the
ideal form required, auxiliary waveshaping eir-
cuits are employed. The basic categories are
(1) limiter circuits, which utilize the voltage-
limiting action of vacuum tubes, and (2) peak-
ing circuits, which employ RC (or LC) time-
constant cirenits.

Fig. 351 shows the use of biased-diode lim-
iters in clipping a sine wave to create a square
or trapezoidal waveshape by limiting action.

The diode parallel limiter [

at A does not limit the out- ! -)
put until the input voltage _[?_Um Input

attains a value more pos- |
itive than that of anegative !
biasing voltage applied in !

series with Ra. In the diode i 3 - :
series limiter at B, condue- ‘ I ’ I tnputc, )
2

tion ean occur only when
the input is more positive than the biasing volt-
age, inserted in series with Ry, Thus there can be

no increase in output during the most negative
period of the cycle. The series limiter produces
a more squarely clipped wave than the parallel
type.

The operation of either type can be reversed
by reversing the polarity of the biasing voltage.
In the double diode parallel limiter at C the
left-hand diode removes positive peaks while
that at the right clips the negative. The degree
of limiting is adjusted by varying the fixed bias
by mecans of B3 and Rs. The double series lim-
iter at D functions in a similar manner but is
more critical of adjustment, sinee the bias source
is common to both tubes. Triode limiters may
be operated at cut-off or at saturation. -

In Fig. 352, the tube is biased near the cen-
ter of its characteristic. When the signal volt-
age goes negative, at cut-off, plate curront
ceases to flow and the bottom of the sine wave
is elipped. On the ‘positive peak the plate cur-
rent is limited by saturation and the top of the
sinc curve is squared off. The inputsignal should
be 20 or 30 times the grid base for the sine
wave to be squared off reasonably sharply.

Limiter circuits may also be employed for
generating other types of pulses. If the tube in
Fig. 256 is biased beyond cut-off and a con-

Input & Oulpul
- =

O

Ry
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Fig. 352 — Triode limiter action in generating square or
trapezoidal wave by clipping peaks of a sinusoidul wave.

denser is connected between plate and ground,
a positive rectangular pulse applied to the grid
will produce a sawtooth wave. During the
interval between pulses the condenser is
charged in a relatively slow linear rate through
R4. The sharp front of the positive pulse on
the grid causes plate current to flow, and the
condenser discharges rapidly through the tube.
A triangular waveshape can be obtained by re-
ducing the bias to zero and applying negative
pulses to the grid. Between pulses plate current
will flow, but each negative pulse biases the
tube beyond eut-off, making it nonconducting,.
The condenser charges through R4 for the du-
ration of the pulse, then discharges through Ry.
The result is a symmetrical triangular pulse.

5

Ry Fig. 353 — Pulse

mixer or injcctor

Ry circuit, illustrating
+8 how two rectangu-

lar pulses of differ-

ent bases and
amplitudes are

combined into one

complex pulse be-

fore transmission.
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Pulse selection — Pulse selectivity is based
on the following characteristics: (1) polarity;
(2) amplitude; (3) shape; and (4) duration (in-
cluding both “mark” and “space” intervals).

The diode separator functions much like the
diode limiters of Fig. 351, except that the action
is reversed. Selection by polarity is based on the
unilateral cop_ductivity of the diode rectifier,
and requires only that the diode be so con-
nected as to pass positive or negative pulses, as
desired. For amplitude separation the diode is
so biased that only pulses having a large am-
plitude exceeding the bias voltage will be passed.

The same resemblance applies in the case of
triode amplitude scparators. In the cut-off
or zero-bias separator of Fig. 354, the grid nor-
mally is biased to eut-off. When a positive volt-
age of sufficient amplitude is applied, plate
current flows. There will be no response to volt-
ages of lesser amplitude, or to negative pulses.

The positive-grid or blocked-grid separator
operates at saturation and is characterized by a
series resistor in the grid ecircuit. Positive
pulses drive the tube into the positive-grid
region, where grid-current flow increases bias
and limits plate-current to a steady value re-
gardless of signal level. Since this circuit passes
only negative pulses, it is selective as to polarity.

—

c, Output

Ry

- +B | i
Fig. 354 — Cut-off biased triode amplitnde separator.

C1 —0.1 ufd. Ri—1megohm. Rs— 50,000 chms,
Ca2 —0.5 ufd. Rz — 2000 chms. R4 — 25,000 ohms,

Differentiation — If the front of a rectan-
gular wave is applied to a short time-constant
RC circuit with series capacity and shunt re-
sistance, the condenser will charge rapidly.
Thus ‘the voltage across the load resistor will
achieve an instantaneous amplitude equal to
the applied voltage and, if the time constant is
very short, will have added to it practically
the entire charge of the condenser. The instant
the condenser is fully charged (which, in the
case above, occurs practically instantaneously)
it begins to discharge through the load resistor.
The condenser voltage during discharge fol-
lows an exponential curve (§2-6, Fig. 224).
Thus the voltage across R has the shape of a
short pulse with a very sharp peak and an ex-
ponential front of relatively short base.

Following this initial positive pulse, a con-
dition of equilibrium in which the voltage-
across B remains constant at the level of the
applied voltage continues for the duration of
the input wave. Then the process is repeated
for the trailing edge of the wave, exeept thatit is
a negative pulse with the same characteristics.

By altering the steepness of either the as-
cending or descending slopes of the input wave

ALl
¢ R Output
-~ X
Input ¥R, 8
I €

Fig. 355 —Zero-bias or positive-
grid limiter-separator.
Cy — 0.1 ufd.

G 05 Ry, R —1 Imcgohm.

R3s — 0.1 megohm

the amplitude of the output pulse can be
controlled. This is the prineiple upon which
pulse selection by waveshape is based, as
illustrated in Fig. 356. A steep front produces
a sharp pulse having an amplitude grenter
than the applied voltage, while a sloping
front produces a pulse of correspondingly
greater length and lesser amplitude. For sharp
pulses the time eonstant must be considerably
shorter than one-half eycle of the input wave.
With a longer time constant the charging
period becomes correspondingly longer, so that
the discharge time, while retaining a loga-

rithmic shape, approaches the duration and .

form of the wave. Such a network is ealled a
differentiating circuit.

~In a reversed time-constant circuit, with the
resistor in series and the condenser in shunt,
the action is such that with a very short time
constant the output wave resembles that of the
input except for a slight curvature at the begin-
ning because of the exponential charging char-
acteristic of the condenser. The amplitude is,
however, greatly reduced because of the volt-
age divider effect of the reactance-resistance
combination. Increasing the time constant
to a value comparable to the duration of the
constant-amplitude portion of the input wave
increnses the amplitude but accentuates also
both the ascending and descending slopes of
the wave. .

Increasing the time constant to more than
unity, so that it becomes very long compared
with the base of the input wave, results in what
is called an integrating circuit. In this ecircuit
discrimination or selection is based on the
duration or frequency of the input wave. For
example, if a series of short pulses is applied
to the input, long-time constant integrator
circuit, the energy stored in the condenser by
each individual pulse will be discharged before
the next pulse arrives. If, however, a series of
pulses with longer bases and shorter intervals is
applied, only a portion of the energy from each
pulse will be discharged before the next begins
charging. Energy is therefore accumulated on
the condenser until a predetermined amplitude
is established. Thus long-base pulses can be
separated from shorter pulses.

\ /\ / \. Fig. 356 — Pulse selection based

on the diseriminating action of
a differcntiating cirenit with
inputs of diffcrent wavefront
shapes. Typical input waves
“are shown ahove and the re-
N sulting output pulsés below.
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¢ 3-11 V.H.F. and U.H.F. Tubes

Negative-grid tubes —In low-frequency
operation, the actual time of flight of electrons
between the cathode and the anode is negligible
in relation to the duration of the cycle. At 1000
ke., for example, transit time of 0.001 micro-
second, which is typical of conventional tubes,
is only 1/1000 cycle. At 100 Me., this same
transit time represents 1/10 of a cyele, and a
full eycle at 1000 Mec. At very high frequencies,
therefore, the grid-cathode transit time, to-
gether with interelectrode capacities and the
inductance of internal leads, determine the
highest possible frequency to which a vacuum
tube can be tuned. The tube usually will not
oscillate up to this limit, however, because of
diclectric losses, grid emission, and transit-
time effects. These limiting factors establish
about 3000 Mec. as the upper frequency limit
for negative-grid tubes. Even then the elee-
trodes must be so minute that only a few milli-
watts of r.f. power can be obtained.

With tubes of ordinary construction, the
upper limit of oscillation is about 150 Mec. For
higher frequencies, v.h.f. tubes of special con-
struction are used. The ‘‘acorn’ and ‘““door-
knob?’’ types and the special v.h.f. “ miniature”
tubes, in which the grid-cathode spacing is
made as little as 0.005 inch, are capable of
operation up to about 700-800 Me. The nor-
mal frequency limit is around 600 Me., al-
though output may be obtained up to 800 Me.

Very low interelectrode capacities and lead
induetance have been achieved in the newer
tubes of modified construction. In multiple-
lead types the electrodes are provided with up
to three separate leads which, when connected
in parallel, have considerably reduced effective
inductance. In double-lead types the plate and
grid clements are supported by heavy single
wires which run entirely through the envelope,
providing terminals at cither end of the bulb.
When a resonant cireuit is connected to each
pair of leads, the shunting capacity divides
between the two circuits. With linear circuits
the leads become a part of the line and have
distributed rather than lumped constants.
Radiation loss is minimized and the effect of
the transit time is reduced. In *lighthouse”’
tubes or megatrons the plate, grid and cathode
are assembled in parallel planes instead of
coaxially. The uniform coplanar -eclectrode
design and disc-seal ter-
minals permit very low
interelectrode capacities.

In the orbital-beam
tube, Fig. 357, a small
clectrode structure with
relatively low initial
transconductance is used
with a secondary-elec-
tron emitter to raise the
effective transconduet-
Fig. 357 —Schematic gnee. Hlectrons emitted
cross-section of the or-
bital-bcam secondary- from the cathode, Kj,
electron multiplier tube. are accelerated through

Fig. 358 — Schematic of the inductive output amplifier.

the control grid, G4, by = positive grid, Gy, and
enter a radial electrostatic field established by
the cylindrical electrodes, J1 and J2, causing
the electrons to move in a circular path and
driving them against the secondary-emitter
clectrode, K». About ten secondary clectrons
are emitted for cach primary electron; thus
the ultimate electron flow to the plate, P, is
considerably greater than the original eurrent
cmitted. Thus high over-all transconductance
(15,000 at 500 Me. in an experimental tube) is
obtained without increasing transit-time losses
or internal capacities.

Inductive output amplifier — In the indue-
tive-output tube shown in Fig. 358 the high-
velocity electron beam is intensity-modulated
by the control grid (grid No. 1). After being
accelerated and focused by the ecombined ac-
tion of the first and second lenses in the mag-
netie eircuit and the sleeve clectrodes (grids
No. 2 and 3), the beam moves past a small
Yi-inch aperture in the ‘‘dimpled sphere”
cavity resonator. The potential difference in
this gap creates a retarding field which ab-
sorbes power from the beam. Electrons passing
through the structure are decclerated by a
suppressor electrode (grid No. 4) before reach-
ing the final anode or collector. The control-
grid structure gives sharp cut-off and large
transconductance, while the high accelerating
potentials and small apertures result in very
short transit time and consequently low input
conductance. The inductive-output tube is
useful for wide-band operation-above 500 Me.,
giving cfficiencies of 25 per cent or better.

Velocity modulation —In negative-grid
operation the negative potential on the grid
tends to slow down the electron velocity during
the more negative half of the oscillation eycle.
while on the other half eycle the positive po-
tential on the grid serves to accelerate their
velocity. Thus the electrons tend to separate
into groups, those leaving the eathode during
the negative half eycle being collectively slowed
down, while those leaving on the positive half
are accelerated. After passing into the grid-
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plate space only a part of the clectron stream
follows the original form of the oscillation cycle,
. the remainder traveling to the plate at differing
velocities. Since these contribute nothing to the
power output at the operating frequency, the
cfficiency is reduced in proportion to the varia-
tion in velocity, the output becoming zero when
the transit time approaches a half cycle.

This effect, such a disadvantage in conven-
tional tubes, is an advantage in velocity-modu-
lated tubes in that the input signal voltage on

CONCENTRIC LINE
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Fig. 359 — Simple form of cylindrical-grid velocity-
modulated tube with retarding-field collector and
coaxial-line output circnit, used as a superheterodyne
high-frequency oscillator or as a super-regenerative
detcctor. Similar tubes can also be used as r.f. ampli-
fiers and frequency converters in the 5-50 cm. region.

the grid is used to charge the velocity of the
electrons in a constant current clectron beam,
rather than to vary the intensity of a constant
velocity current flow as in ordinary tubes.

A simple form of veloeity-modulation oscil-
lator tube is shown in Fig. 359. Elcctrons
cmitted from the chthode arc accelerated
through a negatively biased cylindrical grid
by a constant positive voltage applied to a
sleeve electrode, shown in heavy lines. This
electrode, which is the velocity-modulation
control grid, eonsists of two hollow tubes, with
a small aperture on each end between the inner
tube, through which the electron beam passes,
and the discs at the ends of the larger tube
portion. With r.f. voltage applied across these
gaps, the transit angle of which is made small,
clectrons entering the tube will be accelerated
on positive half cycles and decelerated on the
negative half cyeles. The length of the tube is
made equal to the transit angle, so that the

- electrons will be further accelerated or de-
cclerated as they leave the tube.

As the beam approaches the collector elec-
trode, which is at nearly zero potential, the
electrons are retarded, brought to rest, and
ultimately turned back by the attraction of
the positive sleeve electrode. The collector
electrode is, therefore, also termed a reflector.
The point at which electrons are returned de-
pends on their velocity. Thus the velocity
modulation is again translated into current
modulation.

Velocity-mnodulated tubes operate satisfac-
torily up to 6000 Mec. (5 cm.) and higher, with
outputs of 100 watts or more.

The Klystron — In the Klystron velocity-
modulated tube, the clectrons emitted by the
cathode are aceclerated or retarded during
their passage through an clectric field estab-
lished by two grids in a cavity resonator, or
rhumbatron, called the ‘‘buncher.” The high-
frequency clectrostatie ficld between the grids
is parallel to the cleetron stream. This field
accelerates the electrons at onc moment and
retards them at another, in acecordance with
the variations of the r.f. voltage applied.
The resulting velocity-modulated beam travels
through a ficld-free drift space, where the
slowly moving cleetrons are gradually over-
taken by the faster ones leaving a half-cycle
later. At scction points in the disc space the
emerging electrons therefore are separated into
groups or bunched along the direction of mo-
tion. The velocity modulated electron stream
is passed to a “catcher’” rhumbatron. Again
the beam passes through two parallel grids, the
higher- and lower-speed electrons inducing dif-
ferent amounts of potential between the grids.
The catcher cavity is made resonant at the
frequency of the velocity-modulated eleetron
beam, so that an oscillating field is set up
within it by the passage of the electron bunches
through the grid aperture.

If a feed-back loop is provided bétween the
two rhumbatrons, as shown in Fig. 360, oscilla-
tions will oceur. The resonant frequency de-
pends on the electrode voltages and on the
shape of the cavities, and may be adjusted by
varying the supply voltage and altering the
dimensions of the rhumbatrons. The output
waveform is richr in harmonies.

The maximum theoretical efficiency of the
Klystron oscillator is 58 per cent; commercially
available types give 5 to 10 watts output at
about 10 per cent efficiency.

E “HV
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Fig. 360 — Circuit diagram of the Klystron oscillator
showing the fced-back loop coupling the frequency-con-
trolling rhumbatrous aud the output loop in the catcher.

o1
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Positive-grid electron oscillators — A tri-
ode in whieh the grid is positive with respeet
to the ecathode rather than the plate will os-
cillate at frequencies higher than those at
which transit-tiine cffects eause the tube to be
inoperative as a normal negative-grid os-
cillator.

Oscillators of the positive-grid type, also
known as brakefield of cleetron transit-time
oscillators, employ conventional tubes of al-
most any type. Suceessful performance is most
readily achieved with tube structures having
cylindrical grids and plates.

Under statie conditions, clectrons emitted
from the cathode on being aceclerated towards
the positive grid hit its wires while others pass
through the grid into the retarding field be-
tween it and the negative plate. No cleetrons
reach the plate, all being driven back toward
the grid. Again, some cleetrons are collected
while others pass through into the space be-
tween the grid and cathode. Those clectrons
which have not been eollected by the grid are
returned to the cathode.

If an a.c. voltage is superimposed on the
steady positive voltage of the grid, some clee-
trons leaving the cathode when the a.e. eom-
ponent of the grid voltage is zero and about to
increase in a negative direction are driven
through the grid and are returned toward it by
the grid-to-plate ficld. If, however, the fre-
queney is such that the time of a half-eyele is
cqual to the transit time of the electrons from
cathode to grid, the voltage reverses direction
as the eleetrons pass through the grid, and the
grid-plate retarding field is greater than the
cathode-grid accclerating field. The electrons
therefore oscillate about the grid, losing energy
cach timme, until they finally return to the grid.

Eleetrons leaving the eathode when the a.c.
component of the grid voltage is zero and about
to inerease in a positive direction are acted on
by the ficld in the opposite manner. In this
case the electron energy is increased, and so
these clectrons are colleeted by either the grid,
plate or cathode after having eompleted not
more than one cyele.

Sinee those cleetrons which lose energy to
the field remain free in the tube longer than
those which gain energy from the field, there is
an average transfer of energy which ean be
used to maintain high-frequency oscillations in
a resonant line connceted between the grid
and plate of the tube.

In this type of oscillator, shown in Fig. 361,
the frequency is controlled primarily by the
grid voltage and the tube element spacing. The
tuning of the resonant circuit affects the ampli-
tude of the oscillotions and thus must be
tuned to approximately the oscillation fre-
quency, however,

Positive-grid oscillators ean be operated at
frequeneies up to 10,000 Me. (3 em.), but the
cffieiency is usually only 2 or 3 per cent. Since
most of the power is dissipated in the grid, the
tube is not capable of delivering much power.

3
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Fig. 361 — Electron

RFCs transil-linic positive- Recs
grid oseillator,
Dashed lines above
indicate “"multiple . ~
FiL. resonance” effect.

Magnetrons — A magnetron is fundamen-
tally a diode with cylindrical electrodes placed
in a uniform magnetic field with the lines of
clectromagnetie foree parallel to the elements.

The simple eylindrieal magnetron consists of
a filamentary eathode surrounded by a con-
centric cylindrical anode. In the more efii-
cient split-anode magnetron the anode is di-
vided longitudinally. .

Magnetron oscillators are operated in two
essentially different ways, one corresponding to
the negative-grid oscillator. Eleetrically the
two types of operation are similar, the differ-
ence being in the relation between electron

* transit time and the frequency of oseillation.

In the negative-resistance or dynatron os-
cillator the element dimensions and anode
voltage are such that the transit time is short
in comparison with the period of the oscilla-
tion frequeney. Electrons emitted from the
cathode are driven towards both halves of the
anode. If the potentials of the two halves are
uncqual, the majority of the clectrons travel
to that half of the anode which is at the lower
potential. In other words, a decrease in -the
potential of either half of the anode results in
an increase in the cleetron current flowing to
that half, so that the magnetron consequently
exhibits negative-resistance characteristies
(§3-7).

Negative-resistance magnetron oscillators
are useful between 100 and 1000, Me. Under the
best operating conditions efficiencies of 20 to
25 per cent may be obtained. Since the power
loss in the tube appears as heat in the anode,
where it is readily dissipated, relatively large
power-handling eapacity can be obtained.

Durection of magnelic field—w

l Filam
JUung;

Fig, 362 — Conventional magnetrons, with equivalent
schematic symbols at the right. A, simple cylindrical

magnetron, B, split-anode negalive-resistance magnetron.
.
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The frequency of a transit-time magnetron
is determined primarily by its dimensions and
by the intensities of the cleetric and magnetic
ficlds, rather than by the tuning of the tank
¢ircuits. The cfficiency is much better than
that of a positive-grid oscillator and good power
output can be obtained cven on the superhighs.

In a nonoscillating magnetron with a weak
magnetic ficld electrons traveling from the
cathode to the anode move almost radially,
their trajectorics being bent only slightly by
the magnetic field. Under ecritical conditions
of magnetic ficld strength outside the imme-
diate neighborhood of the filamment a cloud of
clectrons rotates about the filament. It ox-
tends up to the anode but does not actually
reach it. With increased magnetic field the
clectrons tend to spiral around the filament,
their radial component of velocity being much
smaller than the angular component.

The nature of these clectron trajectorics is
shown in Fig. 363. Cascs A, B, and C, corre-
spond to the non-oscillating condition. For a
small magnetie field (A) the trajectory is bent
slightly near the anode. This bending inereases
for a higher magnetic field (B) and the elce-
tron moves through quite a large angle near
the anode before reaching it, signifying a large
increase of space charge near the anode. For a
strong magnetic field (C) ecleetrons start radi-
ally from the cathode but are soon bent and
curl about the filament in the form of a long
spiral before reaching the anode. This means a
very long transit time and a very large space
charge in the whole region where the spiraling
takes place. Under critical conditions (D), no
current flows to the anode and no electron is
able to move from cathode to anode, but a large
space charge still exists between the cathode
and anode. The spiraling becomes a set of con-
centric circles, and the entire space-charge
distribution rotates about the filament.

Figs. 363-I, -F and -G depict higher order
(harmonic-type) modes of operation in which
the space charge oscillates not only symmetri-
cally but in transverse dircetions contrasting
to the vibrations of the fundamental.

In a transit-time magnetron oscillator the
intensity of the magnetic field is adjusted so
that, under static conditions, electrons leaving
the cathode move in curved paths which just

w ® & O ® ® ©
ololelc el 1,
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H. H-—
Fig. 363 — Electron trajeetories for increasing values of
magnetic field strength, II. Below is shown the corre-
sponding curve of plate current, I. Oscillations commence
when H reaches a eritical value, He; progressively higher
order modes of osvillation oeecur beyond this point,
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Fig. 364 —U.h.f. magnetron circuits. A, split-anode typc. ’
B, four-anode type with opposite elcctrodes paralleled.

fail to reach the anode. All electrons are there-
fore deflected back to the cathode, and the
anode current is zero. When an alternating
voltage is applied between the two halves of
the anode, causing the potentials of these halves
to vary about their average positive values, the
conditions in the tube become analogous to

Fig. 365 — Cathode

Split-anode

magnetron N NN

cavity for
u.h.f. use. R

Fig. 366 —
- Multisegment
magnetron
_____ -4 with four res-
.H—-—]— onant cavities.
i fnly This construc-
tion is used for
extremely high
frequencies.

Cavities

those in & positive-grid oscillator. If the period
of the alternating voltage is made equal to the
time required for an electron to make one
complete rotation in the magnetic field, the
a.c. component of the anode voltage reverses
direction twice with cach electron rotation.
Some electrons will losc energy to the electric
field, with the result that they are unable to
reach the cathode and continue to rotate
about it. Meanwhile other cleetrons gain encrgy
{from the ficld and are returned to the cathode.
Since those clectrons which lose energy remain
in the interelcetrode space longer than those
which gain energy, the net effect is a transfer of
energy from the clectrons to the electric field.
This encrgy can be applied to sustain oscilla-
tions in a resonant transmission line between
the two halves of the anode. .
Split anode magnetrons for u.h.f. are con-
structed with a cavity resonator built into the,
tube structure, as illustrated in Fig. 366. The
assembly is a solid bloeck of copper which
assists in heat dissipation. At extremely high
frequencies operation is improved by subdivid-
ing the anode structure into from 4 to 16 or
more segments, the resonant cavities for each
anode coupled by slots of eritical dimensions
to the common cathode region, as in Fig. 3606.
The efliciency of multi-segment magnetrons
reaches 65 or 70 per cent. Slotted-anode mag-
netrons with four segments function up to
30,000 Me. (1 em.) delivering up to 100 watts
at efficicucies greater than 50 per cent. Using
larger multiples of anodes and higher-order
modes, performance can be attained at 0.2 cm.




Chapter Four

Radio-Frequency Power Generation

C 4-1 Transmitter Requirements

General Requirements— To minimize in-
terference when a large number of stations
must work in one frequency band, the power
output of a transmitter must be as stable in
frequency and as free from spurious radiations
as the state of the art permits. The steady r.f.
output, called the carrier (§ 5-1), must be free
from amplitude variations attributable to rip-
ple from the plate power supply (§8-4) or
other causes, its frequency should be unaf-
fected by variations in supply voltages or in-
advertent changes in circuit constants, and
there should be no radistion on other than
the intended frequency. The degree to which
these requirements can be met depends upon
the operating frequency.

Design principles— The design of the
transmitter depends on the output frequency,
the required power output and the type of
operation (c.w. telegraphy or ’phone). For
c.w. operation at low power on medium-high
frequencies (up to 7 Mec. orso), asimple erystal
oscillator circuit ean meet the requirements
satisfactorily. However, the stable power out-
put which can be taken from an oscillator is
limited, so that for higher power the oscillator
is used simply as a frequency-controlling cle-
ment, the power being raised to the desired
level by means of amplifiers. The requisite fre-
quency stability can be obtained only when
the oscillator is operated on relatively low fre-
quencies, so that for output frequencies up to
about 60 Mec. it is necessary to increase the os-
cillator frequency by multiplication (harmonic
generation — § 3-3), which usually is done at
fairly low power levels and before the final
amplification. An amplifier which delivers
power on the frequency applied to its grid cir-
cuit is known as a straight amplifier; one which
gives harmonic output is known as a frequency
multiplier. An amplifier used principally to
isolate the frequency-controlling oscillator
from the effects of changes in load or other va~
riations in following amplifier stages is called a
buffer amplifier. A complete transmitter there-
fore may consist of an oscillator followed by
one or more buffer amplifiers, frequency multi-
pliers and straight amplifiers, the number
being determined by the output frequency and
power in relation to the oscillator frequency
and power, The last amplifier is called the final
amplifier, and the stages up to the last com-
prise the ezciter. Transmitters usually are de-
signed to work in a number of frequency bands
so that means for changing frequency har-
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monie steps usually is provided, generally by
means of plug-in inductances.

