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WINSTON E. KOCK

PGA Comes of Age

As the first of the IRE Professional Groups to enter its fifth year, the PGA now stands a strong, mature
organization with many of the pitfalls of early growth behind it. The | RE TRANSACTIONS ON AUDpio has
become a topflight journal, with letterpress format and photographic reproduction equal in quality to the
IRE PRrROCEEDINGs. With 2,500 members receiving the TRANSACTIONS, its circulation and reading audience
should satisfy even the most illustrious authors in this field.

PGA participation in the general spring IRE Convention program in New York has become an es-
tablished procedure and includes invited sessions featuring well-known scientists in the audio field, and
technical sessions at which the latest developments are reported. This year the plan is to extend activity to
include a fall program at the National Electronics Conference in Chicago. Interest in audio is further
fostered by programs sponsored by a growing number of PGA chapters, the latest in San Francisco.

Perhaps the most certain mark of maturity is the newly established series of PGA awards. PGA financial
structure recently has shown itself to be sufficiently strong to take the step of rewarding, each year,
deserving authors for their meritorious contributions. These awards, described more fully elsewhere in this

| issue, are three in number, and in addition to a suitable certificate, include the amount of $100 or $200,
as the case may be. Their purpose is intended not only to honor the authors, but to enhance the prestige
of the IRE TRANSACTIONS ON AUDIO as a publication medium in which outstanding authors will be en-
couraged to publish their contributions.

All PGA members have an obligation to encourage young engineers and scientists to enter the audio
profession to carry on the high standards of which America now can be justly proud. It is believed that
such obligation can be met, at least in part, by maintaining a strong IRE, with its sections and student
chapters, and particularly a strong PGA, with active chapters in larger cities throughout the country.

—WiNstoN E. Kock, Chairman

.*..-;-
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- PGA Chapter News

PGA AWARD RECIPIENTS

HE IRE-PGA Administrative Committee re-

cently approved an awards plan as described on

page 21 of the March-April 1955 issue of the
IRE TraNsacTIONS on AUDIO. The titles and amounts
of these awards have since been decided upon as: PGA
Award—$100; PGA Senior Award—$100;: PGA
Achievement Award—$200.

This vear’s recipient of the PGA Achievement
Award was Benjamin B. Bauer who has published
many papers on audio and has contributed unstintingly
in developing the PGA’s present state of maturity.
Since 1948 he has been Vice-President of Shure Broth-
ers, Inc., where he began in 1936. Mr. Bauer is a gradu-
ate of Pratt Institute, and holds the E.E. degree from
the University of Cincinnati. He is a Fellow of both
the Acoustical Society of America and the Audio En-
gineering Society. At present he is an Associate Editor
of the Journal of the Acoustical Society of America.

In accepting the Achievement Award, Mr. Bauer
said:

“] am honored to have been selected as the first
recipient of the IRE-PGA Achievement Award, and I
accept this award with the realization that the job of
the Awards Committee was an extremely difficult one
in making the selection. Many others have contributed
importantly through scientific, literary, and organiza-
tional efforts and how is one to measure with accuracy
the contributions of one man against those of another?
Fortunately, there will be future PGA Achievement
Awards, and [ trust that whatever inequity might have
been created by making the initial choice in my favor
will be amended in due course of time.

“Those of us who have served the PGA in various
ways—