The general method of designing a transmit-
ter is to decide upon the power output and the
highest output frequency required, and also
the number of bands in which the transmitter
is to operate. The latter usually will determine
the oscillator frequency, since it is general
practice to set the oscillator on the lowest fre-
quency band to be used. The oscillator fre-
quency seldom is higher than 7 Me. except in
some portable installations where tubes and
power must be conserved. A suitable tube (or
pair of tubes) should be selected for the final
amplifier, and the required grid driving power
determined from the tube manufacturer’s data.
This sets the power required from the preced-
ing stage. From this point the same process is
followed back to the oscillator, including fre-
quency multiplication wherever necessary.
The selection of a suitable tube complement
requires a knowledge of the operating char-
acteristics of the various types of amplifiers
and oscillators. These are discussed in the
following sections. e

At 112 Mec. and higher frequencies these
methods of transmitter design tend to become
rather cumbersome, because of the necessity for
a large number of frequency multiplier stages.
However, in this frequency region less severe
stability requirements are imposed because the
transmission range is limited (§ 9-5) and the
possibility of interference to other communica-
tion is reduced. Simple oscillator transmitters,
without frequency multiplication or buffer am-
plifiers, are widely used at 112 Me. and above.

Vacuum tubes — The type of tube used in
the transmitter has an important effect on the
circuit design. Tubes of high power sensitivity
(§ 3-3) such as pentodes and beam tetrodes
give larger power amplification ratios per stage
than do triodes, hence fewer tubes and stages
may be used to obtain the same output power.
On the other hand triodes have certain oper-
ating advantages, such as simpler power sup-
ply circuits and relatively simpler adjustment
for modulation (§5-3), and in addition are
considerably less expensive for the same power
output rating.’ Consequently it is usually more
economical to use triodes as output amplifiers,

.even though an extra low-power amplifier

stage may be necessary.

At frequencies in the region of 56 Me. and
above it is necessary to select tubes designed
particularly for operation at very-high fre-
quencies, since tubes built primarily for lower
frequencies may work poorly or not at all.
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¢ 4-2 Self-Controlled Oscillators

Advantages and disadvantages — The
chief advantage of a self-controlled oscillator
is that the frequency of oscillation is deter-
mined by the constants of the tuned circuit,
and hence readily can be set to any desired
value. However, extreme care in design and
adjustment are essential to secure satisfactory
frequency stability (§3-7). Since frequency
stability is generally poorer as the load on the

oscillator is increased, the self-controlled os-’

cillator should be used purely to control fre-
quency and not for the purpose of obtaining
appreciable power output in transmitters in-
tended for working below 60 Mec.

Oscillator circuits — The inherent stability
of all of the oscillator circuits described in
§ 3-7 is about the same, since stability is more
a function of choice of proper circuit values and
of adjustment than of the method by which
feed-back is obtained. However, some circuits
are more convenient to use than others, par-
ticularly from the standpoint of feed-back ad-
justment, mechanical considerations (whether
the tuning condenser rotor plates can be
grounded or not, ete.), and uniform output
over a considerable frequency range. In all sim-
ple circuits the power output must be taken
from the frequency-determining tank circuit,
which means that, aside from the effect of
loading on frequency stability, the following
amplifier stage can react on the oscillator and
cause a change in the frequency.

Factors influencing stability — The causes
of frequency instability and the necessary
remedial steps have been discussed in §3-7.
These apply to all oscillators. In the case of
the electron-coupled oscillator the ratio of
plate to screen voltage has marked effect on
the stability with changes in supply voltage;
the optimum ratio is generally of the order
of 3:1, but should be determined experimen-
tally for each case. Since the cathode is above
ground potential, means should be taken to
reduce the effects of heater-to-cathode capaci-
tance or leakage which, by sallowing a small
a.c. voltage from the heater supply to de-
velop between cathode and ground, may cause
modulation (§ 5-1) at the supply frequency.
Fig. 401 — Elec-
tron-coupled os-
cillator circuit.
Ry should be
100,000 ohms or
more, the grid
condenscr 100
uufd. and the
other fixed con-
densers 0.002 to
0.1 nfd.

BETre-y

This effect, which is usually appreciable only
at 14 Mec. and higher, may be reduced by
by-passing the heater as in Fig. 401 or by op-
erating the heater at the same r.f. potential as
the cathode. The latter may be accomplished
by the wiring arrangement shown in Fig. 402,

Tank-circuit Q— The most important
single factor in determining frequency stabil-
ity is the @ of the oscillator tank circuit. The
effective Q@ must be as high as possible for best

stability. Since oscillation is accompanied by
grid-current flow the grid-cathode circuit

Fig. 402 — Method of .,
operating the heater at - Lo
cathode r.f. potential in j>

an electron-coupled os- = 3
cillator. Lz should have il
the same number of turns 41 § g

AAMA
WWA-
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as the cathode section of
Ly and should be closely
coupled (preferably in-
terwound). C may be _E_l
0.01 to 0.1 ufd. = y K

constitutes a resistance load of appreciable
proportions, the effective resistance being low
enough to be the determining factor in estab-
lishing the effective parallel impedance of the
tank circuit. Consequently, if the ends of the
tank are connected to plate and grid, as is
usual, a high effective @ can be obtained only
by decreasing the L/C ratio and making the
inherent resistance in the tank as low as pos-
sible. The tank resistance can be decreased by
using low-loss insulation and by winding the
coil with large wire. With ordinary construc-
tion, the optimum tank capacity is of the order
of 500 to 1000 uufd. at a frequency of 3.5 Me.

The effective circuit @ can be raised by in-
creasing the resistance of the grid circuit and
thus decreasing the loading. This can be ac-
complished through reducing the oscillator grid
current, using minimum feed-back for stable
oscillation, and a high value of. grid-leak
resistance. )

A high-Q tank circuit can also be obtained
with & higher L/C ratio by ‘“tapping down”
the tube connections on the tank (§2-10).
This is advantageous in that a coil with higher
inherent @ can be used; also, the circulating
r.f. current in the tank circuit is reduced so
that drift from coil heating is decreased. How-
ever, under some conditions parasitic oscilla-
tions may be set up (§ 4-10).

Plate supply — Since the oscillator fre-
quency will be affected to some extent by
changes in plate-supply voltage, it is necessary
that the latter be free from ripple (§ 8-4) which
would cause frequency variations at the ripple-
frequency rate (frequency modulation). It is ad-
vantageous to use a voltage-stabilized power
supply (§ 8-8). Since the oscillator usually is
operated at low voltage and current, VR-type
gaseous regulator tubes are quite suitable.

Power level — The self-controlled oscillator
should be designed purely for frequency con-
trol and not to give appreciable power output,
hence small tubes of the receiving type may be
used. The power input ordinarily is not more
than a watt or two, subsequent buffer ampli-
fiers being used to increase the power to the
desired level. The use of receiving tubes is
advantageous mechanically, since the small
elements are less susceptible to vibration and
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usually are securcly braced to the envelope of
the tube.

Oscillator adjustment — The adjustment
of an oscillator consists principally in observ-
ing the design principles outlined in the pre-
ceding paragraphs. Frequency stability should
be checked with the aid of a stable receiver.
An auxiliary crystal oscillator may be used as a
standard for checking dynamic stability and
drift, the self-controlled oscillator being ad-
justed to approximately the same frequency
so that an audio-frequency beat (§2-13) can
be obtained. If it is possible to vary the oscil-
lator plate voltage (an adjustable resistor of
50,000 or 100,000 ohms in series with the plate
supply lead will give considerable variation),
the change in frequency with change in plate
voltage may be observed and the operating
conditions varied until minimum frequency
shift results. The principal factors affecting
dynamic stability will be the tank circuit
L/C ratio, the grid-leak resistance, and the
amount of feed-back. In the electron-coupled
circuit the latter may be adjusted by changing
the cathode tap on the tank coil; eritical ad-
justment is required for optimum stability.

Drift may be checked by allowing the oscil-
lator to operate continuously from a cold start,
the frequency change being observed at reg-
ular intervals. Drift may be minimized by us-
ing less than the rated power input to the plate
of the tube, by construction which prevents
tube heat from reaching the tank circuit ele-
ments, and by use of large wire in the tank coil
toreduce temperature rise from internal heating.

In the electron-coupled oscillator having a
tuned plate circuit (Fig. 401-A), resonance at
the fundamental and harmonic frequencies of
the oscillator portion of the tube will be indi-
cated by a decrease in plate current as the plate
tank condenser is varied. This “dip” is less
marked at the fundamental than on harmonics.

q 4-3 Crystal Control

Characteristics — Piezoelectric erystals
(§ 2-10) are universally used for controlling
the frequency of transmitting oscillators, be-
cause the extremely high @ of the crystal and
the necessarily loose coupling between it and

=B 40

Fig. 403 — Triode crystal oscillator. The tank con-
denser, Ci, may be a 100-uufd. variahle, with Ly propor-
tioned so that the tank will tune to the crystal frequency.
Cz should he 0.001 unfd. or larger, The grid leak, Ki,
will vary with the type of tube; high-4 tubes take values
of 2500 to 10,000 ohms, while nmiedium and low-u types
take values of 10,000 to 25,000 ohms. A small flashiight
bulb or r.f. milliammeter (§ 4-3) may he inserted at X.
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the oscillator tube make the frequency stabil-
ity of a crystal-controlled oscillator very high.

The ability to adhere closely to a known fre-
quency is the outstanding characteristic of a
crystal oscillator. This also is a disadvantage, in
that a different erystal is required for each fre-
quency on which the transmitter is to operate.

Power Limitations — The temperature of
a crystal depends not only on the temperature
of its surroundings but also on the power it
must dissipate while oscillating, since power
dissipation causes heating (§ 2-6, 2-8). Conse-
quently, the crystal temperature in operation
may be considerably above that of the sur-
rounding air. To minimize heating and fre-
quency drift (§ 3-7), the power dissipated
must be kept to a minimum.

If the erystal is made to oscillate too strongly,
as when it is used in an oscillator circuit with
high plate voltage and excessive feed-back, the
amplitude of the mechanical vibration will
become great enough to crack or puncture the
quartz. An indication of the vibration ampli-
tude can be obtained by connecting an r.f.
current-indicating device of suitable range in
series with the crystal. Safe r.f. crystal currents
range from 50 to 200 milliamperes, depending
upon the type of eut. A flashlight bulb or dial
light of equivalent current rating makes a good
current indicator. By choosing a bulb of lower
rating than the current specified by the manu-
facturer as safe for the particular type of crys-
tal used, the bulb will serve as a fuse, burning
out before a current dangerous to the crystal is
reached. The 60-ma. and 100-ma. bulbs may be
used for this purpose. High erystal current
means increased power dissipation and heating,
so that the frequency echange also is greater.

Crystal mountings — To make use of the
crystal, it must be mounted hetween two metal
electrodes. There are two types of mountings,
one having a small air-gap between the top
plate and the crystal and the other maintaining
both plates in contact with the crystal. It is es-
sential that the surfaces of the metal plates in
contact with the crystal be perfectly flat. In
the air-gap type of holder, the frequency of
oscillation depends to some extent upon the
size of the gap. By using a holder having a top
plate with closely adjustable spacing, a con-
trollable frequency variation can be obtained.
A suitable 3.5-Me. crystal will oscillate without
great variation in power output over a range of
about 5 ke. X- and Y-cut crystals are not
generally suitable; they have a tendency to
“jump” in frequency with different air gaps.

A holder having a heavy metal hottom plate
with a large surface exposed to the air is ad-
vantageous in that it radiates quickly the
heat generated in the crystal, thereby reducing
temperature effects. Different plate sizes,
pressures, etc., will cause slight changes in
frequency, so that if a crystal is being ground
to an exact frequency it should be tested in the
same holder and in the same oscillator eircuit
with which it will be used in the transmitter,
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Fig. 404 — Tetrode or
pentode erystal oscil-
lator. Typical values:
Ci, 100 ppfd., with L
wound to suit fre-
quency; Cz, Ca, 0.001
wfd. or larger; Cq, 0.01
ufd.; Ri, 10,000 to
50,000 ohms (valuede-
termined by trial);
Rz, 250 to 400 ohms.

q 4-4 Crystal Oscillators

Triode oscillators — The triode erystal os-
cillator cirecuit (§ 3-7) is shown in Fig. 403.
The limit of plate voltage that can be used
without endangering the crystal is about 250
volts. With the r.f. crystal current limited to a
safe value of about 100 ma., the power output
obtainable is about 5 watts. The oscillation
frequency is dependent to some extent on the
plate tank tuning, because of the change in in-
put capacity with changes in effective ampli-
fication (§ 3-3).

Tetrode and pentode oscillators — Since
the power output of a crystal oscillator is lim-
ited by the permissible r.f. crystal current
(§ 4-3), it is advantageous to use an oscillator
tube of high power sensitivity (§ 3-3) such as
a pentode or beam tetrode (§ 3-5). Thus for a
given erystal voltage or current more power
output may be obtained than with the triode
oscillator, or for a given output the crystal
voltage will be lower, thereby reducing erystal
heating. In addition, tank-circuit tuning and
loading react less on the crystal frequency be-
cause of the lower grid-plate capacity (§ 3-3).

Fig. 404 shows a typical pentode or tetrode
oscillator circuit. Pentode and tetrode tubes
originally designed for audio power work are
excellent crystal-oseillator tubes. The screen
voltage is generally of the order of half the
plate voltage for optimum operation. Small
tubes rated at 250 volts for audio work may be
operated with 300 volts on the plate and
100-125 on the screen as erystal oscillators.
The screen is at ground potential for r.f. and
has no part in the operation of the circuit
other than to set the operating characteristics
of the tube. The larger beam tubes may be
operated at 400 to 500 volts on the plate and
250 on the screen for maximum output.

Pentode oscillators operating at 250 to 300
volts will give 4 or 5 watts output under nor-
mal conditions. Beam-type tubes such as the
8L6 and 807 will give 15 watts or more at
maximum plate voltage.

The grid-plate capacity may be too low to
give sufficient feed-back, particularly at the
lower frequencies, in which case \a feed-back
condenser, C;, may be required. Its capacity
should be the lowest value which will give stable
oscillation; 1 or 2 ppfd. is generally sufficient.
Ry and Cy may be omitted, connecting the
cathode directly to ground, if plate voltage is
limited to ‘250 volts. Cs (if needed) may be
formed by two metal plates l4-inch square
spaced 34 inch. If the tube has a suppressor
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grid, it should be grounded. X indicates where
a flashlight bulb may be inserted (§ 4-3).

Circuit constants — Typical values for
grid-leak resistances and by-pass condensers
are given in Figs. 403 and 404. Since the
crystal is the frequency-determining element,
the @ of the plate tank circuit has a relatively
minor effect on the oscillator frequency. A @
of 12 (§ 4-8) is satisfactory for average condi-
tions, but some departure from this figure will
not greatly affect the performance of the
oscillator.

Adjustment of crystal oscillators — The
tuning characteristics and procedure to be fol-
lowed in tuning are essentially the same for
triode, tetrode or pentode crystal oscillators.
Using a plate milliammeter as an indieator
of oscillation (a 0-100 ma. d.c. meter will have
ample range for all low-power oscillators), the
plate current will be found to be steady when
the circuit is in the non-oscillating state, but
will dip when the plate condenser is tuned
through resonance at the crystal frequency.
Fig. 405 is typical of the behavior of plate cur-
rent as the tank condenser capacity is varied.
An r.f. indicator, sueh as a small neon bulb
touched to the plate end of the tank coil, will
show & maximum indication at point A. How-
ever, when the oscillator is delivering power to
a load it is best to operate in the region B-C
since the oscillator will be more stable and

"there is less likelihood that a slight change in

loading will throw the circuit out of oscillation,
which is likely to happen when operation is too
near the critical point, 4. The erystal current
also is lower in the B-C region. |

When power is taken from the oscillator the
dip in plate current is less pronounced, as in-
dicated by the dotted curve. The greater the
power output, the smaller the dip in plate cur-
rent. If the load is made too great, oscillations
will not start. Loading is adjusted by varying
the coupling to the load circuit (§ 2-11).

Loaded

Fig. 405 — Curves show-
ing d.c. plate current vs.
plate-circnit tuning in a
crystal oscillator, hoth
with and without load.
Thesc curves apply equally

to the triode, tetrode or
P— pentode crystal oscillator.

Max ryminG carAciTY 7

PLATE CURRENT

The greater the loading, the smaller the volt-
age fed back to the grid circuit for excitation
purposes. This means that the r.f. voltage
across the crystal also will be reduced under
load, hence there is less crystal heating when
the oscillator is delivering power than when it
is unloaded.

Failure of a erystal circuit to oscillate may
be caused by any of the following: ’

1) Dirty, chipped or fractured erystal.

2) Imperfect or unclean holder surfaces.

3) Too tight coupling to load.

4) Plate tank circuit not tuning correctly.

5) Insufficient feed-back capacity.




i€ Fig. 406 — Picrece os-

cillator cirenit. It is

25,000 to 50,000 ohms.

Rz is 1000 ohms; R,
RFC 75,000 ohims for a 6F06;
C1, 0.001 to 0.01 nfd.;
Cz and C4, 0.01 nfd.
For values of Cz and
Cs, see text.

Ry
200-30pv. = l

Pierce oscillator — This circuit, Fig. 406,
is equivalent to the ultraudion circuit (§3-7),
with the crystal replacing the tuned circuit.
Although the output is small, it has the ad-
vantage that no tuning controls are required.
The circuit requires capacitive coupling to a
following stage. The amount of feed-back is de-
termined by the condenser, Cs; its capacity
must be determined by experiment, usual val-
ues being between 50 and 150 pufd. To sustain
oscillation, the net recactance (§2-8) of the
plate-cathode circuit must be capacitive; this
condition is met so long as the inductance of
the r.f. choke, together with the inductance
of any coils associated with the input circuit
of the following stage and the tube and stray
capacities, forms a circuit tuned to a lower
frequency than that of the crystal.

Tubes such as the triode 6C5 and pentode
66 are suitable for use in this eircuit. (When a
triode is used the screen-voltage dropping
resistor, Ry, and by-pass condenser, Cy, in Fig.
406 should, of course, be omitted.) The applied
plate voltage should not exceced 300, to prevent
crystal fracture. The capacity of the output-
coupling condenser, Cs should be adjusted
by experiment so that the oscillator is not over-
loaded; usually 100 uufd. is a satisfactory value.

¢ 4-5 Harmonic-Generating Crystal
Oscillators
Tri-tet oscillator — The Tri-tet oscillator
circuit is shown in Fig. 407. In this circuit the
screen grid is operated at ground potential
and the cathode at an r.f. potential above
ground. The screen-grid acts as the anode of a

triode crystal oscillator, while the plate or out-

put circuit is tuned to the oscillator frequency
or, for harmonic output, to a multiple of it.

Besides giving harmonic output, the Tri-tet
circuit has the “buffering’ feature of electron-
coupling between crystal and output circuits
(§ 4-2). This makes the crystal frequency less
susceptible to changes in loading or tuning, and
hence improves the stability.

If the output circuit is to be tuned to the
same frequency as the crystal, a tube having
low grid-plate capacity (§3-2, 3-5) must be
used. Otherwise there may be excessive feed-
back with consequent danger of fracturing the
crystal. The cathode tank circuit, Ly Cy, is not
tuned to the frequency of the crystal, but to a
considerably higher frequency. Recommended
values for L; are given under the diagram. C1
should be set to as near minimum capacity as is
consistent with good output. This reduces the
crystal voltage. i
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With pentode-type tubes having separate
suppressor connections, the suppressor may be
either connected directly to ground or oper-
ated at about 50 volts positive. The latter
method will give somewhat higher output.

With transmitting pentodes or beam tubes
operated at 500 volts on the plate an output of
15 watts can be obtained on the fundamental
and nearly as much on the second harmonic.

Grid-plate oscillator — In the grid-plate
oscillator, Iig. 408, the crystal is connected be-
tween grid and ground and the cathode tuned
cireuit, C» and RFC, is tuned to a frequency
lower than that of the erystal. This circuit gives
high output on the fundamental crystal fre-
quency with low erystal current. The output on
even harmonies (2nd, 4th, ete.) is not so great
as that obtainable with the Tri-tet, but on odd
harmonies (3rd, 5th, ete.) the output is ap-
preciably better.

If harmonic output is not needed, C2 may be
a fixed capacity of 100 uufd. The eathode coil,
RFC, may be a 2.5-mh. choke, since the in-
ductance is not critical.

Output power of 15 to 20 watts at the erystal
fundamental may be obtained with a tube
such as the 6L6G at plate and sereen voltages
of 400 and 250, respectively. )

Tuning and adjustment — The tuning pro-
cedure for the Tri-tet oscillator is as follows:
With the cathode tank condenser at about
threec-quarters scale turn the plate tank con-
denser until there is a sharp dip in plate cur-

-B +5UPR. 456, <B

-B +56. +B

Fig. 407 — Tri-tet oscillator cirenit, using pentodes (A)
or beam tetrodes (B). Ci1 and Cz are 200-ppfd. variable
condensers. Ca, C4, Cs,+ Ce, may be 0.001 to 0.01 nfd.;
their values are not critical. Rj, 20,000 to 100,000 ohmas.
Rz should be 400 ohms for 400- or 500-volt operation.
The following specifications for the cathode coils, I, are
based on a diameter of 14 inches and a length of 1 inch;
turne should be spaced evenly to fill the required length:
for 1.75-Me. crystal, 32 turns! 3.5 Me., 10 turns; 7
Me., 6 turns. The screcn shonld be operated at 250 volts .
or less. Audio heam tetrodes such as the 61.6 and 6L6G
should be used only for sécond-harmonic output. A flash-
light bulh may he inserted at the point marked X (§ 4-3).
The L /C ratiointhe plate tank, L2Cz, should be such that
the capacity in use is 75 to 100 uufd. for fundamental
output and about 25 uufd. for second-harmonie output. |




Radio-Frequency Power Generation

6VEG, 6L6.6L6G

+B

+5.0

Fig. 408 — Grid-plate crystal oscillator circuit. Tn the
cathodc circuit, RIFC is a 2.5-mh. r.f. choke. Other con-
stants are the same as in Fig. 407, A erystal-current in-

* dicator may bc inserted at the point marked X (§ 4-3).

rent, indieating that the plate circuit is in
resonance. The erystal should be oscillating
continuously, regardless of the setting of the
plate condenser. Set the plate condenser so
that plate current is minimum. The load ecir-
cuit may then be coupled and adjusted so
that the oscillutor delivers power. The mini-
mum plate current will rise; it may be neces-
sary to retunc the plate condenser when the load
is coupled to bring the plate current to a new
minimum. Fig. 409 shows the typical behavior
of plate current with plate-condenser tuning.

After the plate circuit is adjusted and the
oscillator is delivering power, the cathode
condenser should be readjusted to obtain
optimum power output. The setting should be
as far toward the low-capacity end of the scale
as is consistent with good output; it may, in
fact, be desirable to sacrifice a little output if
so doing lowers the current through the erystal
and thus reduces heating.

For harmonic output the plate tank circuit
is tuned to the harmonic instead of the funda-
mental of the crystal frequency. A plate-cur-
rent dip will oceur at the harmonic. If the
cathode condenser is adjusted for maximum
output at the harmonie, this adjustment will
usually serve for the fundamental as well. The
crystalshould be checked for excessive heating,
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the most effective remedy being to lower plate
and/or screen voltage or to reduce the loading.
Maximum r.f.-voltage across the crystal is de-
veloped at maximum load, so heating should
be checked with the load coupled.

When a fixed cathode condenser is used in
the grid-plate oscillator the plate tank circuit is
simply resonated, as indicated by the plate-
current dip, to the fundamental or a harmonic
of the output frequency, loading being ad-
justed to give optimum power output. If the
variable cathode eondenser is used, it should be
set to give, by observation, the maximum
power output consistent with safe crystal cur-
rent. The variable condenser is useful chiefly in
increasing the output on the third and higher
harmonies; for fundamental operation, the
cathode capacity is not critical and the fixed
condenser may be used.

Fig. 409 — Curves show-
ing d.c. plate current vs.
plate-condenser tuning,
both with and without
load, for the Tri-tet oscil-
lator. The sctting for
minimum plate current
may shift with loading,

PLATE CURRENT

TUNING CAPACITY

¢ 4-6 Interstage Coupling

Requirements — The purpose of the inter-
stage coupling system is to transfer, with as
little energy loss as possible, the power devel-
oped in the plate circuit of one tube (the driver)
to the grid circuit of the following amplifier
tube or frequency multiplier. The ecircuits in
practical use are based on the fundamental
coupling arrangements deseribed in § 2-11.-In
the process of power transfer, impedance trans-
formation (§2-9) frequently is necessary so
that the proper exciting voltage and current
will be available at the grid of the driven tube.

DRIVER AMP
DRIVER AMFP DRIV_ER ¢ AME
C
RFC
L F lm l T |
® .8 < e
(C) +B -C
DRIVER

DRIVER AMP.

DRIVER

RFC

® L

+B

~C

P
/
é—i' =l
RFC - B

®

+B

Fig. 410 — Direct- or capacity-coupled driver and amplifier stages. The conpling capacity may ‘be from 50 uufd. -
‘to 0.002 ufd.; it is not critical cxcept where tapping the coils for control of excitation is not possible. Parallel
plate fced to the driver and serics grid feed to the amplifier may he substituted in any of these circuits (§3-7).




Capacity coupling — Fig. 410 shows several
types of capacitive coupling. In each case, C
is the coupling condenser. The coupling con-
denser serves also as a blocking condenser
(§ 2-13) to isolate the d.c. plate voltage of the
driver from the grid of the amplifier. The cir-
cuits of C and D are preferable when a bal-
anced circuit is used in the output of the
driver; instead of both tubes being in parallel
across one side, the output capacity of the
driver tube and the input eapacity of the am-
plifier are across opposite sides of the tank
circuit, thereby preserving a better circuit bal-
ance. The circuits of E and F are designed for
coupling to a push-pull stage.

In A, B, E and F, excitation is adjusted by
moving the tap on the coil to .provide an opti-
mum impedance match. In E and F, the two
grid taps should be maintained equidistant
from the center-tap on the coil.

While capacitive coupling is simplest from
the viewpoint of construction, it has certain
disadvantages. The input eapacity of the am-
plifier is shunted across at least a portion of the
driver tank coil. When added to the output
capacity of the driver tube, this additional ca-
pacity may be sufficient, in many cases, to
prevent use of a desirable L/C ratio in circuits
for frequencies above about 7 Me.

Link coupling — At the higher frequencies
it is advantageous in reducing the effects of
tube capacities on the L/C ratio to use separate
tank cireuits for the driver plate and amplifier
grid, coupling the two circuits by means of a
link (§2-11). This method of coupling also
has some constructional advantages, in that
separate parts of the transmitter may be con-
structed as separate units without the neces-
sity for running long leads at high r.f. potential.
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Circuits for link coupling are shown in Fig.
411, The coupling ordinarily is by a turn or
two of wire closely coupled to the tank induct-
ance at a point of low r.f. potential, such as the
center of the coil of a balanced tank ecircuit or
the “ground” end of the coil in a single-ended
circuit. The link line usually consists of two
closely spaced parallel wires; occasionally the
wires are twisted together, but this usually
causes undue losses at high frequencies.

It is advisable to have some means of vary-
ing the coupling between link and tank eoils.
The link coil may be arranged to be swung in
relation to the tank coil or, when it consists of
a large turn around the outside of the tank coil,
split into two parts which can be pulled apart
or closed somewhat in the fashion of a pair of
calipers. If the tank eoils are wound on forms,
the link may be wound eclose to the main
coil.

With fixed coils, some adjustment of cou-
pling usually can be obtained by varying the
number of turns on the link. In general, the
proper number of turns for the link must be
found by experiment.

€ 4-7 R.F. Power-Amplifier Circuits

Tetrode and pentode amplifiers— When
the input and output circuits of an r.f. ampli-
fier tube are tuned to the same frequency it
will oscillate as a tuned-grid tuned-plate oscil-
lator, unless some means_is provided to elimi-
nate the effects of feed-back through the plate-
to-grid capacity of the tube (§3-5). In all
transmitting r.f. tetrodes and pentodes, this
capacity is reduced to a satisfactory degree by
the internal shielding between grid and plate
provided by the screen. Tetrodes and pentodes
designed for audio use (such as the 616, 6V6,
6F6, etc.) are not sufficiently well screened for
use as r.f. amplifiers without employing suit-
able means for nullifying the effect of the grid-
plate capacity.

Typical eircuits of tetrode and pentode r.f.
amplifiers are shown in Fig. 412. The high
power sensitivity (§ 3-3) of pentodes and tet-
rodes, makes them prone to self-oscillate with
very small values of feed-back voltage, how-
ever, so that particular care must be used
to prevent feed-back by means external to the
tube itself. This calls for adequate isolation of
plate and grid tank circuits to prevent unde-
sired magnetie or capacity coupling between
them. The requisite isolation can be secured
either by keeping the circuits well separated
and mounting the coils so that magnetic cou-
pling is minimized, or by the use of interstage
shielding (§ 2-11).

Triode amplifiers — The feed-back through
the grid-plate capacity of a triode cannot be
eliminated, and therefore special cireuit means
called newiralization must be used to prevent
oscillation. A properly neutralized triode am-
plifier then behaves as though it were operating
at very low frequencies, where the grid-plate

capacity feed-back is negligible (§ 3-3).
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Fig. 412 — Typical tetrode-pentode r.f. amplifier circuits.
C1 — 0.01 ufd. Co — 0.001 ufd. C3-L — See § 4-8.
In circuits for tetrodes, the suppressor-grid connection
and its associated by-pass condenser arc omitted.

Neutralization — Neutralization amounts
to taking some of the radio-frequeney current
from the output or input circuit of the am-
plifier and introdueing it into the other circuit
in such a way that it effectively eancels the
current flowing through the grid-plate capacity
of the tube, thus rendering it impossible for the
tube to supply its own excitation. For full
neutralization, the two currents must be oppo-
site in phase (§ 2-7) and equal in amplitude.

The out-of-phase current (or voltage) ean be
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obtained quite readily by using a balanced
tank circuit for either grid or plate, taking the
neutralizing voltage from the end of the tank
opposite that to which the grid or plate is
connected. The amplitude of the neutralizing
voltage can be regulated by means of a small
condenser, .the neutralizing condenser, having
the same order of capacity as the grid-plate
capacity of the tube. Circuits in which the
neutralizing voltage is obtained from a bal-
anced grid tank and fed to the plate through
the neutralizing condenser are termed grid-
neutralized circuits, while if the neutralizing
voltage is obtained from a balaneed plate tank
and fed to the grid of the tube the circuit is
plate-neutralized.

Plate-neutralized circuits — The circuits
for plate neutralization are shown in Fig. 413
at A, B and C. In A, voltage induced in the
extension of the tank coil is fed back to the
grid through the neutralizing condenser, C», to
balance the voltage appearing between grid
and plate. In this circuit, the capacity required
at C. increases as the tank coil extension is
made smaller; in general, neutralization is sat-
isfactory over only a small range of frequencies
since the coupling between the two sections of
the tank coil will vary with the amount of
capacity in use at C.

In B the tank coil is center-tapped to give
equal voltages on either side of the center tap,
the tank condenser being across the whole coil.
The neutralizing capacity is approximately
cqual to the grid-plate capacity of the tube, in
this case. A disadvantage of the circuit, when
used with the single tank condenser shown, is
that the rotor of the condenser is above ground

. potential, and henece small eapacity changes

caused by bringing the hand near the tuning
control (hand capacity) cause detuning. In gen-
eral, neutralization is complete at only one
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Fig. 413 — Neutralized triodc amplifier circuits. Platc neutralization is shown in A, B and C, while D, E and F
show types of grid neutralization. Either capacitive or link coupling may be used with the circuits of A, B or C.
C-L—See § 4-8. Cy-L; — Grid tank circuit. Ca — Neutralizing condensers. Ci1 — 0.01 pfd. Ca — 0.001 pfd.
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frequency since the plate-cathode capacity of
the tube is across only half the tank coil; also,
it is difficult to secure an exact center-tap. Both
of these factors cause unbalance, which in turn
causes the voltages across the two halves of the
coil to differ when the frequency is changed.
The circuit of C also uses a center-tapped
tank circuit, the voltage division being secured
by use of a balanced (split-stator) tank con-
denser, the two condenser sections being iden-
tical. C. is approximately equal to the grid-
plate capacity of the tube. In this circuit the
upper section of the tank condenser is in paral-
lel with the output eapacity of the tube, hence
the circuit can be completely neutralized at
only one setting of the tank condenser unless a

Fig. 414 — Compen-
sating for unbalancein
the single-tube ncu-
tralizing circuit. Cs,
the balancing conden-
ser, has a2 muaximum
capacity somewhat
larger than the tube
M output capacity.

compensating capacity (Fig. 414) is connected
across the lower section. It is adjusted so the
neutralizing condenser need not be changed
when frequency is shifted. In practice, if the
capacity in use in the tank circuit is large com-
pared to the plate-cathode capacity the unbal-
ancing effect is not serious.

Grid-neutralized circuits — Typical cir-
cuits employing grid neutralization are shown
in Fig. 413 at D, E and F. The principle of bal-
ancing out the feed-back voltage is the same as
in plate neutralization. However, in these cir-
cuits the feed-back voltage may be either in
phase or out of phase with the excitation volt-
age on the grid side of the input tank circuit
(and the opposite on the other side) depending
upon whether the tank is divided by means of
a balanced condenser or a tapped coil. Cir-
cuits such as those at D and E, ncutralized by
ordinary procedure (described below), will be
regencrative when the plate voltage is applied;
the cireuit at F will be degenerative. In addi-
tion the normal unbalancing effects previously
described are present, so that grid neutralizing
is less satisfactory than the plate method.

Inductive neutralization — With this type

of neutralization, inductive coupling between
the grid and plate circuits is provided in such a
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way that the voltage induced in the grid coil by
magnetic coupling from the plate coil opposes
the voltage fed buck through the grid-plate
capacity of the tube. A representative circuit
arrangement, using a coupling link to provide
the mutual inductance (§2-11), is shown in
Fig. 415-A. The link coils are of one or two
turns coupled to the grounded ends of the tanlk
coils. Neutralization is adjusted by moving the
link coils in relation to the tank coils. Reversal
of connections to one coil may be required for
proper phasing, Ordinary inductive coupling
between the two coils also could be used, but it
is less convenient. Inductive neutralization is
complete only at one frequency since the effec-
tive mutual inductunce changes to some extent
with tuning, but is useful in cases where the
grid-plate capacity of the tube is very small
and suitable eircuit balance cannot be obtained
by using neutralizing condensers.

Another form of neutralization, known as
“eoil” or ““shunt’ neutralization, is shown at
B. Its operation is based on making the induct-
ance of L. such that, together with the grid-
plate capacity of the tube, it resonates at the
operating frequency. C: is merely a plate-volt-
age blocking condenser. If the @ of the coil
is sufficiently high, the pavallel resonant im-
pedance between grid and plate is much higher
than the grid-cathode circuit impedance. Be-
cause the system is difficult to adjust and func-
tions satisfactorily only at one frequency, it is
used chiefly in fixed-frequency transmitters.
The variation in Fig. 414-C is useful for v.h.f.
In this arrangement the coil is replaced by a
parallel line, the effective length of which is
adjusted until it is resonant when loaded by
the grid-plate capacity.

Push-pull neutralization — With push-
pull circuits two neutralizing condensers are
used, as shown in Fig. 416. In these circuits, the
grid-plate capacities of the tubes and the neu-
tralizing capacities form a capacity bridge
(§ 2-11) which is independent of the grid and
plate tank circuits. The neutralizing capacities
are approximately the same as the tube grid-
plate capacities. With electrically similar tubes
and symmetrical construction (stray capacities
to ground equal on both sides of the circuit),
the neutralization is complete and independent
of frequency. A circuit using a balanced con-
denser, as at B, is preferred, since it is an aid
in obtaining good circuit balance.

Driver
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Frequency effects — The effects of slight
dissymmetry in a neutralized circuit become
more important as the frequency is raised, and
may be sufficient at the very-high frequencies
(or even lower) to prevent good neutralization.
At these frequencies the inductances and stray
capacities of even short leads bhecome impor-
tant elements in the circuit, while input load-
ing effects (§ 7-6) may make it impossible to
get proper phasing, particularly in single-tube
circuits. In such cases the use of a push-pull
amplifier, with its general freedom from the
effects of dissymmetry, is not only much to be
preferred but may be the only type-of circuit
which ean be satisfactorily neutralized.

Neutralizing condensers — In most cases
the neutralizing voltage will be equal to the
r.f. voltage between the plate and grid of the

B —

(A) * HV. -

(o
T coupling |
and bias mcm'lsP

Fig. 416 — " Cross-ncutralized” push.pull r.f. amplifier
circnits. Eitlier capacitive or link coupling may be used.
C-L — See § 1-8. — Neutralizing eondensers.
C1 — 0.01 pfd. C" — 0.001 pfd. or larger.

tube, so that for perfect balance the capacity
required in the neutralizing condenser theoret-
ically will be equal to the grid-plate eapacity.

_If, in the circuits having tapped tank coils, the
tap is more than half the total number of turns
from the plate end of the coil, the required neu-
tralizing capacity will increase approximately
in proportion to the relative number of turns in
the two sections of the coil.

With tubes having grid and plate con-
nections brought out through the bulb, a con-
denser having at about half-scale or less a ca-
pacity cqual-to the grid-plate capacity of the
tube should be chosen. If the grid and plate
leads are brought through a common base the
capacity needed is greater, because the tube
socket and its associated wiring adds some ca-
pacity to the actual interelement capacities.
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When two or more tubes are connected in
parallel, the neutralizing ecapacity required
will be in proportion to the number of tubes.

The voltage rating of neutralizing con-
densers must at least equal the r.f. voltage
across the condenser plus the sum of the d.c.
plate voltage and the grid-bias voltage.

Neutralizing procedure — The procedure
in neutralizing is essentially the same for all
tubes and circuits. The filament of the tube
should be lighted and exeitation from the pre-
ceding stage fed to the grid circuit There
should be no plate voltage on the amplifier.

The grid-circuit milliammeter makes a good
neutralizing indicator. If the cireuit is not com-
pletely neutralized, tuning of the plate tank cir-
cuit through resonance will change tlie tuning of
the grid circuit and affect its loading, causing a
change in the rectified d.c. grid current. The
setting of the neutralizing condenser which
leaves the grid current unaffected as the plate
tank is tuned through resonanece is the correct
one. If the circuit is out of neutralization, the
grid current will drop perceptibly as the plate
tank is tuned through resonance. As the point
of neutralization is approached, by adjusting
the neutralizing capacity in small steps the dip
in grid current as the plate condenser is swung
through resonance will become less and less
pronounced, until, at exact neutralization,
there will be no dip at all. Further change of
the neutralizing capacity in the same direction
will bring the grid-current dip back. The ncu-
tralizing condenser should always be adjusted
with a serewdriver of insulating material to
avoid hand-capacity effects.

Adjustment of tlie neutralizing condenser
may affect the tuning of the grid tank or driver
plate tank, so both cireuits should be retuned
cach time a change is made in neutralizing
capacity. In neutralizing a push-pull amplifier
the neutralizing condensers should be adjusted
together, step by step, keeping their eapacities
as equal as possible.

With single-ended circuits having split-stator
neutralizing, the behavior of the grid meter
will depend somewhat upon the type of tube
used. If the tube output capacity is not great
enough to upset the balance, the action of the
meter will be the same as in other circuits.
With high-capacity tubes, however, the meter
usually will show a gradual rise and fall as the
plate tank is tuned through resonance, reach-
ing & maximum right at resonance when the
circuit is properly neutralized.

When an amplifier is not neutralized a neon

bulb touched to the plate of the amplifier tube
or to the plate side of the tuning condenser will
glow when the tank cireuit is tuned through
resonance, providing the driver has sufficient

power. The glow will disappear when the am--

plifier is neutralized. However, touchmg the
neon bulb to such an ungrounded point in the
circuit may introduce enough stray capacity
to unbalance the circuit slightly, thus upsetting
the neutralizing,
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Fig. 417 — Taverted amplifier. The number of turns at
Lshould be adjusted by experiment to give optimum grid
excitation. By-pass condenser C is 0.001 ufd. or larger.

A flashlight bulb connected in series with a
single-turn loop of wire 234 or 3 inches in
diameter, with the loop coupled to the tank
‘coil, also will serve as a neutralizing indicator.
Capacitive_ unbalance can be avoided by
coupling the loop to the low-potential part of
the tank coil.

Incomplete neutralization — If a setting
of the neutralizing condenser can be found
which gives minimum r.f. current in the plate
tank circuit without ecompletely eliminating it,
there may be magnetic or capacity coupling
between the input and output eircuits external
to the tube itself. Short leads in neutralizing
circuits are highly desirable, and the input
and output inductances should be so placed
with respect to each other that magnetic
coupling is minimized. Usually this requires
that the axes of the coils must be at right
angles to each other. In some cases it may be
necessary to shield the input and output cir-
cuits from each other. Magnetic coupling can
be detected by disconnecting the plate tank
from the remainder of the circuit and testing
for r.f. in it (by means of the flashlight lamp
and loop) as the tank condenser is tuned
through resonance. The driver stage must be
operating while this is done, of course.

With single-ended amplifiers there are many
stray capacities left uncompensated for in the
neutralizing proeess. With large tubes, espe-
cially those having relatively high interelec-
trode capacities, these commonly neglected
stray capacities ean prevent perfect neutraliza-
tion. Symmetrical arrangement of a push-pull
stageis about the only way to obtain practically
perfect balance throughout the amplifier.

The neutralization of tubes with extremely
low grid-plate capacity, such as the 6L6, is
often difficult, since it frequently happens that
the wiring itself will introduce sufficient ca-
pacity between the right points to “over-
neutralize’’ the grid-plate capacity. The use
of a neutralizing condenser only aggravates
the condition. Induetive or link neutralization,
as shown in Fig. 415, has been used successfully
with such tubes. :

The inverted emplifier — The circuit of
Tig. 417 avoids the necessity for neutralization
by operating the control grid of the tube at
ground potential, thus making it serve as a
shield between the input and output circuits.
It is particularly useful with tubes of low
grid-plate capacity, which are difficult to neu-
tralize by ordinary methods. Excitation is ap-~
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plied between grid and cathode through the
coupling coil, L; since this coil is common to
both the plate and grid eircuits the amplifier
is degcnerative with the circuit constants
normally used, hence more excitation voltage
and power are required for a given output than
is the case with a neutralized amplifier. The
tube used must have low plate-cathode ca~-
pacity (of the order of 1 uufd. or less) since
larger values will give sufficient feed-back to
permit it to oscillate, the circuit then becom-
ing the ultraudion (§ 3-7). Tubes having suf-
ficiently low plate-cathode capacity (audio
pentodes, for example) can be used without
danger of oscillation at frequencies up to 30
Me. or so.

C 4-8 Power Amplifier Operation

Efficiency — An r.f. power amplifier is
usually operated Class-C (§ 3-4) to obtain a
reasonably high value of plate efficiency
(§ 3-3). The higher the plate efficiency the
higher the power input that can be applied to
the tube without cxceeding the plate dissipa-
tion rating (§ 3-2), up to the limits of other
tube ratings (plate voltage and plate current).
Plate efficiencies of the order of 75 per cent are
readily obtainable at frequencies up to the
30-60-Me. region. The over-all efficiency of the
amplifier will be lower by the power lost in
the tank and coupling circuits, so that the ac-
tual efficiency is less than the plate efficiency.

Operating angle — The operating angle is
the proportionate part of the exciting grid-
voltage cycle (§ 2-7) during which plate cur-
rent flows, as shown in Fig. 418. For Class-C
operation, it is usually in the vieinity of 120-150
degrees. With other operating considerations,
this angle results in an optimum relationship be-
tween plate efficiency and grid driving power.

Load impedance — The load impedance
(§ 3-3) for an r.f. power amplifier is adjusted,
by tuning the plate tank circuit to resonance,
to represent a pure resistance at the operating
frequency (§ 2-10). Its value, which usually is
in the neighborhood of a few thousand ohms, is
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adjusted by varying the loading on the tank
eircuit, closer coupling to the load giving lower
values of load resistance and vice versa
(§ 2-11). The load may be either the grid cir-
cuit of a following stage or the antenna circuit.

For highest efficiency the value of load re-
sistance should be relatively high, but if only
limited excitation voltage is available greater
power output will be secured by using a lower
value of load resistance. The latter adjustment
is accompanied by a decrease in plate effi-
ciency. The optimum load resistance is that
which, for the maximum permissible peak
plate current, eauses the minimum instan-
tancous plate voltage (Fig. 418) to be equal to
the maximum instantaneous grid voltage re-
quired to cause the peak plate current to flow;
this gives the optimum ratio of plate effi-
ciency to required grid driving power.

R.f. grid voltage and grid bias — For most
tubes optimum operating conditions result
when the minimum instantaneous plate volt-
age is 10 to 20 per cent of the d.c. plate voltage,
so that the maximum instantaneous positive
grid voltage must be approximately the same
figure. Since plate current starts flowing when
the instantaneous voltage reaches the cut-off
value (§ 3-2), the d.c. grid voltage must be con-
siderably higher than cut-off to confine the
operating angle to 150 degrees or less (with grid
bias at cut-off, the angle would be 180 degrees).
For an angle of 120 degrees, the r.f. grid voltage
must reach 50 per cent of its peak value (§ 2-7)
at the cut-off point. The corresponding figure
for an angle of 150 degrees is 25 per cent. Hence,
the operating bias required is the cut-off value
plus 25 to 50 per cent of the peak r.f. grid volt-
age. These relations are shown in Fig. 418. The
grid bias should be at least twice cut-off if the
aaplifier is to be plate modulated, so that the
operating angle will be not less than 180 de-
grees when the plate voltage rises to twice the
steady d.c. value (§ 5-3). Because of their rela-
tively high amplification factors, with most
modern tubes Class-C operation requires con-
siderably more than twice cut-off bias to make
the operating angle fall in the region mentioned
above. Suitable operating eonditions are usu-
ally given in the data accompanying the type
of tube used.

Grid bias may be secured either from a bias
source (fized bias), a grid leak (§ 3-6) of suit-
able value, or from a combination of both.
When a bias supply is used, its voltage regula-
tion should be taken into consideration (§ 8-9).

Driving power — As indicated in Fig. 418,
grid eurrent flows only during a small portion
of the peak of the r.f. grid voltage eycle. The
power consumed in the grid circuit therefore is
approximately equal to the peak r.f. grid volt-
age multiplied by the average rectified grid
current as read by a d.c. milliammeter. The
peak r.f. grid voltage, if not included in the
tube manufacturer's operating data, can be
estimated roughly by adding 10 to 20 per cent
of the plate voltage to the operating grid bias,
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assuming the operating conditions are as de-
scribed above.

At frequencies up to 30 Me. or so, the grid
losses are practically entirely those resulting
from grid-current flow. At the very-high fre-
quencies, however, dielectric losses in the glass
envelope and base materials become appre-
ciable, together with losses caused by transit-
time effects (§7-6), and may necessitate
supplying several times the driving power indi-
cated above. At any frequency, the driving
stage should be capable of a power outpub
two to three times the power it is expected the
grid circuit of the amplifier will consuine. This
is necessary because losses in the tank and
coupling circuits must also be supplied, and
also to provide reasonably good regulation of
the r.f. grid voltage. Good voltage regulation
(see §8-1 for general definition) insures that
the waveform of the excitation voltage will not
be distorted because of the changing load on
the driver during the r.f. eycle.

Grid impedance — During most of the r.f.
grid-voltage cycle no grid current is flowing, as
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for a Q of 12 with various ratios of plate voltage to
plate current, for various frequencies. In circuits I¥, G,
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indicated in Fig. 418, hence the grid impedance
is infinite. During the peak of the cycle, how-
ever, the impedance may drop to very low
values (of the order of 1000 ohms), depending.
upon the type of tube. Both the minimum and
average values of grid impedance depend to a
considerable extent on the amplification factor
of the tube, being lower with tubes having large
amplification factors.

The average grid impedance is equal to E2/P,
where E is the rm.s. (§ 2-7) value of r.f.
grid voltage and P is the grid driving power.
Under optimum operating conditions, values of
average grid impedance ranging from 2000 chms
for high-u tubes to four or five times as much
for low-u types are representative. Values in
the vicinity of 4000 to 5000 ohms are typical
of modern triodes with amplification factors
of 20 to 30.

Because of the large change in impedance
during the cycle, it is necessary that the tank
circuit associated with the amplifier grid have
fairly high @. This is essential to provide suf-
ficient storage capacity so that the voltage
regulation over the cycle will be good. The
requisitec Q may be obtained by adjusting the
L/C ratio or by tapping the grid circuit across
only part of the tank (§ 4-6).

Tank-circuit Q — Besides serving as a
means for transforming the actual load resist-
ance to the required value of plate load im-
pedance for the tube, the plate tank circuit
also should suppress the harmonics present in
the tube output as & result of the non-sinusoidal
plate current (§ 2-7, 3-3). Far satisfactory har-
monic suppression, a @ of 12 or more (with the
circuit fully loaded) is desirable. A @ of this
order also is helpful from the standpoint of
securing adequate coupling to the load or an-
tenna circuit (§ 2-11). The proper @ can be ob-
tained by suitable selection of L/C ratio in
relation to the optimum plate load resistance
for the tube (§ 2-10). .
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For a Class-C amplifier operated under opti-
mum conditions as described above, the plate
load impedance is approximately proportional
to the ratio of d.c. plate voltage to d.c. plate
current. For a given effective @ the tank ca-
pacity required at a given frequency will be
inversely proportional to the parallel resistance
(§ 2-10), so that it will also be inversely pro-
portional to the plate-voltage/plate-current
ratio.

The tank capacity required on various ama-
teur bands for a @ of 12 is shown in IMig. 419 as
a function of this ratio. The capacity given is
for single-ended tank circuits, as shown in Fig.
420 at A and B. When & balanced tank circuit
is used the total tank eapacity required is re-
duced to one-fourth this value, because the tube
is connected across only half the circuit (§ 2-9).
Thus, if the plate-voltage/plate-current ratio
calls for a capacity of 200 uufd. in a single-
ended circuit at the desired frequency, only 50
sufd. would be needed in a balanced cireuit. If
a split-stator or balanced tank condenser is
used each section should have a capacity of
100 uufd., the total capacity of the two in series
being 50 pufd. These are “in use’ capacitics;
not simply the rated maximum capacity of the
condenser. Larger values may be used with an
increase in the effective Q.

To reduce energy loss in the tank circuit, the
inherent @ of the coil and condenser should be
high, Since transmitting coils usually have Qs
ranging from 100 to several hundred, the tank
transfer efficiency- generally is 90 per cent or
more. An unduly large C/L ratio is not advisa-
ble since it will result in large circulating r.f.
tank current and hence relatively large losses
in the tank, with a econsequent reduction in the

‘power available for the load.

Tank constants ~— When the eapacity nec-
essary for a @ of 12 has been determined from
Fig. 419, the induectance required to resonate
at the given frequency can be found by means
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Fig. 420 — In circuits A, B, C, D and E, the peak voltage E will be approximately equal to the d.c. plate voltage
applied for c.w. or twice this value for *phone. In circuits F, G, 1L, T, J and K, E will be twice the d.c. platc voltage
for c.w. or four times the plate voltaze for *phone. The circuit is assumed to be fully loaded. Tubes in parallel in
any of the circuits will not affect the veak voltage. Cirenits A, C, E, F, G and I require that the tank condenser
be insulated from chassis or cround and that it be provided with a suitably iusulated shaft eoupling for tuning,
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of the formula in § 2-10. Alternatively, the re-
quired number of turns on coils of various
construction ean be found from the charts of
Figs. 421 and 422.

Tig. 421 is for coils wound on receiving-type
forms having a diameter of 114 inches and
ceramic forms having a diameter of 134 inches
and winding length of 3 inches. Such coils
would be suitable for osecillator and buffer
stages where the power is not over 50 watts.
In all cases, the number of turns given must be
wound to fit the length indicated and the turns
should be evenly spaced.

Fig. 422 gives data on coils wound on trans-
mitting-type ceramic forms. In the case of the
smallest form, extra curves are given for
double spacing (winding turns in alternate
grooves). This is sometimes advisable in the
‘case of 14- and 28-Me. coils when only a few
turns are required. In all other cases, the speci-
fied number of turns should be wound in the
grooves without any additional spacing.

Ratings of components — The peak voltage
to be expected between the plates of a tank
condenser depends upon the arrangement of
the tank circuit as well as the d.c. plate voltage.
Peak voltage may be determined from Fig. 420,
which shows all of the commonly used tank-
citcuit arrangements. These estimates assume
that the amplifier is fully loaded; the voltage
will rise considerably should the amplifier be
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Fig. 421 — Coil-winding data for receiving-type forms,
diameter 114 inches. Curve A — winding length, 1
inch; Curve B — winding length, 1}4 inches; Corve
C — winding length, 2 inches. Curve C is also suitable
for coils wound on 13{-inch diamcter transmitting-
type ceramic forms with 3 inches of winding length.

operated without load. The figures include a
reasonable factor of safety.

The condenser plate spacing required to
withstand any particular voltage will vary
with the construction. Most manufacturers
specify peak-voltage ratings in describing their
condensers.

Plate or screen by-pass condensers of 0.001
ufd. should be satisfactory for frequencies as
low as 1.7 Mec. Cathode-resistor and filament
by-passes in r.f. circuits should be not less than
0.01 pfd. Fixed condensers used for these pur-
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Fig. 422 — Coil-winding data for ccramic transmit-
ting-type forms. Curve A — ceraniic form 214-inch
effective diameter, 26 grooves, 7 per inch; Curve B —
same as A, but with turns wound in alternate grooves;
Curve C — ceramic form 274-inch effective diameter,
32 grooves, 7.1 turns per inch, approximatcly; Curve
D — cerawmic form 4-iuch effective diameter, 28 grooves,
5.85 turus per inch, approximately; Curve E — ceramic
form 5-inch effective diameter, 26 grooves, 7 per inch.
Coils may be wound with cither No. 12 or No. 14 wire.

poses should have voltage ratings 25 to 50 per
cent greater than the maximum d.c. or a.c.
voltage across them.

Interstage coupling condensers should have
voltage ratings 50 to 100 per cent greater than
the sum of the driver plate and amplifier grid-
biasing voltages.

¢ 4-9 Adjustment of Power Amplifiers

Excitation — The effectiveness of adjust-
ments to the coupling between the driver plate
and amplifier grid circuits can be gauged by the
relative values of amplifier rectified grid cur-
rent and driver plate current, the object being
to obtain maximum grid eurrent with minimum
driver loading. The amplifier grid circuit rep-
resents the load on the driver stage, and the
average grid impedance must therefore be
transformed to the value for optimum driver
operation (§ 4-8). .

With capacity coupling, either the driver
plate or amplifier grid must be tapped down on
the driver tank coil, as shown in Fig. 410 at A
and B, unless the grid impedance is approxi-.
mately the right value for the driver plate load,
when it will be satisfactory to connect both
elements to the end of the tank. If the grid im-
pedance is lower than the required driver plate
load, Fig. 410-A is used; if higher, Fig. 410-B.
In either case, the coupling which gives the
desired grid current with minimum driver load-
ing should be determined experimentally by
moving the tap. Should both plate and grid be
connected to the end of the circuit it is some-
times possible to control the loading, when the
grid impedance is low, by varying the capaecity
of the coupling condenser, C, but this method
is not altogether satisfactory since it is simply
an expedient to prevent driver overloading
without giving suitable impedance -matching.




In push-pull eircuits the method of adjust-
ment is similar, except that the taps should
be kept symmetrically located with respect to
the center of the tank circuit.

With link coupling, Fig. 411, the object of
adjustment is the same. The two tanks are
first tuned to resonance, as indicated by maxi-
mum grid current, and the coupling adjusted
by means of the links (§ 4-6) to give maximum
grid current with minimum driver plate cur-
rent. This usually will suffice to load the driver
to its rated output, provided the driver plate
and amplifier grid tank circuits have reasonable
values of Q. If the @ of one or both of the ecir-
cuits is too low, it may not be possible to load
the driver fully with any adjustment of link
turns or coupling at either tank. In such a case,
the Qs of the tank circuits must be increased to
the point where adequate coupling is secured.
If the driver plate tank is designed to have a Q
of 12, the difficulty almost invariably is in the
amplifier grid tank. The Q can be increased to a
suitable value either by adjustment of the L/C
ratio or by tapping the load across part of the
coil (§ 2-10).

Whatever the type of coupling, a preliminary
adjustment should be made with the proper
bias voltage and/or grid leak, but with the
amplifier plate voltage off; then the amplifier
should be carefully neutralized. After neutrali-
zation the driver-amplifier coupling should be
readjusted for optimum power transfer, after
which plate voltage may be applied and the
amplifier plate circuit adjusted to resonance
and coupled to its load. Under actual operating
conditions the grid current decreases below the
value obtained without plate voltage on the
amplifier and the effective grid impedance
rises, hence the final adjustment is to re-check
the coupling to take care of this shift.

With recommended bias, the grid current ob-
tained before plate voltage is applied to the am-
plifier should be 25 to 30 per cent higher than
the value required for operating conditions.
If this value is not obtained, and the driver
plate input is up to rated value, the reason may
be either improper matching of the amplifier
grid to the driver plate or simply insufficient
power output from the driver to take care of all
losses. Driver operating voltages should be
checked to assure they are up to rated values.
If batteries are used for bias and are not strictly
fresh, they should be replaced, since batteries
which have been in use for some time often
develop high internal resistance which effec-
tively acts as additional grid-leak resistance.
If a rectified a.c. bias supply is used, the
bleeder or voltage-divider resistances should
be checked to make certain that low grid cur-
rent is not caused by greater grid-eircuit re-
sistance than is recommended. In this connec-
tion it is helpful to measure the actual bias
when grid current is flowing, by means of a
high-resistance d.c. voltmeter. There is also
the possibility of loss of filament emission of
the amplifier tube, either from prolonged serv-
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ice or from operating the filament under or
over the rated voltage.

Plate tuning ~— In preliminary tuning, it is
desirable to use low plate voltage to avoid
possible damage to the tube. With excitation
and plate voltage applied, rotate the plate tank
condenser until the plate current dips. Then set
the condenser at the minimum plate-current
point (resonance). When the resonance point
has been found, the plate voltage may be
increased to its normal value.

With adequate excitation, the off-resonance
plate current of a triode amplifier may be two
or more times the mormal operating value.
With screen-grid tubes the off-resonance plate
current may not be mueh higher than the nor-
mal operating value, since the plate current is
principally determined by the sereen rather
than the plate voltage;

Under reasonably efficient operating condi-
tions the minimum plate current with the
amplifier unloaded will be a small fraction of
the rated plate current for the tubé (usually a
fifth or less), since with no load the parallel
impedance of the tank circuit is high. If the ex-
citation is low the “dip” will not be very
marked, but with adequate excitation tlie
plate current at resonance without loading will
be just high enough so that the d.c. plate
power input supplies all the losses in the tube
and cireuit. As an indication of probable effi-
ciency, the minimum plate current value
should not be taken too seriously, because
without load the Q of
the circuit is high and

the tank current rela- 3 Loaded
tively large. When é‘ ’

the amplifier is de- J

livering power to a W ””’”“dc;{_

load, the circulating §

—_—

current drops consid-
erably and the tank
losses correspondingly
decrease. High mini-
mum unloaded plate

TUNING CAPACITY

Fig. 423 — Typical behav-
ior of d.c. plate current
v6. tuning capacity in the
plate circuit of an amplificr.

current is chiefly en-
countered at 28 Mec. and above, where tank
losses are higher and the tank L/C ratio is

usually lower than normal because of irre- -

ducible tube capacities. The effect is particu-
larly noticeable with screen-grid tubes, which
have relatively high output capacity. Because
of the decrease in tank r.f. current with loading,
however, the actual efficiency under load is
reasonably good.

With the load (antenna or following amplifier
grid eircuit) connected, the coupling between
plate tank and load should be adjusted to make
the tube take rated plate current, keeping the
tank always tuned to resonance. As the output
coupling is increased the minimum plate cur-
rent also will increase, about as shown in Fig,
423. Simultaneously the tuning becomes less
sharp, because of the increase in effective re-
sistance of the tank, If the load circuit simu-
lates a resistance, the resonance setting of the
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tank condenser will be practically unchanged
with loading; this is generally the case, since
the load circuit usually is also tuned to reso-
nance. A reactive load (such as an antenna or
feeder system not tuned exactly to resonance)
may cause the tank condenser setting to
change with loading, since reactance as well as
resistance is coupled into the tank (§ 2-11).
Power output — As a check on the opera-
tion of an amplifier, its power output may be
measured by the use of a load of known re-
sistance, coupled to the amplifier output a8
shown in Fig. 424. At A a thermoammeter, M,
and & noninductive (ordinary wire-wound re-
sistors are not satisfactory) resistance, I, are
connected across & coil of a few turns coupled
to the amplifier tank coil. The higher the re-
gistance of R, the greater the number of turns
required in the coupling coil. A resistor used
in this way is generally called a ‘“dummy an-

tenna,” since its use permits the transmitter
H .

to be adjusted without actually radiating
power. The loading may readily be adjusted
by varying the coupling between the two coils,
so that the amplifier draws rated plate current
when tuned ta resonance. The power output is
then calculated from Ohm’s Law:

P (watts) = I’R

where [ is the current indicated by the thermo-
ammeter and R is the resistance of the non-
inductive resistor. Special resistance units are
available for this purpose, ranging from 73 to
600 ohms (simulating antenna and transmis-
sion-line impedances) at power ratings up to
100 watts. For higher powers, the units may be
connected in series-parallel. The meter scale
required for any expected value of power out-
put may also be determined from Ohm’s Law:

P
I=\/E

Incandescent light bulbs can be used to re-
place the special resistor and thermoammeter.
The lamp should be equipped with & pair of
leads, preferably soldered to the terminals on
the lamp base. The coupling should be varied
until the greatest brilliance is obtained for a
given plate input. In using lamps as dummy
antennas a size corresponding to the expected
power output should be selected, so that the
lamp will operate near its normal brilliancy.
Then, when the adjustments have been com-
pleted, an approximation of the power output
can be obtained by comparing the brightness of
the lamp with the brightness of one of similar
power rating in a 115-volt socket.

The cireuit of Fig. 424-B is for resistors or
lamps of relatively high resistance. In using
this circuit, care should be taken to avoid ac-
cidental contact with the plate tank when the
power is on. This danger is avoided by circuit
C, in which a separate tank circuit, LC, tuned
to the operating frequency, is coupled to the
plate tank circuit. The loading is adjusted by
varying the number of turns across which the

dummy antenna is connected on L and by
changing the coupling between the two coils.
With push-pull amplifiers, the dummy antenna
should be tapped equally on either side of the
center of the tank when the circuit of Fig.
424-B is used.

Harmonic suppression — The most im-
portant step in the elimination of harmonic
radiation (§ 4-8 2-12) is to use an output tank
circuit having a @ of 12 or more. Beyond this
it is desirable to avoid ahy considerable amount
of over-excitation of a Class-C amplifier, since
excitation in excess of that required for normal
Class-C operation further distorts the plate-
current pulse and increases the harmonic con-
tent in the output of the amplifier even though
the proper tank @ is used. If the antenna sys-
tem in use will aceept harmonic frequencies
they will be radiated when distortion is present,
and consequently the antenna coupling system
preferably should be selected with harmonic
transfer in mind (§ 10-6).

Harmonic content can be reduced to some
extent by preventing distortion of the r.f.
grid-voltage waveshape. This can be done by
using a grid tank cireuit with high effective
Q. Link coupling between the driver and final
amplifier are helpful, since the two tank cir-
cuits provide more attenuation than one at the
harmonic frequencies. However, the advan-
tages of link coupling in this respect may be
nullified unless the @ of the grid tank is high
enough to give good voltage regulation, which
minimizes harmonic transfer and thus pre-
vents distortion in the grid circuit.

The stray capacity between the antenna
coupling coil and the tank coil may be sufficient
to couple harmonic energy into the antenna
system. This coupling may be eliminated by
the use of electrostatic shielding (Faraday
shield) between the two coils. Fig. 425 shows
the construction of such a shield, while Fig. 426
illustrates the manner in which it is installed.
The construction shown in Fig. 425 prevents
current flow in the shield, which would oceur

"if the wires formed closed circuits since the

shield is in the magnetic field of the tank coil.
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Fig. 424 —"Dummy

Tank circuit

antenna” circnits for
checking poweroutput R
and making operating 75 @®
adjustments under load
without applying power ~—
to the actual antcona.
Tonk cireurt
7 %% X




.

110

No Cannﬁct/bns

ere Fig. 425 — The Faraday elec-

trostatic shield for eliminating
capacitive transfer of har-
monic energy. It is made of
parallel conductors, insulated
from each other except at onc
| end where all arc joined. Stiff
wire or small diameter rod
may beused, spaced ahout the
diameter of the wire or rod.
The shield should he larger

Conductors / than the diameter of the coil.

_joined here

Should this occur, there would be magnetic
shielding as well as electrostatic; in addition,
there would be a power loss in the shield.

Improper operation — Inexact neutraliza-
tion or stray coupling between plate and grid
circuits may result in regeneration. This effect
is most evident with low excitation, when the
amplifier will show a sudden increase in output
when the plate tank circuit is tuned slightly
to the high-frequency side of resonance. It is
accompanied by a pronounced increase in
grid current.

Self-oscillation is apt to oceur with tubes of
high power sensitivity, such as the r.f. pentodes
and tetrodes. In event of either regeneration
or oscillation, circuit components should be
arranged so that those in the plate circuit are
well isolated from those of the grid cireuit.
Plate and grid leads should be made as short
as possible and the screen should be by-passed
as close to the socket terminal as possible. A
cylindrical shield surrounding the lower portion
of the tube up to the lower edge of the plate is
sometimes required.

““Double resonance,” or two tuning spots on
the plate-tank condenser, one giving minimum
plate current and the other maximum power
output, may occur when the tank eircuit Qis
too low (§ 2-10). A similar effect also oceurs
at times with screen-grid amplifiers when the
screen-voltage regulation (§8-1) is poor, as
when the screen is supplied through a dropping
resistor. The screen voltage decreases with an
increase in plate current, because the screer
current increases under the same conditions,
Thus the minimum plate-current point causes
the screen voltage, and hence the power output,
to be less than when a slightly higher plate
current is drawn.

A phenomenon known as “grid emission”
may occur when the amplifier tube is oper-
ated at higher than rated power dissipation on
cither the plate or grid. It is particularly likely
to occur with tubes having oxide-coated cath-
odes, such as the indirectly heated types. It is
caused by the grid reaching a temperature high
enough to cause electron emission (§ 2-4).
The electrons so emitted are attracted to the
plate, further increasing the power input and

" heating, so that grid emission is characterized

by gradually increasing plate current and heat
which eventually will ruin the tube if the power
isnot removed. Grid emission can be prevented
by operating the tube within its ratings.

¢ 4-10 Parasitic Oscillations

Description — If the circuit conditions in
an oscillator or amplifier are such that self-
oscillation exists at some frequency other than
that desired, the spurious oscillation is termed
parasitic. The energy required to maintain a
parasitic oscillation is wasted insofar as useful
output is concerned, hence an oscillator or
amplifier having parasitics will operate at re-
duced efficiency. In addition, its behavior at
“the operating frequency often will be erratic.
Parasitic oscillations may be either higher or
lower in frequency than the operating frequency.

The parasitic osecillation usually starts the
instant plate voltage is applied, or, when the
amplifier is biased beyond cut-off, at the instant
excitation is applied. In the latter case, the
oscillation frequently will be self-sustaining
after the excitation has been removed. At other
times the oscillation may not be self-sustaining,
becoming active only in the presence of excita-
tion. It may be apparent only by the produc-
tion of abnormal key clicks (§ 6-1) over a wide
frequency range, or by the presence of spurious
side-bands (§ 5-2) with *phone modulation.

Low-frequency parasitics — Parasitic os-
cillations at low frequencies (usually 500 ke. or
less) are of the tuned-plate tuned-grid type,
the tuned circuits being formed by r.f. chokes
and associated by-pass and coupling condens-
ers, with the regular tank tuning condeusers
having only a minor effect on the oscillation.
The operating-frequency tank coil has negligi-
ble inductance for such low frequencies and
may be short-circuited without affecting the
oscillations. The oscillations do not occur when
no r.f. chokes are used, hence whenever possible
in series-fed circuits such chokes should be
omitted. With single-ended amplifiers, it is
usually possible to arrange the cireuit so that
either the grid or plate circuit needs no choke,
In push-pull stages, where cliokes must be used
in both plate and grid circuits, it is helpful
to connect an unby-passed grid leak from the
chole to the bias supply or ground, thus placing
the resistance in the parasitie cireuit and tend-
ing to prevent oscillation. When tlie driver
plate circuit has parallel feed and the amplifier
grid circuit series feed (§ 3-7) this type of os-
cillation cannot oceur if no choke is used in the
series grid cireuit, since the grid is grounded
through the tank coil for the parasitic frequency.

Parasitics near operating frequency — In
circuits utilizing a tap on the plate tank coil
toestablish a ground for a balaneced neutralizing
circuit, such as Fig. 413-B, a parasitic oscilla-
tion may be set up if the amplifier grid is
tapped down on the grid (or driver plate) tank
circuit for adjustment of driver-amplifier cou-
pling (§ 4-6). In this case the turns between grid
and ground and between plate and ground
form, with the stray and other capacities pres-
ent, a t.p.t.g. circuit (§ 3-7) which oscillates at a
frequency somewhat higher than the nominal
operating frequency. Such an oscillation ean

THE RADIO AMATEUR’S HANDBOOK. o




Radio-F réqu_en(:y Power Generation

be prevented by dispensing with the taps in
either the plate or grid circuit. Balanecing the
plate circuit by means of a split-stator con-
denser (Fig. 413-C) is recommended.

Very-high-frequency parasitics — Para-
sities in the v.h.f. region are likely to occur
with any amplifier having a balanced tank cir-
cuit, particularly when associated with neutral-
izing connections. The parasitic resonant cir-
cuit, formed by the leads connecting the vari-
ous components, may be of either the t.p.t.g.
or the ultraudion type.

The frequency of such oscillations may be
determined by connecting a tuned circuit in
series with the grid lead to the tube. A variable
condenser (50 or 100 pufd.) may be used, in
conjunction with three or four self-supporting
turns of heavy wire wound into a coil an ineh or
50 in diameter. With the amplifier oscillating at
the parasitic frequency, the condenser is slowly
tuned through its range until oscillations cease.
If this point is not found on the first trial, the
turns of the coil may be spread apart or a turn
removed and the process repeated. The use of
such a tuned circuit as a trap is an almost cer-
tain remedy if the frequency can be deter-
mined, and introduces little if any loss at the
operating frequency.

An alternative cure, which is feasible when
the oscillation is of the t.p.t.g. type, is to de-
-tune the parasitic cireuit in either the plate or
grid circuit. Since this type of oscillation occurs
most frequently with push-pull amplifiers,
it may often be cured by making the grid and
plate leads to their respective tank circuits of
considerably different length. Similar econsid-
erations apply to neutralizing connections in
push-pull circuits. The extra wire length may
be coiled up in the form of a so-called “choke,”
which in this case is simply additional indue-
tance for detuning the parasitic circuit.

Testing for parasitic oscillations— An
amplifier always should be tested for parasitjc
oscillations before being considered ready for
service. The preferable method is first to
neutralize the amplifier, then apply sufficient
fixed bias to permit 2 moderate value of plate
current to flow without excitation. (The plate
current should not be large enough to cause
the power input to exceed the rated plate dis-
sipation of the tube.) If the amplifier is free
from self-starting parasitics, the plate current
will remain steady as the tank condensers are
varied; also, therc will be no grid current and
2 neon bulb touched cither to the plate or
grid will show no glow. Extreme care must be
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Fip. 426 — Mecthods of using Faraday shields. Two
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Fig. 427 — Frequeney-multiplying circuits. A is for
triodes, used cither singly or in paraliel. The push-
push doubler is shown at B. Any type of coupling may
be used between the grid circuit and the driver. G
should be 0.01 ufd. or larger; Cz, 0.001 ufd. or larger.

used not to let the hand come into contact
with any metal parts of the transmitter when
using the neon bulb.

If any of these cffects are present, the fre-
quency of the parasitic must first be deter-
mined. If r.f. chokes are used in both the plate
and grid circuits, one of them should be short-
circuited to determine if the oscillation is at a
low frequency; if 8o, it may be eliminated by
the methods outlined above. If the test indi-

- cates that the parasitic is not a low-frequency

oscillation, the grid trap described above should
be tried for the v.h.f. type. The type which
occurs near the operating frequency will not
exist unless the plate and grid tank coils are
both tapped, hence may be eliminated from
consideration if this is not the case in the cir-
cuit used. When such an oscillation is present
its existence can be detected by moving the
grid tap to include the whole tank. cireuit,
whereupon the oscillation will cease.

Some indication of the frequency of the para-
sitic can be obtained from the color of the
glow in the neon bulb. Usually it will be yellow- .
ish with low-frequency oscillations and violet
with v.h.f. oscillations. ,

If the amplifier is stable under the condi-
tions deseribed above, excitation should be
applied and then removed to ascertain if a self-
sustaining oscillation is set up with excitation.
If the plate current does not return to the
previous value when the excitation is cut off,
the same tests should be applied to determine
the parasitic frequency.

As a final test, the transmitter should be put
on the air and a near-by receiver tuned over
as wide a frequency range as possible, to locate
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any off-frequency signals associated with the
radiation. Parasitics usually can be recognized
by their poor stability as contrasted to the nor-
mal harmonics of the signal, which will have
the same stability as the fundamental signal as
well as the usual harmonic relationship. Har-
monics should be quite weak compared to the
output at the fundamental frequency, whereas
parasitic oscillations may have considerable
strength.

€ 4-11 Frequency Multiplication

Circuits — A frequency multiplier is an
amplifier having its plate tank circuit tuned
to a multiple (harmonic) of the frequency ap-
plicd to its grid. The difference between a
straight amplifier (§ 4-1) and a frequency mul-
tiplier is in the way in which it is operated,
rather than in the circuit. However, since the
grid and plate tank circuits are tuned to differ-
ent frequencies a triode frequency multiplier
will not sclf-oscillate, hence does not need neu-
tralization. A typiecal circuit arrangement is
shown in Fig. 427-A. For screen-grid multi-
pliers, the circuit is the same as in Fig. 412-A.
Under usual conditions the plate efficiency of a
frequency multiplier drops off rapidly with an
increase in the number of times the frequency
is multiplied. For this reason most multipliers
arc used as frequency doublers, giving second
harmonie output.

A special circuit for frequency doubling
(**push-push” doubler) is shown in Fig. 427-B.
The grids of the tubes are in push-pull and the
plates in parallel, thus the plate tank receives
two pulses of plate current for each eycle of
excitation frequency. The circuit is similar to
that of a full-wave rectifier (§ 8-3), where the

output ripple frequency is twice the applied

frequency.

Push-pull amplifiers are suitable for fre-
quency multiplication at odd harmonics, par-
ticularly the third, but they arc unsuited to
even-harmonic multiplication because the
even harmonics are largely balanced out in the
push-pull tank ecircuit (§ 3-3).

Operating conditions and circuit con-
stants — To obtain good efficiency the operat-
ing angle at the harmonic frequency must be
180 degrecs or less, preferably in the vicinity
of 150-120 dcgrecs (§ 4-8). In a doubler, this
means that plate current should flow during
only half this angle of fundamental frequency.
Conscquently the r.f. grid voltage, opecrating
bias, and grid driving power must be increased
considerably beyond the values obtaining for
normal Class-C amplification. For comparable
plate efficicney the bias will ordinarily be four
to five times the normal Class-C bias, and the
r.f. grid voltage must be considerably larger
to drive the tube to the same peak plate cur-
rent. Since the plate and grid current pulses
under thesc conditions have the same pecak
amplitudes but only half the time duration as
in a straight amplifier, the average d.c. values
should be one-half those for normal Class-C
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operation. That is, a tube operated in this way
will have the same plate efficiency as a Class-C
amplifier but can be operated at only half the
plate input, so that the output power also is
halved. The driving power required usually is
about twice that necessary with straight-
through amplification to obtain the same plate
efficiency. )

Greater output can be secured by using a
larger operating angle (lower grid bias) or a
lower plate load resistance, to increase the plate
current; but this is accompaniced by 2 decrease
in efficiency. Since operation of the tube as
described in the preceding paragraph is below
its maximum plate dissipation rating, the
decreased cfficiency usually can be tolerated in
the interests of securing more power output.
In practice, an cfficiency of 40 to 50 per cent is
about average.

The tank circuit should have reasonably high
Q (12 is satisfactory) to give good output volt-
age regulation (§4-9), since a plate-current
pulse occurs only once for every two cycles of
the output frequency. A low-Q ecircuit (high
L/C ratio) is helpful chiefly when the opcrating
angle is greater than 180 degrees at the second
harmonie. Such a tank circuit will have rela-
tively high impedance to the fundamental-
frequency component of plate current which is

_ present with large operating angles, and thus

will aid in reducing the average d.c. plate cur-
rent. '

The grid impedance of a frequency multiplier
is considerably higher than that of a straight-
through amplifier, because of the high bias
voltage. The average impedance can be calcu-
lated as previously described (§4-8). The
L/C ratio of the grid tank circuit may be
higher, therefore, for a given Q. Often it is ad-
vantageous to use a fairly high ratio, since a
large r.f. voltage must be developcd between
grid and cathode. However, it must not be
made too high (@ too low) to permit adequate
coupling between the grid tank circuit and the
preceding driver stage.

It may prove necessary to step up the driver
output voltage to obtain sufficient r.f. grid volt-
age for the doubler; this can be done by tap-
ping the driver plate on its tank circuit, when
capacity coupling is used, or by similar tapping
down or the use of a higher C/L ratio in the
driver plate tank when the stages are link-
coupled (§ 4-6).

Tubes for frequency multiplication —
There is no essential difference between tubes
of various characteristics in their performance
as frequency doublers. Tubes having high
amplification factors will require somewhat
less bias for equivalent operation but the grid
driving power needed is almost independent of
the u, assuming tubes of otherwise similar con-
struction and characteristics. Pentodes and

. tetrodes will, as in normal amplifier operation,

require less driving power than triodes for
efficient doubling, although more power will
be needed than for straight amplification.
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Fig. 428 — High-Q “pot”-typc lumped-constant tank
circuit as used in v.h.f. oscillators. The tank, shown in
cross-scction, is made of concentric closed cylinders.

Q 4-12 Very-High-Frequency Oscillators

High-Q circuits with lumped constants —
To obtain reasonable high effective @ when a
low resistance is connected across the tank
circuit, it is necessary to use a high C/L ratio
and a tank of inherently high @ (§2-10). At
low frequencies the inherent @ of any well-
designed circuit will be high enough so that it
may be neglected in comparison to the effec-
tive @ when loaded, so that no special pre-
cautions have to be taken with respect to the
resistance of coils and condensers. At the very-
high frequencies these internal resistances are
too large to be ignored, however.

Reduction of the L/C ratio will not increase
the effective @ unless the internal resistance of
the tank can be made very small. This resist-
ance can be reduced by use of large conducting
surfaces and elimination of radiation. In such
cases special lumped-constant- tank ecircuits
(§ 2-12) are used. The oscillator shown in Fig.
498-A uses a ‘“‘pot’’-type tank in a plate-
tickler circuit (§ 3-7), with the feed-back coil
in the grid circuit; this inductance is the wire
D in the diagram. Qutput is taken from the
tank by means of a hairpin coupling loop.

Fig. 428-B corresponds to the shunt-fed
Hartley circuit. Such a tank also may be used
in the ultraudion circuit. A variable condenser
may be connected across the tank for tuning,
although the @ may be reduced if a consider-
able portion of the tank r.f. eurrent flows
through it.

Linear Circuits— A quarter-wave or half-
wave line, either of the parallel-conduetor open
type or of the coaxial type, is equivalent to a
resonant circuit (§ 2-12) and can be used as the
tank circuit (§ 3-7) in an oscillator.

The resonant line is usually constructed of
thin-walled copper tubing to reduce resistance
and provide a mechanically stable circuit,
particularly at the lower frequencies. At fre-
quencies above 100 Me. flat copper strip con-

ductor of equivalent cross-section may be used

for parallel-line eircuits with comparable effi-
ciency. Frequency can be changed by moving a
shorting bar or condenser to change the effec-
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tive line length, or by reducing its length and
loading it to resonance by connecting a low-
capacity variable condenser across the open
end of the line. The added capacity makes it
necessary to sliorten the line considerably for a
given frequency. This, together with the addi-
tional loss in the condenser, causes a decrease
in Q. These cffects will be less if the condenser
is connected down on the line. Tapping down
also gives greater bandspread effect (§ 7-7).
At frequencies above 150 Me., an adequate
ground connection for the cathode circuit be-
comes a problem because of the inductance of
the cathode lead. Special tubes are available
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Fig. 429 — Typical single-tube parallcl-line oscillators.
_ Constants and applications arc discussed in the text.
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Fig. 430 — Push-pull parallel-line oscillator eirenits.

with two or three cathode leads (§ 3-6); con-
nected in parallel, these reduce the effective
inductance. With ordinary tubes, r.f. chokes
may be inserted in the filament circuit to com-
pensate for the effects of the internal induect-
ance. The effective length of the filament cir-
cuit should be one-half wavelength, to bring
the cathode filament to the same potential as
the shorted ends of the tanlk lines. The added
inductance required must be determined by
experiment, the coils being adjusted for op-
timum stability and poiver output.

Another method is to use a tuned line in the
filament circuit, adjusting its length so that the
electrical length of the line plus that of the

" e
‘
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filament is one-half wavelength. A convenient
arrangement is the use of a coaxial (or trough)
line with an initial length of about 34 wave-
length. A shorting dise in the form of a mov-
able plunger equipped with an extension han-
dle may be provided for ease of adjustment.
With filament-type tubes one such line will be
required for each filament lead. In the case of
cathode-type tubes only one line is necessary,
the cathode and one side of the filament being
connected to the outer conductor and the other
filament connection being made by an in-
sulated lead running through a hollow-tubing
inner conductor. The return lead should be
by-passed where it emerges from the line.

The antenna or other load may be connected
through blocking condensers direct to the line
(the correct point being determined experi-
mentally). Alternatively, a hair-pin coupling
link or, in the case of an oscillator-amplifier
system, direct inductive coupling to the grid
line of the amplifier may be used.

For highest-frequency operation separate
lines must be used for each electrode — grid,
plate and cathode. This places all of the inter-
clectrode capacities in series, reducing the
loading effect. Still higher frequencies can be
reached by using double-lead tubes (§ 3-5), in
which case the leads form an integral part of
the line and the interelectrode capacities are
divided between the two quarter-wave sections.

Parallel-line oscillators— Typical parallel-
line oscillator circuits are shown in Fig. 429. In
A, a shorting condenser (which may be either a
fixed blocking condenser or a small variable
which will provide a limited tuning range) is
used to bridge the line at the voltage antinode;
the frequency can also be changed by sliding
the shorting condenser along the line.

The circuit at B eliminates the need for a
blocking condenser at the voltage antinode,
wlere the r.f. current reaches its maximum
value. An r.f. choke may be inserted between
the grid and the associated grid resistor, RE.
This circuit also can be resonated either by a
variable condenser, C, or by a sliding bar as
indicated by the dashed line.

Fig. 429-C uses a half-wave open-ended line.
The grid and plate feed connections are made
at nodal points on the line. As indicated on the
diagram, these do not occur at the physical
center of the line because of the loading effect
of the tube. In practice, the position of the
taps, as well as the over-all length of the line,
are adjusted to obtain maximum grid current.
Using this circuit, a 955 acorn or a 9002 can be
made to oscillate up to 600 or 700 Mec.

Fig. 429-D is a variation of the above pref-
erable for use with tubes having grid and
plate terminals at opposite ends of the en-
velope. The cireuit of Fig. 429-F is most useful
with double-lead tubes. To attain Ligh output
at the maximum operating frequency, the de-
sirable arrangement is to use two or more
double-lead tubes, each in a circuit such as
this, with the lines connected end to end.
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. Push-pull parallel-line oscillators — It is
often advantageous to use push-pull oscillator
circuits at the very-high frequencies, not only
as a means to secure more power output but
also for better circuit symmetry.

Fig. 430'shows typical push-pull circuits of
this type. Figs. 430 -A, -B and -C all employ the
same circuit — the t.p.t.g. type (§3-7). The
grid line is usually operated as the frequency-
controlling circuit, since it is not associated
with the load and hence its @ can be kept high.
The same adjustment considerations apply as
in the case of single-tube oscillators. Grid taps
in particular should be tapped down as far as
possible, to improve the frequency stability.

In Fig. 430-A, a conventional coil-and-con--
denser tank is used in the plate circuit where
the lower @ does not have so great an effect on
frequency stability. For maximum efficiency
the use of a linear output circuit is desirable at
the higher frequencies, however. This is shown
at B, and at C with isolating r.f. chokes in the
filament cirenit.

Fig. 430-B shows a push-pull oscillator hav-
ing tuned plate and catliode lines, the cathode
circuit being tuned with a quarter-wave line
which controls excitation and, to some extent,
tuning. The grids are connected together and
grounded through the grid leak, R;; ordinarily
no by-pass condenser is needed across R;. This
circuit gives good power output at very-high
frequencies, but is not especially stable unless
the plates are tapped down on the plate tank
circuit to avoid too great a reduction in Q..
Tapping on the cathode line is not feasible for
mechanieal reasons. With ordinary tubes this
oscillator is capable of higher-frequency opera-
tion than the conventional t.g.t.p. type, and it
has been found particularly useful on 224 Mec.

The symmetrical circuit at E is preferable
above 200 Mec. because it reduces the end
effect, — foreshortening of the line by virtue of
the fact that the electrical termination occurs
at the midpoint of the balanced system rather
than at the wire ends, causing additional loss.
Coaxial or equivalent lines may be'used instead
of r.f. chokes for ultra high-frequency opera-
tion. With this modifieation, and assuming the
use of double-lead tubes, by the addition of ad-
ditional quarter-wave sections at each end this
circuit may be considered equivalent to the
center section of a double linear oscillator as
discussed in connection with Fig. 429-E.
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Fig. 431 — Single-tube v.h.f. coaxial-line oscillators. A and B use Hartley circuits; C and D aret.g.t.p. equivalents.
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coaxial-line oscillators.
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Coaxial-line cireuits — At frequencies in’
the neighborhood of 300 Mec. the radiation loss
(§ 2-12) from open lines greatly reduces the @,
because the conductor spacing comes to repre-
sent an appreciable fraction of a wavelength.
Consequently, at these frequencies and higher
coaxial lines, in which the field is confined inside
the line so that radiation is negligible, are used.
A further advantage is that the outside of
the line is ‘“eold”’; that is, no r.f. potentials
develop between points on the outer surface.
While the coaxial line is also advantageous at
lower frequencies, it is more complicated to
construct and adjust than parallel lines.

For ease of construction, the coaxial line
sometimes is modified into a ‘‘trough,” in
which the cross-section of the outer conductor
is in the shape of a square U, one side being
left open for tapping and adjustment of the
inner conductor. Some radiation takes place
with this type of construction, although not
so much as with open lines. )

The conventional coaxial-line oscillator cir-
cuits shown in Fig. 431 illustrate the applica-
tion of two basic circuits — the Hartley and
the t.g.t.p. — to both cathode-type and fila-
mentary tubes. The tube loads the line, as pre-
viously described; hence the actual length is
always shorter than a quarter wavelength. The
length can be adjusted by a short-circuiting
sliding plunger, a close-fitting low-resistance
contact being necessary to avoid losses. The
inner conductor may also have a short tight-

©
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[‘T Fig, 433 — Push-pull

coaxial-line oscillators.
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fitting extension tube which is slid in or out to
change the effective conductor length.

The t.g.t.p. circuits are somewhat easier to
adjust and load as well as to construet, but are
not as satisfactory from the standpoint of
frequency stability because of reaetion on the
frequency-controlling grid line by the tuning of
the output circuit. The grid tap should be as
far down on the line as will permit reliable
oscillation under load. Under some conditions
the addition of a small adjustable feed-back ca-
pacity between grid and plate not only permits
a lower tap location but also increases the
upper frequeney limit obtainable by advancing
the phase of the grid exeitation to compensate
partially for transit-time lag in the tube.

In the Hartley circuit at A, an output tap is
provided on the inner conductor. At B indue-
tive output coupling by meaus of a half-turn
“hairpin” is shown; loading can be changed to
some extent by varying its position.

I'ig. 432 shows two types of coaxial-line
oscillator ecircuits designed particularly for
operation near the upper frequency limits for
negative-grid tubes. The circuit at A, with
quarter-wave grid and plate lines and a half-
wave filament line, is convenient for use with
single-lead tubes such as the 955 and 316-A.
With the three lines arranged in the form of &
triangle, so that their inner conduetors attach
directly to the tube terminals for minimum lead
length, this oscillitor will function satisfac-
torily up to 700-800 Me.

The circuit of IFig. 432-B is designed to take
maximum advantage of the u.h.f. capabilities
of double-lead and ring-electrode tube types.
Interelectrode capacities are divided between
each pair of grid and plate lines, and separate
parallel-resonant filament lines complete the
isolation. Frequencies as high as 1500-1700
Mec. have been attained with this arrange-
ment.

The by-pass condensers shown in the two
circuits of Fig. 432 are made of copper plates
insulated by sheet mica. Flanges soldered to
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the ends of the outer conductor
in cach line constitute one plate
of the condenser; a grounded
metal sheet serves as the other
plate.

Push-pull coaxial-line oscilla-
tors— The push-pull cireuits of
Fig. 433 employ the same basic
elements as the arrangements pre-
viously described. At A, a half-
wave open-ended line is used
in the grid circuit, the grids
of the tubes being ‘“tapped”
down on the line by coupling
them induetively through a
small balanced loop running
inside the outer condue-
tor. A conventional parallel line
is used in the plate circuit, with
the cathodes balanced to ground
by means of closed half-wave lines.
The cathode lines may be small-diameter
copper tubing, folded to conserve space, through
which rubber-insulated wire is run for the re-
turn circuit. These lines may be shielded from
the plate line by running them underneath
the chassis or separated by a shielding parti-
tion.

A folded half-wave grid line is used at B. The
copper-tubing inner conductor is bent into the
shape of a U. The outer conductor may be
either a square-section double trough of sheet
copper or two short seetions of pipe soldered to
a rectangular box of sheet copper which forms

“the “closed” end. Where cven more compact

construction is required, the dimensions of the
grid line may be still further reduced by using
sections of folded coaxial line (§2-12). A con-
ventional coil-and-condenser output eircuit is
shown; at the comparatively low frequencies
where this type of construction would be ad-
vantageous in the interest of compactness, such
an output cirecuit should be satisfactory.

The arrangement at C has certain modifica-
tions which make it particularly suitable for
use with higher-powered tubes. The quarter-
wave capacity-loaded coaxial line in the grid
circuit i1s of relatively large dimensions and
consequently has high @. Coupling to the tube
grids, which is made very loose to preserve the
Q of the line, is by means of twin hairpin loops.
The inductance of the shunt choke coils, Ly, is
adjusted for maximum grid current.

To minimize radiation loss and preserve cir-
cuit symmetry, a coaxial line is used in the
plate tank circuit. If desired this line may be
tuned by a balanced split-stator eondenser of
the type which has the rotor connection at the
center, conneected across the plate terminals.

Parallel resonant circuits in the filament
leads, tuned to resonance at the operating fre-
quency by the variable condensers, C}, isolate
the filament from ground. The fixed by-pass
condensers must have low reactance at the
operating frequency. The filament coils, which
are in parallel for r.1., are of copper tubing,




Chapter Five

Radiotelephony

€ 5-1 Modulation

The carrier — The steady radio-frequency
power generated by transmitting circuits can-
not alone result in the transmission of an
intelligible message to a receiving point. The
continuous wave from the transmitter itsclf
serves only as a “ecarrier’”’ for the message;
the intelligence is conveyed by modulation
(a change) of the carrier. In radiotelephony,
this modulation reproduces electrically the
sounds it is intended to convey in a form which
can be correctly interpreted or demodulated at
the receiving end.

Sound and alternating currents — Sounds
are caused by vibrations of air particles. The
pitch of the sound depends upon the rate of
vibration; the more rapid the vibration, the
higher the pitch. Most sounds consist of com-
plex combinations of vibrations of differing
rates or frequencies; the human voice, for in-
stance, generates frequencies from about 100
cycles per second to several thousand per sec-
ond. The problem of transmitting speech by
radio, therefore, is one of varying the r.f. earrier
in a way which corresponds to the air-particle
vibrations. The first step in doing this is to
change the sound vibrations into alternating
electrical currents of the same frequency
and relative intensity; the electromechanical
deviee which achieves this translation is the
microphone. These audio-frequeney currents
then may be amplified and used to vary or
modulate the normally steady r.f. output of
the transmitter.

Methods of modulation — The carrier may
be made to vary in accordance with the speech
current by using the current to change the
phase (§ 2-7), frequency or amplitude of the
carricr. Amplitude modulation of a constant-
frequency carrier is by far the most common
system, and is used exclusively on all frequen-
cies below the very-high-frequency region
(§ 2-7). Frequency modulation of a constant-
amplitude carrier, which has special charac-
teristics which make its use desirable under
certain conditions, is used to a considerable
extent on the very-high frequencies. Phase
modulation, which is closely related to fre-
quency modulation, has had little or no direet
application in practical communication.

Other specialized varieties of modulation,
developed for other applications of radio
transmission, have been proposed for voice
communication. Thus far none of these has
achieved practical utilization, however,

€ 5-2 Amplitude Modulation

Carrier requirements — For proper ampli-
tude modulation, the earrier should be com-
pletely free from inherent amplitude variations
such as might be caused by insufficient filtering
of a rectified-a.c. power supply (§ 8-4). It is
also essential that the carrier frequemcy be
entirely unaffected by the application of
modulation. If modulating the amplitude of
the carrier also causes a change in the carrier
frequency the signal wobbles back and forth
with the modulation, introducing distortion
and widening the channel taken by the signal.
This causes unneceessary interference to other
transmissions. In practice, this undesirable

frequency modulation is prevented by applying ~

the modulation to an r.f, amplifier stage which
is isolated from the frequency-controlling
oscillator by a “buffer’”” amplifier. Amplitude
modulation of an oscillator almost always is
accompanied by frequency modulation. Under
existing regulations it is permitted, therefore,
only on frequencies above 112 Me., because the
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Fig. 501 — Graphical representation of (A) carrier un-
modulated, (B) modulated 50%, (C) modulated 100%.
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problem of interference is less ar_
region than on lower frequencies.

Percentage of modulation — In the ampll—-~ .

tude-modulation system the audible output
at the receiver depends entirely upon the
amount of variation — termed depth of modu-
lation — in the carrier wave, and not upon the
strength of the carrier alone. It is desirable
therefore to obtain the largest permissible
variations in the carrier wave. This condition
is reached when the carrier amplitude during
modulation is at times reduced to zcro and at
other times increased to twice its unmodulated
value. Such & wave is said to be fully modu-
luted, or 100 per cent modulated, Any desired
degree’of modulation can be expressed as a per-
centage, using the unmodulated carrier as a
base. I'ig. 501 shows, at A, an unmodulated
carrier wave; at B, the same wave modulated
80 per cent, and at C, the wave with 100 per
cent modulation, using a sine-wave (§ 2-7)
modulating signal. The outline of the modu-
lated r.f. wave is called the modilation envelope.

The pereentage modulation can be found by
dividing either ¥ or Z by X and multiplying
the result by 100. 1f the modulating signal is
not symmetrical, the larger of the two (Y or Z)
should be used.

Power’ in modulated wave — The ampli-
tude values correspond to current or voltage,
so that the drawings may be taken to represent,
instantaneous values of either. Since power
varies as the square of either the current or
voltage (so long as the resistance in the circuit
is unchanged), at the peak of the modulation
up-swing the instantancous power in the wave
of Fig. 501-C is four times the unmodulated
carrier power. At the peak of the down-swing
the power is zero, since the amplitude is zero.
With a sine-wave modulating signal, the aver-
uge power in a 100 per cent modulated wave is
one and one-half times the unmodulated car-
rier power; that is, the power output of the
transmitter increases 50 per cent with 100 per
cent modulation.
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Fig. 502 — An overmodulated r.f. carrier wave.

o

THE RADIO AMATEUR’'S HANDBOOK

Linearity — Up to the limit of 100 per cent
. ndulation, the amplitude of the carrier should
- faithfully the amplitude variations of
the . lulating signal. When the modulated
r.f. amplifier is incapable of meeting this con-
dition, it is said to be non-linear. The amplifier
may not, for instanec, be capable of quadru-
pling its power output at the peak of 100 per
cent modulation. A non-linear modulated am-
plifier causes distortion of the modulation
envelope.
Modulation

characteristic — A graph

" showing the relationship between r.f. ampli-

tude and instantaneous modulating voltage is
called the modulation characteristic of the
modulated amplifier. This graph should be a
straight line (linear) between the limits of zero
and twice carrier amplitude. Curvature of the
line between these limits indicates non-line-
arity in the amplifier.

Modulation capability — The modulation
capability of the transmitter is the maximum
percentage of modulation that is possible
without objectionable distortion from non-
linearity. The maximum capability is, of
course, 100 per cent. The modulation capabil-
ity should be as high as possible, so that the
most effective signal can be transmitted for a
given carrier power.

Overmodulation — If the carrier is modu-
lated more than 100 per eent, a condition such
as is shown in Fig. 502 occurs. Not only does
the peak amplitude exceed twice the carrier
amplitude, but actually there may be a con-
siderable period during which the output is
entirely cut off. The modulated wave is there-
fore distorted (§ 3-3), with the result that har-
mouics of the audio modulating frequency
appear. The carrier should never be modulated
more than 100 per cent.

Sidebands — The combining of the audio
frequeney with the r.f. earrier is essentially a
heterodyne process, and therefore gives rise to
beat frequencies equal to the sum and differ-
ence of the a.f. and r.f. frequencies involved
(§ 2-138). Therefore, for each audio frequency
appearing in the modulating signal, two new
radio frequencies appear, one equal to the
carrier frequency plus the audio frequency,
the other equal to the carrier minus the audio
frequency. These new frequencies are called
side frequencies, since they appear on each
side of the carrier, and the groups of side fre-
quencies representing a band or group of
modulation frequencies are called sidebands.
Hence a modulated signal occupies a group
of radio frequencies, or channel, rather than a
single frequency as in the case of the unmodu-
lated carrier. The channel width is twice the
highest modulation frequency.

To accommodate the largest number of
transmitters in a given part of the r.f. spec-
trum it is apparent that the channel width
should be as small as possible. On the other
hand it is necessary, for speech transmission of
reasonably good quality, to use modulating
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frequencies up to a minimum of about 3000 or

4000 cycles. This calls for a channel width of -

6 to 8 kilocycles.

Spurious sidebands — Besides the normal
sidebands required by speech frequencies,
unwanted sidebands may be generated by
the transmitter. These usually lie outside the
normally required channel, and hence cause
it to be wider without increasing the useful
modulation. By increasing the channel widtl,
these spurious sidebands eause unnecessary
interference to other transmitters. The quality
of transmission also is adversely affected when
spurious sidebands are generated.

The chief causes of spurious sidebands are
harmonic distortion in the audio system, over-
modulation, unnecessary frequency modula-
tion, and lack of linearity in the modulated
r.f. system.

Types of amplitude modulation — The
most widely used type of amplitude-modula-
tion system is that in which the modulating
signal is applied in the plate circuit of a radio-
frequency power amplifier (plate modulation).
In a second type the audio signal is applied to
a control-grid (grid-bias modulation). A third
system, involving variation of both plate and
grid voltages, is ealled cathode modulation.

¢ 5-3 Plate Modulation

Transformer coupling—1In TFig. 503 is
shown the most widely used system of plate
modulation. A balanced (push-pull Class-A,
Class-AB or Class-B) modulator is trans-
former-coupled to the plate circuit of the

modulated r.f. amplifier. The audio-frequency -

power generated in the modulator plate circuit
is combined with the d.e. power in the modu-
lated-amplifier plate circuit by transfer through
the coupling transformer, 7. For 100 per cent
modulation the audio-frequency output of the
modulator and the turns ratio of the coupling
transformer must be such that the voltage at
the plate of the modulated amplifier varies
between zero and twice the d.c. operating plate
voltage, thus eausing corresponding variations
in the amplitude of the r.f. output.
Modulator. power —The average power
output of the modulated stage must increase
50 per cent for 100 per eent modulation (§ 5-2),

so that the modulator must supply to the mod-

ulated r.f. stage audio power equal to 50 per
cent of the d.c. plate input. For example, if the
d.c. plate power input to the r.f. stage is 100
watts, the sine-wave audio power output of the
modulator must be 50 watts.

Modulating impedance; linearity — The
modulating impedance, or load resistance pre-
sented to the modulator by the modulated
r.f. amplifier, is equal to

L X 1000

Iy
where I is the d.c. plate voltage and 7, the
d.c. plate eurrent in milliamperes, both meas-
ured without modulation.

i19

Since the power output of the r.f. amplifier
must vary as the square of the plate voltage
(the r.f. voltage must be proportional to the
applied plate voltage) in order for the modula-
tion to be linear, the amplifier mnust operate
under Class-C conditions (§ 3-4). The linearity
then depends upon having sufficient grid exci-
tation and proper bias, and upon the adjust-
ment of circuit constants to the proper values
(§ 4-8). '
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Fig. 503 — Plate modulation of a Class-C r.f. amplifier.
The r.f. plate by-pass condenser, G, in the amplifier
stage should have high reactance at audio frequencies.
A capacity of 0.002 ufd. or less usually is satisfactory.
Power in speech waves — The complex
waveform of a speech sound translated into
alternating current does not contain as much
power, on the average, as there is in a pure
tone or sine wave of the same peak (§2-7)
amplitude. That is, with speech waveforms
the ratio of peak to average amplitude is
higher than in the sine wave. FFor this reason,
the previous statement that the power output
of the transmitter inereases 50 per cent with
100 per cent modulation, while true for tone
modulation, is not true for speech. On the aver-
age, speech waveforms will contain only about
half as much power as a sine wave, both having
the same peak amplitude. The average power
output of the transmitter therefore increases
only about 25 per cent with 100 per cent speech
modulation. However, the tnstantancous power
output must quadruple on the peak of 100 per -
cent modulation (§ 5-2) regardless of the mod-
ulating waveform. Therefore, the peak out-
put power eapacity of the-transmitter must be
the same for any type of modulating signal.
Adjustment of plate-modulated ampli-
fiers— The general operating conditions for
Class-C operation have been described (§ 3-4,
4-8). The grid bias and grid current required
for plate modulation usually arc given in the
operating data supplied by the tube manu-
facturer; in general, the bias should be such
as to give an operating angle (§ 4-8) of about
120 degrees at carrier plate voltage, and the
excitation should be sufficient to maintain the
plate efficiency constant when the plate volt-
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age is varied over the range from zero to twice
the d.c. plate voltage applied to the amplifier.
For best lincarity, the grid bias should be ob-
tained partly from a fixed source of about the
cut-off value, supplemented by grid-leak bias
to supply the remainder of the required operat-
ing bias.

The maximum permissible d.c. plate power
input for 100 per cent modulation is twice the
sine-wave audio-frequency power output of the
modulator. This input is obtained by varying
the loading on the amplifier (keeping its tank
circuit tuned to resonance) until the product
of d.c. plate voltage and plate current is the de-
sired power. The modulating impedance under
these conditions will be the proper value for
the modulator, if the proper output-trans-
former turns ratio (§ 2-9) is used.

Neutralization, when triodes are used,
should be as nearly perfect as possible, since
regeneration may ecause non-linearity. The
amplifier also should be free from parasitic
oscillations (§ 4-10).

Although the effective value (§ 2-7) of power
input increases with modulation, as described
above, the average plate input to a plate-
modulated amplifier does not change, since
each increase in plate voltage and plate cur-
rent is balanced by an equivalent decrease in
voltage and current. Consequently, the d.c.
plate current to a properly modulated am-
plifier is always constant, with or without
modulation.

Screen-grid amplifiers — Screen-grid tubes
of the pentode or beam tetrode type can be
used as Class-C plate-modulated amplifiers
provided the modulation is applied to both the
plate and screen grid. The method of feeding
the screen grid with the necessary d.c. and
modulation voltage is shown in Fig. 504. The
dropping resistor, I, should be of the proper
value to apply normal d.c. voltage to the sereen
under ‘steady carrier conditions. Its value
can be calculated by taking the difference be-
tween plate and screen voltages and dividing
it by the rated screen current.

The modulating impedance is found by di-
viding the d.c. plate voltage by the sum of the
plate and screen currents. The plate voltage
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Fig. 504 — Plate and s¢reen modulation of a Class-C
r.f. amplifier using a pentode tube. 'The plate and screen
r.f. by-pass condeusers, C1 and Cz, should have high
reactance at all audio frequencies (0.002 pfd. or less).
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multiplied by the sum of the two currentsis the
power-input figure which is used as the basis
for determining the audio power required from
the modulator.

Choke coupling — In Fig. 505 is shown the
circuit of the choke-coupled system of plate
modulation. The plate power for the modulator
tube and modulated amplifier is furnished from
a common source through the modulation
choke, L, which has high impedance for audio
frequencies. The modulator operates as & power
amplifier with the plate circuit of the r.f.
amplifier as its load, the audio output of the
modulator being superimposed on the d.c.

power supplied to the amplifier. IFor 100 per .

cent modulation, the audio voltage applied to
the r.f. amplifier plate circuit across the choke,
L, must have a peak value equal to the d.c.
voltage on the modulated amplifier. To obtain
this without distortion the r.f. amplifier must
be operated at a d.c. plate voltage less than the
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Fig. 505 — Choke-coupled plate modulation.

modulator plate voltage, the extent of the volt-
age difference being determined by the type
of modulator tube used. The necessary drop in
voltage is provided by the resistor, Ry, which
is by-passed for audio frequencies by the by-
pass condenser, C1.

This type of modulation seldom is used
except in very low-power portable sets, be-
cause a single-tube Class-A (§ 3-4) modulator
is required. The output of a Class-A modulator
is very low compared to that obtainable from a
pair of tubes of the same size operated Class B,
hence only a small amount of r.f. power can be
modulated.

Absorption modulation — Absorption or
“Joss”’ modulation, in its basie form the oldest
and simplest method of all, recently has been
revived for ultrahigh-frequency use, where the
inertia of a high-Q tuned circuit may make the
usual plate-voltage modulation unsatisfactory.
In the system shown in Fig. 506, the modulat-
ing tubes are connected to the antenna feed
line through a quarter-wave stub line, located
a quarter-wavelength from the transmitter
tank circuit. With no modulation (i.e., no




Fig. 506 — Transmission-line
orload-impedance modulation.

Modulatuwn

conduction through the modulating tubes) the
stub appears as a short circuit across the line
and little or no power reaches the antenna.
When modulating voltage is applied to the
grids of the modulator tubes, however, their
conductance serves to increase the effective
impedance of the quarter-wave shunt, permit-
ting a proportionate amount of energy to reach
the antenna. At maximum modulation the
stub becomes practically an open circuit, allow-
ing the full r.f. output to reach the antenna.

( 5-4 Grid-Bias Modulation

Circuit — Fig. 507 is the diagram of a typi-
cal arrangement for grid-bias modulation.
In this system, the secondary of an audio-
frequency output transformer, the primary
of which is connected in the plate circuit of
the modulator tube, is connected in series with
the grid-bias supply for the modulated ampli-

‘fier. The audio voltage thus introduced varies

the grid bias, and thus the power output of
the r.f. stage, when suitable opérating condi-
tions are chosen. The r.f. stage is operated as
a Class-C amplifier, with the d.c. grid bias
considerably beyond cut-off.

Operating principles —In this system the
plate voltage is constant, and the increase in
power output with modulation is obtained by
making the plate current and plate cfficiency
vary with the modulating signal. For 100 per
cent modulation, both plate current and efli-
ciency must, at the peak of the modulation up-
swing, be twice their carrier values, so that the
peak power will be four times the carrier power.
Since the peak efficiency in practicable circuits
is of the order of 70 to 80 per cent, the carrier
efficiency ordinarily cannot exceed about 35
to 40 per cent. For a given r.f. tube, the carrier
output is about one-fourth the power obtain-
able from the same tube plate-modulated. Grid
bias, 1.f. excitation, plate loading and the audio
voltage in series with the grid must be adjusted
to give a linear modulation characteristic.

Modulator power — Since the increase in
average carrier power with modulation is se-
cured by varying the plate efficiency and d.c.
plate input of the amplifier, the modulator
need supply only such power losses as may
be occasioned by connecting it in the grid
circuit. These are quite small, hence a modu-
lator capable of only a few watts output will
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suffice for transmitters of considerable power.
Since the load on the modulator varics over
the a.f. eycle as the rectified grid current of the
modulated amplifier changes,.the modulator
should have good voltage regulation (§ 5-6).

CGrid-bias source — The change in bias
voltage with modulation causes the rectified
grid current of the amplifier also to vary, the
r.f. excitation being fixed. If the bias source
has appreciable resistance, the change in
grid current also will cause a change in bias
in a direction opposite to that caused by the
modulation. It is necessary, therefore, to use a
grid-bias source having low resistance, so that
these bias variations will be negligible. Battery
bias is satisfactory. If a rectified a.c. bias sup-
ply is used, the type having regulated output
(§ 8-9) should be chosen. Grid-leak bias for a
grid-modulated amplifier is unsatisfactory, and
its use should not be attempted.

Driver regulation — Theload on the driving
stage varies with modulation, and a linear
modulation characteristic may not be obtained
if the r.f. voltage from the driver docs not stay
constant with changes in load. Driver regula-
tion (ability to maintain constant output volt-
age with changes in load) may be improved
by using a driving stage having two or three
times the power output necessary for excitation
of the amplifier (this is somewhat less than
the power required for ordinary Class-C opera-
tion), and by dissipating the extra power in 2
constant load such as a resistor. The load
variations are thereby reduced in proportion
to the total load.

Adjustment of grid-bias modulated am-
plifiers — This type of amplifier should be
adjusted with the aid of an oscilloscope, to
obtain optimum operating conditions. The
oscilloscope should be connected as described
in § 5-10, the wedge pattern being preferable.
A tone source for modulating the transmitter
will be convenient. The fixed grid bias should
be two or three times the cut-off value (§ 3-2).
The d.c. input to the amplifier, assuming 33
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Fig. 507 — Grid-bias modulation of a Class-C ampli-
fier. The r.f. grid by-pass condenser, C, should have
high reactance at audio frequencies (0.002 ufd. or less).
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per cent carrier efficiency, will be 114 times
the plate dissipation rating of the tube or tubes
used in the modulated stage. The plate current
for this input (in milliamperes, 1000 P/E,

where 2 is the power and E the d.c. plate volt-
age) must be determined. Apply r.f. excitation

CLASS-C
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Fig. 508 — Suppressor-grid modulation of an r.f. am-
plifier using a pentode-type tube. The suppressor-grid
r.f. by-pass condenser, C, should be 0.002 ufd. or less.

and, without modulation, adjust the plate
loading to give the required plate current
(keeping the plate tank circuit tuned to reso-
nance). Next, apply modulation and increase
the modulating signal until the modulation
characteristic shows curvature (§ 5-10). This
probably will occur well below 100 per cent
modulation, indicating that the plate efficiency
is too high. Increase the plate loading and re-
duce the excitation to maintain the same plate
current; then apply modulation and check the
characteristic again. Continue this process un-
til the characteristic is linear from the axis to
twice the carrier amplitude. It is advantageous
to use the maximum permissible plate voltage
on the tube, since it is usually easier to obtain
a more linear characteristic with high plate
voltage and low current (carrier conditions)
than with relatively low plate voltage and high
plate eurrent.

The amplifier can be adjusted without an
oscilloscope by determining the plate current
as deseribed above, then setting the bias to the
cut-off value (or slightly beyond) for the d.c.
plate voltage used and applying maximum
excitation. Adjust the plate loading, keeping
the tank circuit at resonance, until the ampli-
fier draws twice phe carrier plate current, and
note the antenna current. Decrease the exci-
tation until the output and plate current just
start to drop. Then increase the bias, leaving
the excitation and plate loading unchanged,
until the plate current drops to the proper
carrier value. The antenna current should
be just half the previous value; if it is larger,
try somewhat more loading and less excita-
tion; if smaller, less loading and more excita-
tion. Repeat until the antenna current drops
to half its maximum value when the plate
current is biased down to the carrier value.
Under these conditions the amplifier should
modulate properly, provided the plate supply
has good voltage regulation (§ 8-1) so that the
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plate voltage is practically the same at both
values of plate current during the initial testing,.
The d.c. plate current should be substantially
constant with or without modulation (§ 5-3).

Suppressor modulation — The circuit ar-
rangement for suppressor-grid modulation of a
pentode tube is shown in Fig. 508. The operat-
ing prineiples are the same as for grid-bias
modulation. However, the r.f. excitation and
modulating signals are applied to separate
grids, which gives the system a simpler operat-
ing technique since best adjustment for proper
excitation requirements and proper modunlating
circuit requirements are more or less independ-
ent. The carrier plate efficiency is approxi-
mately the same as for grid-bias modulation,
and the modulator power requirements are
similarly small. With tubes having suitable
suppressor-grid characteristies, linear modula-
tion up to practically 100 per cent can be
obtained with negligible distortion. "

The method of adjustment is essentially the
same as that described in the preceding para-
graph. Apply normal excitation and bias to
the control grid and, with the suppressor bias
at zero or the positive value recommended
for e.w. telegraph operation with the particular
tube used, adjust the plate loading to obtain
twice the carrier plate current (on the basis of
33 per cent carrier efficiency). Then apply suf-
ficient negative bias to the suppressor to bring
the plate current to the carrier value, leaving
the loading unchanged. Simultaneously, the
antenna current also should drop to half its
maximum value. The amplifier is then ready
for modulation. Should the plate current not
follow the antenna current in the same pro-
portion when the suppressor bias is made
negative, the loading and excitation should be
readjusted to make them coineide.

¢ 5-5 Cathode Modulation

Circuit— The fundamental circuit for
cathode or “center-tap’ modulation is shown
in Fig. 509. This type of modulation is a com-
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Fig. 509 — Cathode modulation of a Class-C r.f. am-

plifier. The grid and plate r.f. by-pass condensers, C,
should be 0.002 nfd. or less (for high a.f. reactance).
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bination of the plate and grid-bias methods,
and permits a carrier efficiency midway be-
tween the two. The audio power is introduced
in the cathode circuit, and both grid bias and
plate voltage vary during modulation.

The cathode circuit of the modulated stage

must be independent of other stages in the
transmitter; that is, when filament-type tubes
are modulated they must be supplied from a
separate filament transformer. The filament
by-pass condensers should not be larger than
about 0.002 ufd., to avoid by-passing the audio-
frequency modulation.
* Operating principles — Because part of the
modulation is by the grid-bias method, the
plate efficiency of the modulated amplifier
must vary during modulation. The carrier
efficiency therefore must be lower than the
cfficiency at the modulation peak. The re-
quired reduction in carrier efficiency depends
upon the proportion of grid modulation to
plate modulation; the higher the percentage of
plate modulation, the higher the permissible
carrier efficiency, and viece versa. The audio
power required from the modulator also varies
with the percentage of plate modulation, being
greater as this percentage is increased.

The way in which the various quantities
vary is illustrated by the curves of Fig. 509.
In these curves the performance of the cath-
ode-modulated r.t. amplifier is plotted in
terms of the tube ratings for plate-modulated
telephony, with the percentage of plate modu-
lation as a base. As the percentage of plate
modulation is decreased, it is assumed that
the grid-bias modulation is increased to make
the over-all percentage of modulation reach
100 per cent. The limiting condition, 100 per
cent plate modulation and no grid-bias modu-
lation, is at the right (A); pure grid-bias
modulation is represented by the left-hand
ordinate (B and C).

As.an example, assume that 40 per cent plate
modulation is to be used. Then the modulated
r.f. amplifier must be adjusted for a carrier
plate efficiency of 56 per cent, the permissible
plate input will be 65 per cent of the ratings
of the same tube with pure plate modulation,
the power output will be 48 per cent of the
rated output of the tube with plate modulation,
and the audio power required from the modu-
lator will be 20 per cent of the d.c. input to the
modulated amplifier.

Modulating impedance — The modulat-
ing impedance of a cathode-modulated am-
plifier is approximately equal to

E,

m—

I

where m is the percentage of plate modulation
expressed as a decimal, B is the plate voltage
and Ip the plate current of the modulated r.f.
amplifier. This figure for the modulating impe-
dance is used in the same way as the corre-
sponding figure for pure plate modulation, in
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determining the proper modulator operating
conditions (§ 5-6).

Conditions for linearity — R.f. cxcitation
requirements for the cathode-modulated am-
plifier are midway between those for plate
modulation and grid-bias modulation. More
excitation is required as the percentage of
plate modulation is increased. Grid bias should
be considerably beyond cut-off; fixed bias
from a supply having good voltage regulation
(§ 8-9) is preferred, especially when the per-
centage of plate modulation is small and the
amplifier is operating more nearly like a grid-
bias modulated stage. At the higher percent-
ages of plate modulation a combination ot
fixed and grid-leak bias can be used, since the
variation in reetified grid current is smaller.
The grid leak should be by-passed for audio
frequencies. The percentage of grid modulation
may be regulated by choice of a suitable tap
on the modulation transformer secondary.
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Fig. 510 — Cathode-tnodulation performance curves,
in termws of percentage of plate wmodulation plotted
against percentage of Class-C telephony tube ratings.
Wi, — D.c. plate input watts in terms of percentage of
plate-modulation rating.

W, — Carricr output watts in per cent of plate-modula-
tion rating (based on plate efficiency of 77.5%).
W. — Audio power in per cent of d.c. watts input.

Np — Plate efficiency of the amplifier in percentage.

Adjustment of cathode-modulated am-
plifiers — In most respects, the adjustment
procedure is similar to that for grid-bias mod-
ulation (§ 5-4). The critical adjustments are
those of antenna loading, grid bias, and excita-
tion. The proportion of grid-bias to plate mod-
ulation will determine the operating conditions.

Adjustments should be made with the aid of
an oscilloscope (§ 5-10). With proper antenna
loading and excitation, the normal wedge-
shaped pattern will be obtained at 100 per cent
modulation. As in the case of grid-bias modu-
lation, too-light antenna loading will cause
flattening of the upward-peaks of modulation
(indicating downward modulation), as also
will too-high excitation (§ 5-10). The cathode
current will be practically constant with or
without modulation when the proper operating
conditions bave been established (§ 5-3).
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( 5-6 Class-B Modulators

Modulator tubes —In the case of plate
modulation, the relatively large audio power
needed (§ 5-3) practically dictates the use of a
Class-B (§ 3-4) modulator, since the power
can be obtained most economically with this
type of amplifier. A typieal circuit is given in
Fig. 511. A pair of tubes must be chosen which
is eapable of delivering sine-wave audio power
equal to half the d.c. input to the modulated
Class-C amplifier. It is sometimes convenient
to use tubes which will operate at the same
plate voltage as that applied to the Class-C
stage, since one power supply of adequate
current capacity may then suffice for both
stages. Available components do not always
permit this, however, and better over-all
performance and economy may result from
the use of separate power supplies.

DRIVER

CLASS-B MODULATOR

Fig. 511 — Claes-B audio modulator and driver circuit.

Matching to load —In giving Class-B
ratings on power tubes, manufacturers specify
the plate-to-plate load impedance (§3-3)
into which the tubes must operate to deliver
the rated audio power output. This load im-
pedance seldom is the same as the modulating
impedance (§ 5-3) of the Class-C r.f. stage,
so that a match must be brought about by
adjustipg the turns ratio of the coupling trans-
former. The required turns ratio, primary to
secondary, is

Zy

Zm

where Z, is the Class-C modulating impedance
and Z, is the plate-to-plate load impedance
specified for the Class-B tubes.

Commercial Class-B output transformers
usually are rated to work between specified
primary and secondary impedances and are
designed for speeifiec Class-B tubes. In such a
case, the turns ratio ean be found by substi-
tuting the given impedances in the formula
above. Many transformers are provided with
primary and secondary taps, so that various
turns ratios can be obtained to meet the re-
quirements of various tube ecombinations.

Driving power — Class-B amplifiers are
driven into the grid-current region, so that
power is consumed in the grid circuit (§ 3-3).
The preceding stage (driver) must be capable
of supplying this power at the required peak
audio-frequeney grid-to-grid voltage. Both of
these quantities are given in the manufactur-
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er's tube ratings. The grids of the Class-B
tubes represent a variable load resistance over
the audio-frequency cycle, since the grid eur-
rent does not increase directly with the grid
voltage. To prevent distortion, therefore, it is
necessary to have a driving source which has
good regulation — that is, which will maintain
the waveform of the signal without distortion
even though the load varies. This can be
brought about by using a driver capable of
delivering two or three times the actual power
consumed by the Class-B grids, and by using
an input coupling transformer having a turns
ratio giving the largest step-down in the volt-
age between the driver plate or plates and the
Class-B grids that will permit obtaining the
specified grid-to-grid a.f. voltage.

Driver coupling — A Class-A or Class-AB
(§3-4) driver is used to excite a Class-B
stage. Tubes for the driver preferably should
be triodes having low plate resistance, since
these will have the best regulation. Having
chosen a tube or tubes capable of ample
power output from tube data sheets, the peak
output voltage will be, approximately,

E, =14vVPR

where P is the power output and R the load
resistance. The input transformer ratio, pri-
mary to secondary, will be

Ea
E,

where E, is as given above and E, is the peak
grid-to-grid voltage required by the modulator
tubes.

Commercial transformers normally are de-
signed for specific driver-modulator combina-
tions, and usually are adjusted to give as good
driver regulation as the conditions will permit.

Grid bias— Modern Class-B audio tubes
are intended for operation without fixed bias.
This lessens the variable grid-circuit loading
effect and eliminates the need for a grid-bias
supply.

When a grid-bias supply is required, it must
have low internal resistance so that the flow
of grid current with excitation of the Class-B
tubes does not cause a continual shift in the
actual grid bias and thus cause distortion.
Batteries or a regulated bias supply (§ 8-9)
should be used. '

Plate supply — The plate supply for a
Class-B modulator should be sufficiently well
filtered (§ 8-3) to prevent hum modulation of
the r.f. stage (§ 5-2). An additional require-
ment is that the output condenser of the sup-
ply should have low reactance (§2-8) at 100
eycles or less compared to the load into which
each tube is working, which is one-fourth the
plate-to-plate load resistance. A 4-ufd. output
condenser with a 1000-volt supply, or a 2-ufd.
condenser with a 2000-volt supply, usually
will be satisfactory. With other plate voltages,
condenser values should be in inverse propor-
tion to the plate voltage.
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Overexcitation — When a Class-B amplifier
is overdriven in an attempt to secure more
than the rated power, distortion in the output
waveshape increases rapidly. The high-fre-
quency harmonies which result from the distor-
tion (§ 3-3) modulate the transmitter, produe-
ing spurious sidebands (§ 5-2) which readily
can cause serious interference over a band of
frequencies several times the channel width
required for speech. This may happen even
though the transmitter is not being over-
modulated, as in the case where the modulator
is incapable of delivering the power required
to modulate the transmitter fully, or when
the Class-C amplifier is not adjusted to give
the proper modulating impedance (§ 5-3).

The tubes used in the Class-B modulator
should be capable of somewhat more than the
power output nominally required (50 per cent
of the d.c. input to the modulated amplifier) to
take care of losses in the output transformer.
These usually run from 10 per cent to 20 per
cent of the tube output. In addition, the
Class-C amplifier should be adjusted to give
the proper modulating impedance and the cor-
rect output transformer turns ratio should be
used. Such high-frequency harmonics as may
be generated in these circumstances can be re-
duced by connecting condensers across the
primary and sccondary of the output trans-
former (about 0.002 pfd. in the average case),
to form, with the transformer leakage induct-
ance (§2-9) a low-pass filter (§2-11) which
cuts off just above the maximum audio fre-
quency required for speecl transmission (about
4000 cycles). The .condenser voltage ratings
should be adequate for the peak a.f. voltages
appearing across them.

Operation  without load — Lixcitation
should never be applied to a Class-B modulator
until after the Class-C amplifier is turned on
and is drawing the value of plate current re-
quired to present the rated load to the modu-
lator. With no load to absorb the power, the
primary impedance of the transformer rises to
a high value and excessive audio voltages are
developed across it — frequently high enough
to break down the transformer insulation.
If the modulator is to be tested separately
from the transmitter, a load resistance of the
same value as the modulating impedance,
and capable of dissipating the full power out-
put of the modulator, should be connected
across the transformer secondary.

@ 5-7 Low-lLevel Modulators

Selection of tubes — Modulators for grid-
bias and suppressor modulation ean be small
audio power tubes, since the audio power re-
quired usually is small. A triode such as the
2A3 is preferable because of its low plate re-
sistance, but pentodes will work satisfactorily.

Matching to load — Since the ordinary
Class-A receiving power tube will develop
about 200 to 250 peak volts in its plate cireuit,
which is ample for most low-level modulator

applications, & 1:1 coupling transformer is
generally used. If more voltage is required,
a step-up ratio must be provided in the trans-
former. It is usual practice to load the primary
of the output-coupling transformer with a re-
sistance equal to or slightly higher than the
rated load resistance for the tube, to stabilize

the voltage output and thus improve the reg-
ulation. This is indicated in Figs. 507 and 508.

¢ 5-8 Microphones

Sensitivity — The level of a microphone is
its electrical output for a given speech inten-
sity input. Level varies greatly with micro-
phones of different basic types, and also varies
between different models of the same type.
The output is also greatly dependent on the
character of the individual voice (that is, the
audio frequencies present in the voice) and the
distance of the speaker's lips from the micro-
phone, decreasing approximately as the square
of the distance. Hence, only approximate
values based on averages of “normal’ speak-
ing voices can be attempted. The values given
in the following paragraphs are based on close
talking; that is, with-the microphone less than
an inch from the speaker’s lips.

Frequency response — The frequency re-
sponse or fidelity of a microphone is its relative
ability to convert sounds of different frequen-
cies into alternating current. With fixed sound
intensity at the microphone, the electrieal out-
put may vary considerably as the sound fre-
quency is varied. For understandable speech
transmission only a limited frequency range is
necessary, and natural-sounding speech can be
obtained if the output of the microphone does
not vary more than a few decibels (§3-3)
at any frequency within a range of about 200
cycles to 4000 cycles. When the variation
expressed in terms of decibels is small between
two frequency limits, tlie microphone is said
to be flat between those limits.

Carbon microphones — Fig. 512-A and
B show connections for single- and double-
button carbon microphones, with a rheostat
included in each cireuit for adjusting the but-
ton current to the correet value as specified
with each microphone. The single-button mi-
crophone consists of a metal diaphragm placed
against an insulating cup containing loosely
packed carbon granules (microphone butlon.)
Current from a battery flows through the gran-
ules, the diaphragm being one connection and
the mectal back-plate the other. The primary
of a transformer is connected in series with the
battery and microphone. As the diaphragm vi-
brates its pressure on the granules alternately
increases and decreases, causing a correspond-
ingincreaseand decrease of current flow through
the circuit, since the pressure changes the
resistance of the mass of granules. The result-
ing change in the current flowing through the
transformer primary causes an alternating
voltage, of corresponding frequency and in-
tensity, to be set up in the transformer sec-




ondary (§2-9). The double-button type is
similar, but with two buttons in push-pull.

Good quality single-button carbon micro-
phones give outputs ranging from 0.1 to 0.3
volt across 50 to 100 ohms; that is, across the
primary winding of the microphone trans-
former. With the step-up of the transformer, a
peak voltage of between 3 and 10 volts across
100,000 ohms or so can be assumed available
at the grid of the first tube. The usual button
current is 50 to 100 ma.

The level of good-quality double-button mi-
crophones is considerably less, ranging from
0.02 volt to 0.07 volt across 200 ohms. With
this type of microphone and the usual push-
pull input transformer, a peak voltage of 0.4 to
0.5 across 100,000 ohms or so can be assumed
available at the first spcech-amplifier grid. The
button current with this type of microphone
ranges from 5 to 50 ma. per button.

Crystal microphones — The input circuit
for a piezoeleetric or erystal type of miero-
phone is shown in Fig. 512-F. The element in
this type consists of a pair of Rochelle salts
crystals cemented together, with plated elee-
trodes. In the more sensitive types, the crystal
is mechanieally coupled to a diaphragm. Sound
waves actuating the diaphragm cause the
crystal to vibrate mechanically and, by piezo-
electric action (§2-10), to generate a corre-
sponding alternating voltage between the elec-
trodes, which are connected to the grid eireuit
of a vacuum-tube amplifier, as shown. The
crystal type requires no separate source of
current or voltage.

Although the level of crystal microphones
varies with different models, an output of
0.01 to 0.03 volt is representative for com-
munication types. The level is affected by the
length of the ecable connceting the microphone
to the first amplifier stage; the above figure is
for lengths of 6 or 7 feet. The frequency char-
acteristic is unaffected by the eable, but the
load resistance (amplifier grid resistor) does
affect it, the lower frequencies being atten-

" uated as the shunt resistance becomes less. A
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grid-resistor value of 1 megohm or more should
be used for reasonably flat response, 5 meg-
ohms being a customary figure.

Condenser microphones — The condenser
microphone of Fig. 512-C consists. of a8 two-
plate capacity, with one plate stationary. The
other, which is separated from the first by
about a thousandth of an inch, is a thin metal
membrane serving as a diaphragm. This con-
denser is conneceted in series with a resistor
and a d.c. voltage source. When the diaphragm
vibrates, the change in capacity causes & small
charging current to flow through the circuit.
The resulting audio voltage, which appears
across the resistor is fed to the grid of the tube
through the coupling condenser.

The output of condenser microphones varies
with different models, the high-quality type
being about one-hundredth to one-fiftieth as
sensitive as the double-button earbon micro- -
phone. The first speech-amplifier stage must be
built into the microphone, sinee the capacity
of a connecting cable would impair both output
and frequency range.

Velocity and dynamic microphones — In
a velocity or “ribbon’ microphone, the ele-
ment acted upon by the sound waves is a thin
corrugated metallic ribbon suspended between
the poles of a magnet. When vibrating, the
ribbon cuts the lines of force between the
poles, first in one direction and then the other,
thus generating an alternating voltage. The
movement of the ribbon is proportional to the
veloeity of the sound-energized air particles.
Velocity microphones are built in two types,
high impedance and low impedanece, the former
being used in most applications. A high-im-
pedance microphone can be directly connected
to the grid of an amplifier tube, shunted by a
resistance of 0.5 to 5 megohms (Fig. 512-E).
Low-impedance microphones are used when g
long connecting cable (75 feet or more) must
be employed. In such a case the output of the
microphone is coupled to the first amplifier
stage through a suitable step-up transformer,
as shown in Fig. 512-D.

DB.Mic

= +l80v -C

®) = (

Fig. 512 = Speech input cirenits of five commonly used types of micrcl[_ﬂmr!es. A, single-hut‘ton carbon: B,
double-button carbon; C, condenser; D, low-impedance velocity; E, high-impedance velocity; F, crystal.
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The level of the veloeity microphone is
about 0.03 to 0.05 volt. This figure applies di-
rectly to the high-impedance type, and to the
low-impedance type when the voltage is meas-
ured across the coupling transformer secondary.

The dynamic microphone somewhat re-
sembles a dynamic loud speaker in principle.
A light-weight voice coil is rigidly attached to
a diaphragm, the coil being placed between the
poles of a permanent magnet. Sound causes
the diaphragm to vibrate, thus moving the
coil back and forth between the magnet poles
and generating an alternating voltage the
frequency of which is proportional to the
frequency of the impinging sound and the am-
plitude proportional to the sound pressure.
The dynamie microphone usually is built with
high-impedance output, suitable for working

direetly into tlie grid of an amplifier tube. If .

the connceting cable must be unusually long
a low-impedance type should be used, with a
step-up transformer at the end of the cable. A
small permanent-magnet speaker can be used
as a dynamie microphone, although the fidelity
is not as good as is obtainable with a properly
designed microphone.

€ 5-9 The Speech Amplifier

Description — The function of the speech
amplifier is to build up the weak mierophone
voltage to a value sufficient to excite the modu-
lator to the required cutput. It may have from
one to several stages. The last stage ncarly
always must deliver a certain amount of audio
power, especially when it is used to excite a
Class-B modulator. Speech amplifiers for
grid-bias modulation usually end in a power
stage which also functions as the modulator.

The speech amplifier frequently is built as a
unit separate from the modulator, and in such
a case may be provided with a step-down
transformer designed to work into a low im-
pedance, such as 200 or 500 ohms (tube-to-
line transformer). When this is done, a step-up
input transformer intended to work between
the same impedance and the modulator grids
(line-to-grid transformer) is provided in the
modulator circuit. The line which connects the
two transformers may be made of any con-
venient length. )

General design considerations — The last
stage of the speech amplifier must-be selected
on the basis of the power;output required
from it; for instance, the power necessary to
drive a Class-B modulator (§ 5-6). It may be
either single-ended or push-pull (§3-3), the
latter generally being preferable because of
the higher power output and lower harmonic
distortion. Push-pull amplifiers may be cither
Class A, Class AB; or Class AB; (§ 3-4), as the
power requirements dictate.. If a Class-A or
AB; amplifier is used, the preceding stages
all may be voltage amplifiers, but when a Class-
AB; amplifier is used the stage immediately
preceding it must be capable of furnishing the
power consumed by its grids at full output.

The requirements in this case are much the
same as those which must be met by a driver
for a Class-B stage (§ 5-6), but the actual
power needed is considerably smaller and
usually can be supplied by one or two small
receiving triodes. All lower-level speech am-
plifier stages invariably are worked purely as
voltage amplifiers.

The minimum amplification which must be
provided ahead- of the last stage is equal to
the peak audio-frequency grid voltage re-
quired by, the last stage for full output (peak
grid-to-grid voltage in the case of a push-pull
stage), divided by the output voltage of the
microphone or secondary of the microphone
transformer if one is used (§ 5-8). The peak
a.f. grid voltage required by the output tube
or tubes is equal to the d.c. grid bias in the

case of a single-tube Class-A amplifier, and

approximately twice the grid bias for a push-
pull Class-A stage. The requisite information
for Class-AB; and AB; amplifiers can be ob-
tained from the manufacturer’s data on the
type considered. If the gain is not obtainable
in one stage, several stages must be used in
cascade. When the output stage is operated
Class ABg, due allowance must be made for
the faet that the next-to-the-last stage must
deliver power as well as voltage. In such cases,
suitable driver combinations usually are recom-
mended by manufacturers of tubes and inter-
stage transformers. The coupling transformer
must be designed especially for the purpose.

The total gain provided by a multi-stage
amplifier is equal to the product of the indi-
vidual stage gains. I'or example, when three
stages are used, the first having a gain of 100,
the second 20 and the third 15, the total gain
is 100 X 20 X 15, or 30,000. It is good prac-
tice to provide two or three times the mini-
mum required gain in designing the speech
amplifier. This will insure having ample gain
available to eope with varying conditions.

When the gain must be fairly high, as when
a crystal microphone is used, the speech am-
plifier frequently has four stages, including
the power output stage. The first generally is
a pentode, beeause of the high gain attainable
with this type of tube. The second and third
stages usually are triodes, the third frequently
having two tubes in push-pull when it drives a
Class-AB; output stage. Two pentode stages
seldom are used consecutively, because of the
difficulty of getting stable operation when the
gain per stage is very high. With carbon micro-
phones less amplification is needed and hence
the pentode first stage usually is omitted, one
or two, triode stages being ample to obtain full
output from the power stage.

Stage gain and vollage output — In volt- -
age amplifiers, the siage gain is the ratio of
a.c. output voltage to a.c. voltage applied
to the grid. It will vary with the applied audio
frequency, but for speech the variation should
be small over the range of 100-4000 eycles.
This condition is easily met in practice.
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The output voltage is the maximum value
which can be taken from the plate circuit
without distortion. It is usually expressed in
terms of the peak value of the a.c. wave (§2-7),
since this value is independent of the wave-
form. The peak output voltage usually is of
interest only when the stage drives a power
amplifier, since only in this case is the stage
called upon to work near its maximum eapa-
bilities. Low-level stages very seldom are
worked near their full capacity, hence harmonic
distortion is negligible and the voltage gain
of the stage is the primary consideration.

Following
stage

Cs
.-] ;
Ry i’h

Rg

Fig. 513 — Resistance-coupled voltage amplifier cir-
cuits. A, pentode; B, triode. Designations are as follows:

C1 — Cathode by-pass condenser.

C2 — Platc by-pass condenser.

Cs — Output coupling condenser (blocking eondenser).
C4 — Scrcen by-pass condenser.

Ri — Cathode resistor.

Rz — Grid resistor.

Ra — Plate resistor.

R4 — Next-stage grid resistor.

Rs — Plate decoupling resistor.

Ro — Sereen resistor.

Values for suitable tubes are given in Chapter Fourteen.

Resistance coupling — Resistance coupling
generally is used in voltage amplifier stages.
It is relatively inexpensive, good frequency
response can be sccured, and there is little
danger of hum pick-up from stray magnetic
fields associated with heater wiring. It is the
only type of coupling suitable for the output
circuits of pentodes and high-x triodes, since
with transformers a sufficiently high load im-
pedance (§3-3) cannot be obtained without
considerable frequency distortion. Typical cir-
cuits are given in Fig. 512 and design data in
§ 3-6.

Transformer coupling — Transformer cou-
pling between stages ordinarily is used only
when power is to be transferred (in such a case
resistance coupling is very inefficient), or when
it is necessary to couple between a single-
ended and a push-pull stage. Triodes having
an amplification factor of 20 or less are used
in transformer-coupled voltage amplifiers,

L S S

Representative circuits for coupling single-
ended to push-pull stages are shown in Fig. 514.
That at A uses a eombination of resistance and
transformer eoupling, and may be used for
exeiting the grids of a Class-A or AB; follow-
ing stage. The resistance coupling is used to
keep the d.c. plate current from flowing through
the transformer primary, thereby preventing a
reduction in primary induetanee below its no-
current value (§ 8-4). This improves the low-
frequency response. With low-u triodes (6C5,
6J5, ete.), the gain is equal to that with resist-
ance coupling multiplied by the secondary-to-
primary turns ratio of the transformer.

In B the transformer primary is in series
with the plate of the tube, and thus must earry
the tube plate current. When the following
amplifier operates without grid eurrent, the
voltage gain of the stage is practically equal to
the  of the tube multiplied by the transformer
ratio. This circuit also is suitable for trans-
ferring power (within the eapabilities of the
tube) as in the case of a following Class-ABs
stage used as a driver for a Class-B modulator.

Gain control — The over-all gain of the am-
plifier may be changed to suit the output level
of the mierophone, which will vary with voice
intensity and distance of the speaker from the
mierophone, by varying the proportion of a.e.
voltage applied to the grid of one of the stages.

The gain-control potentiometer should be
near the input end of the amplifier, so that
there will be no danger of overloading the
stages ahead of the gain control. With carbon
microphones the gain control may be placed
directly across the microphone transformer
secondary, but with other types the gain con-
trol usually will affeet the frequency response
of the microphone when conneected directly
across it. The control therefore usually is
placed in the grid circuit of the second stage.

®

{rput

+8
®
Fig. 514 — Transformer-coupled amplifier eirenits for
driving a push-pull amplificr. A is for resistanee-trans-
former coupling; B, for transformer coupling. Designa-
tions correspond to those in Fig. 513. In A, values ean
be taken from Table I. In B, the catliode resistor is
enlcl}lnlcd from the rated plate eurrent and grid bias
as given for the particular type of tube used (§ 3-6).
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Fig. 515 — Phasc-inverter cireuit for resistance-con-
pled push-pull output. With a double-triode tube
(such as the 6N7) the following values are typieal:

Ri, R4, R5 — 0.5 megohm. Rz, Rz — 0.1 megohm.
Rg¢ — 1500 ohms. C1, C2— 0.1 ufd.

Rs should be tapped as deseribed in the text. The
voltage gain of a stage using these constants is 22.

Phase inversion — Push-pull output may
be secured with resistance coupling by using
an extra tube, as shown in Fig. 515. There
is a phase shift of 180 degrees through any
normally operating resistance-coupled stage
(§ 3-3), and the extra tube is used purely to
provide this phase shift without additional gain.
The outputs of the two tubes are then added
to provide push-pull excitation for the following
amplifier.

Output limiting — It is desirable to modu-
late as heavily as possible without overmodu-
lating, yet it is difficult to speak into the micro-
phone at a constant intensity. To maintain
reasonably constant output from the modula-
tor in spite of variations in speech intensity,
it is possible to use automatic gain control
which follows the average (not instantaneous)
variations in speech amplitude. This is accom-
plished by rectifying and filtering (§ S-2, 8-3)
some of the audio output and applying the
rectified and filtered d.c. to a control electrode
in an early stage in the amplifier.

Fig. 516 — Speech amplifier output-limiting cirenit,
Ci, Cz, C3, C4— 0.1-pfd. 11, Ra, Ra — 0.25 megohm.
R4 — 25,000-ohm pot. Ry — 0.1 megohim. T — See text.

A practical circuit for this purpose is shown
in Fig. 516. The rectifier must be connected,
through the transformer, to a tube capable of
delivering some power output (a small part of
the output of the power stage may be used) or
else a separate amplifier for the rectifier cir-
cuit alone may have its grid connecected in
parallel with that of the last voltage amplifier.
Resistor K, in series with Rs across the plate
supply provides variable bias on the rectifier
plates, so that the limiting action can be de-
layed until a desired mierophone input level is

reached. Ry, B3, Cy, C3, and C4 form the filter
(§ 2-11), and the output of the reectifier is con-
nected to the suppressor grid of the pentode
first stage of the speech amplifier.

A step-down transformer with a turns ratio
such as to give about 50 volts when its primary
is connected to the output circuit of the power
stage should be used. A half-wave rectifier may
be used instead of the full-wave circuit shown,
although satisfactory filtering will be more
difficult to achieve.

Noise — It is important that the noise level
in a speech amplifier be low compared to the
level of the desired signal. Noise in the speech
amplifier is caused chiefly by hum, which may
be the result of insufficient power-supply filter-
ing or may be introduced into the grid eircuit
of a tube by magnetic or electrostatic means
from heater wiring. The plate voltage for the
amplifier should be free from ripple (§8-4),
particularly the voltage applied to the low-
level stages. A two-section condenser-input
filter (§ 8-5) usually is satisfactory. The de-
coupling circuits mentioned in the preceding
paragraphs also are helpful in reducing plate-
supply hum.

Hum from heater wiring may be reduced
by keeping the wiring well away from un-
grounded components or wiring, particularly in
the vicinity of the grid of the first tube. Com-
plete shiclding of the microphone jack is
advisable, and when tubes with grid caps in-
stead of the single-ended types are used the
caps and the exposed wiring to them should
be shielded. Heater wiring preferably should
run in the corners of a metal chassis, to reduce
the magnetic field. A ground should be made
either on one side of the heater circuit or to
the center-tap of the heater winding. The
shells of metal tubes should be grounded;
glass tubes require separate shields, especially
when used in low-level stages. Heater connec-
tions to the tube sockets should be kept as far
as possible from the plate and grid prongs,
and the heater wiring to the sockets should be

kept close to the chassis. A connection to a -

good ground (such as a cold water pipe) also
is advisable. The speech amplifier always
should be constructed on a metal chassis, with
all ground connections made directly to the
metal chassis.

When the power supply is mounted on the
same chassis with the speech amplifier, the
power transformer and filter chokes should be
well separated from audio transformers in the
amplifier proper to reduce magnetic coupling,
which would cause hum and raise the residual
noise level.

¢ 5-10 Checking 'Phone Transmitter
Operation

Modulation percentage— The mostreliable
method of determining percentage of modula-

“tion is by means of the cathode-ray oseillo-

scope (§ 3-9). The oscilloscope gives a direct
picture of the modulated output of the trans-
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mitter, and by its use the waveform errors
inherent in other types of measurements are
eliminated. :
Two types of oscilloscope patterns may be
obtained, known as the ‘“ wave envelope” and
“trapezoid.” The former shows the shape of
the modulation envelope (§ 5-2) directly, while
the latter in effect plots the modulation char-
acteristic (§ 5-2) of the modulated stage on
the cathode-ray tube screen. To obtain the
wave-envelope pattern, the oscilloscope must
have a horizontal sweep circuit. The trapezoid-
al pattern requires only the oscilloscope, the
sweep circuit being supplied by the transmitter
itself. Fig. 517 shows methods of connecting
the oscilloscope to the transmitter for both
types of patterns. The oscillosdope connections
for the wave-envelope pattern, Fig. 517-A,
are usually simpler than those for the trape-
zoidal figure. The vertical-deflection plates are
coupled to the amplifier tank coil or an antenna
coil by means of a pick-up coil of a few turns
connected to the oscilloscope through a
twisted-pair line. The position of the pick-up
coil is varied until a carrier pattern, Fig.
518-B, of suitable height is obtained. The
sweep voltage should be adjusted to make the
width of the pattern somewhat more than

half the diameter of the screen. It is frequently -

Kelpful in eliminating r.f. harmonics from the
pattern to connect a resonant circuit, tuned
to the operating frequency, bétween the ver-
tical deflection plates, using link coupling
between this circuit and the transmitter tank
circuit.

With the application of voice modulation, a
rapidly changing pattern of varying height
will be obtained. When the maximum height
of this pattern is just twice that of the carrier
alone, the wave is being modulated 100 per
cent (§ 5-2). This is illustrated by Fig. 518-D,
where the point X represents the sweep line

Ant.circuit o0sC.
d |
Final ;dep loop EI}
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Fig. 517 — Mecthods of connecting an oscilloscope to
the modulated r.f. amplifier for checking modulation.

(reference line) alone, YZ is the carrier height,
and PQ is the maximum height of the modu-
lated wave. If the height is greater than the
distance PQ, as illustrated in E, the wave is

overmodulated in the upward direction. Over-
modulation in the downward direction is
indicated by a gap in the pattern at the refer-
ence axis, where a single bright line appears
on the screen. Overmodulation in either direc-
tion may take place even when the modulation

. in the other direction is less than 100 per cent.

Assuming that the modulation is symmetrical,
however, any modulation percentage can be
measured directly from the screen by measur-
ing the maximum height with modulation and
the height of the carrier alone; calling these
two heights k; and kg respectively, the modula-
tion percentage is
hy — hy
ha X 100

Connections for the trapezoidal pattern
are shown in Fig. 517-B. The vertical plates
are similarly coupled to the transmitter tank
circuit through a pick-up loop; the tuned in-
put circuit to the oscilloscope' may also be
used. The horizontal plates are coupled to the
output of the modulator through a voltage
divider (§ 2-6), R1Ra, the resistance of Rg
being variable to permit adjustment of the
audio voltage to a suitable value to give a
satisfactory horizontal sweep on the screen.
Ry may be a 0.25-megohm volume control
resistor. The value of R; will depend upon the
audio. output voltage of the modulator. This’
voltage is equal to /PR, where P is the audio
power output of the modulator and R is the
modulating impedance of the modulated r.f.
amplifier. In the case of grid-bias modulation
with a 1:1 output transformer, it will be satis-
factory to assume that the a.c. output voltage
of the modulator is equal to 0.7E for a single
tube or 1.4F for a push-pull stage, where E
is the d.c. plate voltage on the modulator. If
the transformer ratio is other than 1:1, the
voltage so calculated should be multiplied by
the actual secondary-to-primary turns ratio.

The total resistance of E; and R in series
should be 0.25 megohm for every 150 volts of
modulator output; for example, if the modula-
tor output voltage is 600, the total resistance
should be four (600/150) times 0.25 megohm,
or 1 megohm. Then, with 0.25 megohm at Rq,
R, should be 0.75 megohm. Tlhe blocking
condenser, C, should be 0.1 pfd or more, and
its voltage rating should be greater than the
maximum voltage appearing in the circuit. .
With plate modulation, this is twice the d.c.
voltage applied to the plate of the modulated
amplifier.

The trapezoidal patterns are shown in Fig.
518 at ¥ to J, each alongside the corresponding
wave-envelope pattern. With no signal, only
the cathode-ray spot appears on the screen.
When the unmodulated carrier is applied, a
vertical line appears; the length of the line
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Fig. 518 — Wave-envelope and trapezoidal patterns
encountered nnder different conditions of modulation.

OVER MODULATION

should’ be adjusted, by means of the pick-up
coil coupling, to a convenient value. When the
carrier is modulated, the wedge-shaped pattern
appears; the higher the modulation pereentage,
the wider and more pointed the wedge be-
comes. At 100 per cent modulation it just
“"makes a point on the axis, A, at one end, and
the height, PQ, at the other end is equal to
twice the carrier height, YZ. Overmodulation
in the upward direction is indicated by in-
crensed height over PQ, and in the downward
direction by an extension along the axis X
at the pointed end. The modulation percentage
may be found by measuring the modulated
and unmodulated carrier heights, in the same
way as with the wave-envelope pattern.
Non-symmetrical waveforms—1In voice
waveforms the average maximum amplitude
in one direction from the axis frequently. is
greater than in the other direction, although
the average energy on both sides is the same.
For this reason the percentage of modulation
in the “up”’ direction frequently differs from
that in the ‘““down” direction. With a given
voice and microphone, this difference in modu-
lation percentage is usually always in the same
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direction. Since overmodulation in the down-
ward direction causes more out-of-channel in-
terference than overmodulation upward be-
cause of the steeper wavefront (§ 6-1), it is
advisable to “phase’ the modulation so that
the side of the voice waveform having the
larger excursions causes the instantaneous car-
rier power to increase and the smaller excur-
sions to cause a power decrease. This reduces
the likelihood of overmodulation on the
“down” peak. The direction of the larger
excursions can readily be found by careful
observation of the oscilloscope pattern. The -
phase can be reversed by reversing the connec-
tions of oue winding of any transformer in the
speech amplifier or modulator.

Modulation monitoring — While it is de-
sirable to modulate as fully as possible, 100 per
cent modulation should not be exceeded, par-
ticularly in the downward direction, because
harmouic distortion will be introduced and the
channel width increased (§.5-2), thus causing
unnecessary interference to other stations.
The oscilloscope may be used to provide a
continuous check on the modulation, but sim-
pler indicators may be used for the purpose,
once calibrated. A convenient indicator, when
a Class-B modulator (§ 5-6) is used, is the
plate milliammeter in the Class-B stage, since
plate current fluctuates with the voice inten-
sity. Using the oscilloscope, determine the
gain-control setting and voice intensity which
gives 100 per cent modulation on voice peaks,
and simultaneously observe the maximum
Class-B plate-milliammeter reading on the
peaks. When this maximum reading is ob-
tained, it will suffice in regular operation-to
adjust the gain so that it is not exceeded.

A sensitive rectifier-type voltmeter (copper-
oxide type) also ean be used for modulation
monitoring. It should be connected across the
output circuit of an audio driver stage where
the power level is a few watts, and similarly
calibrated against the oscilloscope to determine
the reading which represents 100 per cent
modulation.

The plate milliammeter of the modulated
r.f. stage may also be used as an indicator of
overmodulation. Since the average plate cur-
rent is constant (§5-3, 5-4, 5-5) when the
amplifier is linear, the reading will be the
same with or without modulation. When
the amplifier is overmodulated, especially in
the downward direction, the operation is no
longer linear and the average plate current
will change. A flicker of the pointer may fhere-
fore be taken as an indieation of overmodula-
tion or non-linearity. However, it is possible
that the average plate current will remain
constant with considerable overmodulation
under some operating conditions, so that an
indicator of this type is not wholly reliable
unless it has been checked previously against
an oscilloscope.

Linearity — The linearity (§ 5-2) of a modu-
lated amplifier may readily be checked with -




the oscilloscope. The trapezoidal pattern is
more easily interpreted than the wave enve-
lope pattern, and less auxiliary equipment is
required. The connections are the same as for
measuring modulation percentage (Fig. 517).
If the amplifier is perfectly linear, the sloping
sides of the trapezoid will be perfectly straight
from the point at the axis up to at least 100 per
cent modulation in the upward direction. Non-
linearity will be shown by curvature of the
sides. Curvature near the point, extending the
point farther along the axis than would occur
with straight sides, indicates that the output
power does not decrease rapidly enough in

“this region; it may also be caused by imperfect

neutralization (& push-pull amplifier is recom-
mended because better neutralization is possi-
ble than with single-ended amplifiers) or by r.f.
leakage from the exciter through the final
stage. The latter condition can be checked by
removing the plate voltage from the modulated
stage, when the carrier should disappear, leav-
ing only the beam spot remaining on the screen
(Fig. 518-F). If a small vertical line remains,
the amplifier should be re-neutralized; if this
does not eliminate the line, it is an indication
that r.f. is being picked up from lower-power
stages, either by coupling through the final
tank or via the oscilloscope pick-up loop.

Inward curvature at the large end of the
pattern is caused by improper operating con-
ditions of the modulated amplifier, usually
improper bias or insufficient excitation, or
both, with plate modulation. In grid-bias and
cathode-modulated systems, the bias, excita-
tion and plate loading are not correctly pro-
portioned when such curvature occurs, usually
because the amplifier has been adjusted to
have too-high carrier efficiency without modu-
lation (§ 5-4, 5-5).

Unmodulated
operaTING  CTTET

(A) POINT SET FOR
1007% UPWARD =
MODULATION

Unmodulated AT

AMPLIFIER e
LIGHTLY LOADED

(8) arexciration

INCORRECT

Limjts of \
Audjo Grid
Swing

Unmodulated A
OVERMODULATION CE7TEr
CAUSED BY EX-
(€) cessive auro Itk
GRID VOLTAGE  Limitsal,
Audio Grid
Swing

Fig. 519 — Oscilloscope patterns rcpresenting proper
and improper adjustments for grid-bias or cathode
modulation. The pattern obtained with a correctly

.adjusted amplifier is shown at A. The other drawings

indicate non-linear modulation from typical causes. -
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For the wave-envelope pattern, it is neces-
sary to have a linear horizontal-sweep circuit
in. the oscilloscope and a source of sine-wave
audio signal voltage (such as an audio oscilla-
tor or signal generator) which ean be synchro-
nized with the sweep circuit. The linearity can
be judged by comparing the wave envelope
with a true sine wave. Distortion in theaudio
circuits will affect the pattern in this case (such
distortion has no effect on the trapezoidal
pattern, which shows the modulation charac-
teristic of the r.f. amplifier alone), and it is also
readily possible to misjudge the shape of the
modulation envelope, so that the wave enve-
lope is less useful than the trapezoid for check-
ing linearity of the modulated amplifier.

Fig. 519 shows typical patterns of both
types. The cause of the distortion is indicated
for grid-bias and suppressor modulation. The
patterns at A, although not truly linear, are
representative of properly operated grid-bias
modulation systems. Better linearity can be
obtained with plate modulation of a Class-C
amplifier.

Faulty patterns— The drawings of Figs.
518 and 519 show what is normally to be ex-
pected in the way of pattern shapes when the
oscilloscope is used to check modulation. If
the actual patterns differ considerably from
those shown, it is probable that the pattern
is faulty rather than the transmitter. It is
important that only r.f. from the modulated
stage be coupled to the oscilloscope, and then
only to the vertical plates. The effect of stray
r.f. from other stages in the transmitter has
been mentioned in the preceding paragraph.
If r.f. is present also on the horizontal plates,
the pattern will lean to one side instead of
being upright. If the oscilloscope cannot be
moved to a spot where the unwanted pick-up
disappears, a small by-pass condenser (10 -
uufd.) should be connected across the horizon-
tal plates as close to the cathode-ray tube as
possible. An r.f. choke (2.5 mh. or smaller)
may also be connected in series with the un-
grounded horizontal plate.

““Folded” trapezoidal patterns occur when
the audio sweep voltage is taken from some
point in the audio system other than that
where the a.f. power is applied to the modu-
lated stage. Sueh patterns are caused by a
phase difference between the sweep voltage
and the modulating voltage. The connections
should always be as shown in Fig. 517-B.

Plate-current shift — As mentioned above,
the d.c. plate current of a modulated amplifier
will be the same with and without modulation
go long as the amplifier operation is perfectly
linear and other conditions remain unchanged.
This also assumes that the modulator is work-
ing within its capabilities. Because there is
usually some curvature of the modulation
characteristic with grid-bias modulation there
is normally a slight upward change in plate
current of a stage so modulated, but this occurs
only at high modulation percentages and is
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barely detectable under the usual conditions
of voice modulation.

With plate modulation, & downward shift
in plate current may indicaté one or more
of the following:

1) Insufficient excitation to the modulated
r.f. amplifier.

2) Insufficient grid bias on the modulated
stage.

3) Wrong load resistance for the Class-C r.f.
amplifier.

4) Insufficient output capacity in the filter
of the modulated-amplifier plate supply.

5) Heavy overloading of the Class-C r.f.
amplifier tube or tubes.

Any of the following may cause an upward
shift in plate current:

1) ‘Overmodulation (excessive audio power,
audio gain too great).

2) Incomplete neutralization of the modu-
lated amplifier.

3) Parasitic oscillation in the modulated
amplifier.

When & common plate supply is used for
both a Class-B (or Class-AB) modulator and a
modulated r.f. amplifier, the plate current of
the latter may “kick” downward because of
poor power-supply voltage regulation (§ 8-1)
with the varying additional load of the modu-
lator on the supply. The same effect may ocecur
with high-power transmitters because of poor
regulation of the a.c. supply mains, even when
a separate power-supply unit is used for the
Class-B modulator. Either condition may be
detected by measuring the plate voltage ap-
plied to the modulated stage; in addition, poor
line regulation also may be detected by observ-
ing if there is any downward shift in ﬁlument
or line voltage.

With grid-bias modulation, any of the fol-
lowing may be the cause of a plate current
shift greater than the normal mentioned above:

Downward kick: Too much r.f. excitation;
insufficient operating bias; distortion in modu-
lator or speech amplifier; too-high resistance in
bias supply; insufficient output capacity in
plate-supply filter to modulated amplifier; am-
plifier plate circuit not loaded heavily enough;
plate-circuit efficiency too high under carrier
conditions.

Upward kick: Overmodulation (excessive
audio voltage); distortion in audio system; re-
generation because of incomplete neutraliza-
tion; operating grid bias too high.

A downward kick in plate current will ac-
company an oscilloscope pattern like that of
Fig. 519-B; the pattern with an upward kick
will look like Fig. 519-A, with the shaded
portion extending farther to the right and
above the carrier, for the ‘“wedge’’ pattern.

Noise and hum on carrier — These may be
detected by listening to the signal on a receiver
sufficiently removed from the transmitter to
avoid overloading. The hum level should be

low compared to the voice at 100 per cent mod-
ulation. Hum may come either from the speech
amplifier and modulator or from the r.f.
section of the transmitter. Hum from the r.f.
section can be detected by completely shutting
off the modulator; if hum remains when this
is done, the power-supply filters for one or more
of the r.f. stages have insufficient smoothing
(§ 8-4). With a hum-free carrier, hum intro-
duced by the modulator can be checked by
turning on the modulator but leaving the
speech amplifier off; power-supply filtering
is the likely source of such hum. If carrier
and modulator are both clean, connect the
speech amplifier and observe the increase in
hum level. If the hum disappears with the gain
control at minimum, the hum is being intro-
duced in the stage or stages preceding the gain
control. The microphone also may pick up
hum, a condition which can be checked by
removing the microphone from the circuit
but leaving the first speech-amplifier grid cir-
cuit otherwise unchanged. A good ground on
the microphone and speech system usually is
essential to hum-free operation.

Hum can be checked with the oscilloscope,
where it appears as modulation on the carrier
in the same way as the normal modulation.
While the percentage usually is rather small,
if the carrier shows modulation with no speech
input hum is the likely cause. The various
parts of the transmitter may be checked
through as described above.

Spurious sidebands — A superheterodyne
receiver having a crystal filter (§7-8, 7-11)
is needed for checking spurious sidebands
outside the normal communication channel
(§ 5-2). The r.f. input to the receiver must
be kept low enough, by removing the antenna
or by adequate separation from the transmit-
ter, toavoid overloading and consequent spuri-
ous receiver responses (§ 7-8). With the crystal
filter in its sharpest position and the beat oscil-
lator turned on, tune through the region out-
side the normal channel limits (3 to 4 kiloeycles
each side of the carrier) while another person
talks into the microphone. Spurious sidebands
will be observed as intermittent beat notes
coinciding with voice peaks, or, in bad cases
of distortion or overmodulation, as ‘‘clicks”
or crackles well away from the carrier fre-
quency. Sidebands more than 4 kilocycles from

the carrier should be of negligible strength in

a properly modulated 'phone transmitter. The
causes are overmodulation or non-linear oper-
ation (§ 5-3).

R.f. in speech amplifier — A small amount
of r.f. current in the speech amplifier — par-
ticularly in the first stage, which is most sus-
ceptible to such r.f. pick-up — will cause over-
loading and distortion in the low-level stages..
Frequently also there is a regenerative effect
which causes an audio-frequency oscillation
or ““howl” to be set up in the audio system.
In such cases the gain control cannot be ad-
vanced very far before the howl builds up,
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even though the amplifier may be perfectly
stable when the r.f. section of the transmitter
is not turned on.

Complete shielding of the microphone,
microphone cord, and speech amplifier are
necessary to prevent r.f. pick-up, and a ground
connection separate from that®to which the
transmitter is connected is advisable. Un-
symmetrical or capacity coupling to the an-
tenna (single-wire feed, feeders tapped on
final tank circuit, ete.) may be responsible in
that these systems sometimes cause the trans-
mitter chassis to take an r.f. potential above
ground. Inductive coupling to a two-wire
transmission line is advisable. This antenna
effect can be checked by disconnecting the
antenna and dissipating the power in a dummy
antenna (§ 4-9), when it usually will be found
that the r.f. feed-back disappears. If it does
not, the speech amplifier and microphone
shielding are at fault.

€ 5-11 Frequency Modulation

Principles — In frequency modulation the
carrier amplitude is eonstant and the output
frequency of the transmitter is mad. to vary
about the carrier or mean frequency at a rate
corresponding to the audio frequencies of the
speech currents. The extent to which the fre-
quency changes in one direction from the un-
modulated or carrier frequenecy is called the
frequency devialion. It corresponds to the
change of carrier amplitude in the amplitude-
modulation system (§ 5-2). Deviation is usu-
ally expressed in kiloeycles, and is equal to
the difference between the carrier frequency
and either the highest or lowest frequency
reached by the carrier in its excursions with
modulation. There is no modulation percent-
age, in the usual sense; with suitable circuit
design the deviation may be made as large
as desired without encountering any effect
equivalent to overmodulation in the amplitude-
modulated system.

Deviation ratio— The ratio of the maxi-
mum frequency deviation to the audio fre-
quency of the modulation is called the devia-
tion raifio. This ratio is also called the modula-
tion index. Unless otherwise specified, it is
taken as the ratio of the maximum frequency
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Fig. 520 — Triangular spectrum showing the noise
response in an f.m. receiver compared with amplitude
modulation. Deviation ratios of | and 5 are shown.
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deviation to the highest audio frequency to be
transmitted. '

Advantages of f.mm. — The chief advantage -
of frequency modulation over amplitude mod-
ulation is noise reduction at the receiver. All
electrical noises in the radio spectrum, includ-
ing those originating in the receiver, are r.f.
oscillations which vary in amplitude, this
variation causing the noise response in ampli-
tude-modulation receivers. If the receiver
does not respond to amplitude variations but
only to frequency changes, noise can affect it
only by causing a phase shift which appears as
frequency modulation on the signal. The effect
of such frequency modulation by the noise
can be made small by making the frequency
change (deviation) in the signal large.

A second advantage is that the power re-
quired for modulation is inconsequential, since
there is no power variation in the modulated
output of the transmitter.

Triangular spectrum — The way in which
noise is reduced by a large deviation ratio is
illustrated by Fig. 520. In this figure the noise
is assumed to be evenly distributed over the
channel used, an assumption which is almost
always true. It is also assumed that audio
frequencies above 4000 eycles (4 ke.) are not
necessary to voice communication, and that the
audio system in the receiver has no response
above this frequency. Then, if an amplitude
modulation receiver is used and its selectivity
is such that there is no attenuation of side-
bands (§ 5-2) below 4000 cyecles, the noise
components of all frequencies within the chan-
nel will produce equal response when they
beat with a carrier centered in the channel.
The response under these conditions is shown
by the line DC.

In the f.m. receiver the output amplitude is
proportional to the frequency deviation, and
noise components in the channel can be con-
sidered to frequency-modulate the steady
carrier with a deviation proportional to the

-difference between the actual frequency of the

component and the frequeney of the carrier,
and also to give an audio-frequency beat of
the same frequency difference. This leads to a
rising response characteristic, such as the line
OC, where the noise amplitude is proportional
to the audio beat frequency. The average noise
power output is proportional to the square
root of the sum of the squares of all the ampli-
tude values (§2-7), so that the noise power
with frequency modulation having & deviation
ratio of 1 is only one-third that with amplitude
modulation, or an improvement of 4.75 db.

If the deviation ratio is increased to 5, the
noise response is represented by the line OF.
Since only frequencies up to 4000 cycles are
reproduced in the output, however, the audible
noise is confined to the triangle OAB. These
relations hold only when the carrier is strong
compared to the noise. For reception of sta-
tions with weak signal strength, the sighal-to-
noise ratio is better with a deviation ratio of 1.
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Linearity — A transmitter in which fre-
‘quency deviation is direetly proportional to
the amplitude of the modulating signal is said

"to be linear. It is essential also that the carrier

amplitude remain constant under modulation,
which in turn requires that the transmitter
tuned circuits, as well as the antenna, have
-broad enough response to handle without dis-
crimination the entire range of audio frequen-
cies transmitted. This requirement is easily
met under ordinary conditions.

Sidebands — In frequency modulation there
is a series of sidebands on cither side of the
carrier frequency for each audio-frequency
component in the modulation. In addition to
the usual sum and difference frequencies
(§ 5-2) there arec also beats at harmonies of
the fundamental modulating frequency, even
though the latter may be a pure tone. This oc-
curs because of the necessity for maintaining
the proper phase relationships between the
carrier and sidebands to keep the power output
constant. Hence, a frequency-modulated signal
inherently occupies a wider channcl than an
amplitude-modulated signal. Becanse of the
necessity for conserving space in the usual
communication spectrum, the use of f.m. by
amateurs is confined to the very-high frequen-
cies in the region above 28 Mec.

The number of sidebands for a single modu-
lating frequency increases with the frequency
deviation. When the deviation ratio is of the
order cf 5 the sidebands beyond the maximum
frequency deviation are usually negligible,
so that the channel required is approximately
twice the frequency deviation.

€ 5-12 Methods of Frequency
Modulation

Requirements and methods — At present
there are no fixed standards of frequency devia-
tion in amateur work. Since a deviation ratio
of 5 is considered high enough in any case, the
maximum deviation necessary is 15 to 20 ke.
for an upper audio-frequency limit of 3000 or
4000 cycles (§ 5-2), or a channel width of 30
to 40 ke. The permissible deviation is deter-
mined by the receiver (§ 7-18), since deviation
beyond . the limits of the receiver pass-band
causes distortion. If the transmitter is designed
to be linear (§ 5-11) with a deviation of about
15 ke., it can be used at a lower deviation ratio
simply by reducing the gain in the speech
amplifier. Thereby it can be made to conform
to the requirements of the particular receiver
in use.

The several possible methods of frequency
modulationinclude mechanical modulation (for
instance, varying condenser plate spacing in
accordance with voice vibrations), initial
phase-shift modulation which later is trans-
formed into frequency modulation, and direct
frequency modulation of an oscillator by elec-
tronic means. The latter, in the form of the re-
aclance-lube modulalor, is the simplest and most
satisfactory system for amateur use,
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The reactance modulator — The resctance
modulator consists of a vacuum tube con-
nected to the r.f. tank circuit of an oscillator
in such a way as to act as a variable inductance
or capacity, of a value dependent upon the
instantaneous a.f. voltage applied to its grid.
Fig. 521 is a representative circuit. The control

Fig. 521 — Reactancc modulator circuit using a 617 tube.

C — Tank capacity. C1 —3-10 pupfd. C2—250 pufd.

C3 — 8-ufd. clectrolytic (a.f. by-pass) in parallel with
0.01-gfd. paper (r.f. by-pass).

Cs —0.01 pfd. L. — Oscillator tank inductance.

R1 — 50,000 ohms. Re, Rs — 0.5 megohm.

IR’a — 30,000 ohms. R4 — 300 ohms.

grid circuit of the 6L7 tube is connected across
the small capacity, Ci, which is in series with
the resistor, Ry, across the oscillator tank cir-
cuit. Any type of oscillator circuit (§ 83-7) may
be used. Iy is large compared to the reactance
(§ 2-8) of Cy, so the r.f. current through R;Cy
will be practically in phase (§ 2-7) with the r.f.
voltage appearing at the terminals of the
tank circuit. However, the voltage across C
will lag the current by 90 degrees (§ 2-8).
The r.f. current in the plate circuit of the 617
will be in phase with the grid voltage (§ 3-3),
and consequently is 90 degrees behind the cur-
rent through Ci, or 90 degrees behind the r.f.
tank voltage. This lagging current is drawn
through tlhe oscillator tank, giving the same
effect as though an inductance were connected
across the tank (in an inductance the current
lags the voltage by 90 degrees — § 2-8). The
frequency increased in proportion to the lag-
ging plate current of the modulator, as deter-
mined by the a.f. voltage applied to the No. 3
grid of the 6L7; hence the oscillator frequency
varies with the audio signal voltage.

If, on the other hand, C; and R, are reversed
and the reactance of C; is made large compared
to the resistance of I2; the r.f. current in the
6L7 plate circuit will lead the oscillator tank
r.f. voltage, making the reactance capacitive
rather than inductive. In either case, the value
of the applied reactance will be inversely. pro-
portional to the transconductance of the
modulator tube.

Other circuit arrangements to produce the
same effect may be employed. It is convenient
to use a tube (such as the 6L7) in which the r.f,
and a.f. voltages can be applied to separate
control grids; however, both voltages may be
applied to the same grid provided precautions
are taken to prevent r.f. from flowing in the
external audio circunit, and vice versa (§ 2-13).

The modulated oscillator usually is operated

. on a relatively low frequency, so that a high-
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order of earrier stability can be secured. Fre-
quency multipliers are used to raise the fre-
quency to the final frequency desired. The
frequency deviation increases with the number
of times the initial frequency is multiplied;
for instance, if the oscillator is operated on
7 Mec. and the output frequency is to be 112
Me., an oscillator frequency deviation of 1000
cycles will be raised to 16,000 cycles at the
output frequency.

Design considerations — The sensitivity of
the modulator (frequency change per unit
change in grid voltage) increases when Ci
is made smaller, for a fixed value of I2;, and
also increases with an increase in L/C ratio
in the oscillator tank circuit. Since the carrier
stability of the oscillator depends on the L/C
ratio (§ 3-7), it is desirable to use the highest
tank capacity which will permit the desired
deviation to be secured while keeping within
the limits of linear operation. When the circuit
of Fig. 521 is used in connection with a 7-Mec.
oscillator, a linear deviation of 2000 cycles
above and below the carrier frequency can
be secured when the oscillator tank capacity
is approximately 200 ppfd. A peak a.f. input
of two volts is required for full deviation. At
56 Mec. the maximum deviation would be
8 X 2000, or 16 ke.

Since a change in any of the voltages on the
modulator tube will cause a change in r.f.
plate current, and consequently a frequency
change, it is advisable to use a regulated plate
power supply for both modulator and oscilla-~
tor. At the low voltages used (250 volts), the
required stabilization can be secured by means
of gaseous regulator tubes (§ 8-8).

Speech amplification — The speech ampli-
fier preceding the modulator follows ordinary
design (§ 5-9), except that no power is required
from it and the a.f. voltage taken by the modu-
lator grid usually is small — not more than
10 or 15 volts, even with large modulator tubes.
Because of these modest requirements, only a
few specch-amplifier stages are needed; a two-
stage amplifier consisting of a pentode followed
by a triode, both resistance-coupled, will suf-
fice for crystal microphones (§ 5-8).

R.f. amplifier stages — The frequency mul-
tiplier and output stages following the modu-
lated oscillator may be designed and adjusted
in accordance with ordinary principles. No
special excitation requirements are imposed,
since the amplitude of the output is constant.
Enough frequency multiplication must be
used to give the desired maximum deviation
at the final frequency; this depends upon the
maximum linear deviation available from the
modulator-oscillator. All stages in the trans-
mitter should be tuned to resonance, and care-
ful neutralization (§ 4-7) of any straight ampli-
fier stages is neccessary to prevent r.f. phase
shifts which might cause distortion.

Checking operation — The two quantities
to be checked in the f.m. transmitter are linear-
ity and frequency deviation. With a modulator

)
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of the type shown in Fig. 521, both the r.f.
and a.f. voltages are small enough to make the
operation Class A (§3-4), so that the plate
current of the modulator is constant so long
as operation is over the linear portions of the
No. 1 and No. 3 grid characteristics. Hence,
non-linearity will be indicated by a change in

- plate current as the a.f. modulating voltage

is increased. The distortion will be within ac-
ceptable limits, with the tube and constants
given in Fig. 521, when the plate current does
not change more than 5 per cent with signal.

Non-linearity is accompanied by a shift in
the carrier frequency, so it also can be ehecked
by means of a selective receiver such as one
with a crystal filter (§ 7-11). A tone source is
convenient for the test. Set the receiver for
high selectivity, switch on the beat oscillator,
and tune to the oscillator carrier frequency.
(The check does not need to be made at the
output frequency and the oscillator frequency
usually is more convenient, since it will fall
within the tuning range of a communications
receiver.) Increase the modulating signal until
a definite shift in carrier frequency is observed;
this indicates the point at which non-linearity
starts. The modulating signal should be kept
below the level at which carrier shift is ob-
served, for minimum distortion.

A selective receiver also can be used to check
frequency deviation, again at the oscillator
frequency. A source of tone of known fre- -
quency is required, preferably a continuously
variable calibrated audio oscillator or signal
generator. Tune in the carrier as described
above, using the beat oscillator and high selec-
tivity, and adjust the modulating signal to the
maximum level at which linear operation is
secured. Starting with the lowest frequency
available, slowly raise the tone frequency while
listening closely to the carrier beat note. As the
tone frequency is raised the beat note first will
decrease in intensity, then disappear entirely
at a definite frequency, and finally come back
and increase in intensity as the tone frequency
is raised still more. The frequency at which the
beat note disappears, multiplied by 2.4, is the
frequency deviation at that level of modulating
signal; for example, if the beat note disappears
with an 800-cycle tone, the deviation is 2.4 X
800, or 1920 gycles. The deviation at the out-
put frequency is the oscillator deviation multi-
plied by the number of times the frequency is
multiplied; in this example, if the oscillator is
on 7 Mec. and the output on 56 Me., the final
deviation is 1920 X 8, or 15.36 ke.

The output of the transmitter can be
checked for amplitude modulation by observ-
ing the antenna current. It should not change
from the unmodulated carrier value when the
transmitter is modulated. Where there is no
antenna ammeter in the transmitter, a flash-
light lamp and loop can be coupled to the final
tank coil to serve as a current indicator. If the
carrier amplitude is constant, the lamp bril-
liance will not change with modulation.




Chapter Six -

Keying

€ 6-1 Keying Principles and

Characteristics

Requirements — The keying of a trans-
mitter can be considered satisfactory if the
method employed reduces the power output
to zero when the key is open, or “‘up,” and
permits full power to reach tle antenna when
the key is closed, or *“down.” Furthermore, the
keying system should aceomplish this without
producing keying transients or ““clicks,” which
cause interference with other amateur stations
and with local broadeast reception, and the
keying process should not affect the frequeney
of the emitted wave.

Back-wave — I'rom various causes, Some en-
ergy may get through to the antenna during
keying spaces. The effect tlren is as though the
dots and dashes were only louder portions of
a continuous carrier; in some cases, in fact,
the back-wave, or signal heard during the key-
ing spaces, may seem to be almost as loud as
the keyed signal. Under these conditions the
keying is hard to read. A pronounced back-
wave often results when the amplifier stage
feeding the antenna is keyed; it may be present
because of incomplete neutralization (§4-7)
of the final stage, allowing some energy to get
to the antenna through the grid-plate capacity
of the tube, or because of magnetic coupling
between antenna coupling coils and one of the
low-power stages.

A back-wave also may be radiated if the key-
ing system does not reduce the input to the
keyed stage to zero during keying spaces. This
trouble will not occur in keying systems which
cut off the plate voltage when the key is open,
but may be present in grid-blocking systems
(§6-3) if the blocking voltage is not great
enough and in power-supply primary keying
systems (§6-3) if only the final-stage power-
supply primary is keyed.

Keying waveform and sidebands — A
keyed c.w. signal can be considered equivalent
to a modulated signal (§ 5-1), except that, in-
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Fig. 601 — Extremes of possihle keying waveshapes
A, rcctangular characters; B, sinc-wave characters.
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stead of being modulated by sinusoidal waves
and their harmonics, it is modulated by a rec-
tangular wave, asin Fig. 601-A. 1f it were modu-
lated by a sinusoidal wave of single frequency,
as in Fig. 601-B, the only sidebands would be
those equal to the carrier frequency plus and
minus the modulation frequency (§5-2).
A keying speed of 50 words per minute, send-
ing sinusoidal dots, would give sidebands only,
20 cyecles either side of the carrier. However,
when harmonics are present in the modulation
the sidebands will .extend out on both sides of
the signal as far as the frequency of the highest
harmonic. The rectangular wave form con-
tains an infinite number of harmonics of the
keying frequency, so a carrier modulated by
truly rectangular dots would have sidebands
covering- the entire spectrum. Actually, the
high-order harmonies are eliminated because
of the selectivity of the tuned circuits (§ 2-10)
in the transmitter, but there still is enough
energy in the lower harmonics to extend the
sidebands considerably. Considered from an-
other viewpoint, whenever a pulse of current
has a steep front (or back) high frequencies
are certain to be present. If the pulse can be
slowed down, or caused to lag, through a suit-
able filter circuit, the highest-order harmonics
are filtered out.

Key clicks — Because the high-order har-
monies exist only during the brief interval
when the keying character is started or ended
(when the amplitude of the keying wave is
building up or dying down), their effects outside
the normal communication channel are ob-

. served as pulses of very short duration. These

pulses are called key clicks.

Tests have shown that practically all opera-
tors prefer to copy a signal which is ‘‘solid”
on the ““make” end of each dot or dash; i.e.,
one that does not build up too slowly but just
slowly enough to have a slight click when the
key is closed. The same tests indicate that the
most pleasing and least difficult signal to copy,
particularly at high speeds, is one that has a
fairly soft ‘“break’ characteristic; i.e., one
that has practically no click as the key is
opened. A signal with heavy clicks on both
make and break is difficult to copy at high
speeds (and also causes considerable inter-
ference), but if it is too ‘““soft” the dots and
dashes will tend to run together. It is relatively
simple to adjust the keying of a transmitter
so that for all normal hand speeds (15 to 40
w.p.m.) the readability will be satisfactory
while the keying still will not cause interfer-
ence to reception of other signals near the
frequency of the transmitter.




Fig. 602— A, shows
platc keying; B, sercen
grid keying. Oscillator
cirenits are shown
in hoth cases, but
— the same keying
methods can he used
with amplilier eirenits.
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Break-in keying — Since, in code transmis-
sion, there are definite intervals between dots
and dashes and between words, when no power
is being radiated by the transmitter it is possi-
ble, with suitable keying methods, to allow
the receiver to operate continuously and thus
be eapable of receiving incoming signals during
the keying intervals. This practice facilitates
communieation, because the receiving operator
can signal the transmitting operator, by hold-
ing down the key of his transmitter, whenever
he has failed to copy part of the message, and
thus obtain a repetition of the missing part
without loss of time. This is called break-in
operation.

Frequency stability — Keying should have
no effect upon the output frequency of a prop-
erly designed and adjusted transmitter. How-
ever, in many instances keying will cause a
“‘chirp,” or small frequency change, at the
instant of closing or opening the key, which
makes the signal difficult to read. Multi-stage
transmitters keyed in a stage subsequent to
the oscillator usually are free from this eondi-
tion, unless the keying causes line-voltage
changes which in turn affect the frequency of
the oscillator. When the oscillator is keyed
for break-in operation, special eare must be
taken to insure that the signal does not liave
keying chirps.

Selecting the stage to key — It is advan-
tageous from an operating standpoint to
design the c.w. transmitter for break-in opera-
tion. In ordinary cases this dictates that the
oscillator be keyed, since a continuously
running oscillator will create interference in the
receiver and thus prevent break-in operation
on or near the transmitter frequency. On the
oiher hand, it is easier to avoid a chirpy signal
by keying a buffer or amplifier stage. In either
case, the tubes following the keyed stage must
be provided with suflicient fixed bias to limit
the plate currents to safe values when the key
is up and tne tubes are not being excited (§ 8-9).
Complete cut-off reduces the possibility of a
back-wave if a stage other than the oscillator
is keyed, but the keying waveform is not as well
preserved and some clicks can be introduced
even though the keyed stage itself produces
no clicks. It is a good general rule to bias the
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tubes so that they draw a key-up plate current
equal to about 5 per cent of the normal key-
down value.

Keyed power — The power broken by the
key is an important consideration, both from
the standpoint of safety for the operator and
that of arcing at the key contacts. Keying the
oscillator or a low-power stage is favorable in
both respects. The use of a keying relay is
highly recommended when a high-power eir-
cuit is keyed.

€ 6-2 Keying Circuits

Plate-circuit keying — Any stage of the
transmitter can be keyed by opening and clos-
ing the plate power circuit. Two methods are
shown in Fig. 602. In A the key is in series
with the negative lead from the plate power
supply to the keyed stage. It could also be
placed in the positive lead, although this is
to be avoided whenever possible because the
key is necessarily at the plate voltage above
ground, and there is danger of shock unless a
keying relay is used.

Fig. 602-B shows the key in the screen-
supply lead of an electron-coupled oseillator.
This can be considered to be a variation of
plate keying.

Both theplate and sereen-grid keying circuits,
A and B of Fig. 602, respond well to the use of
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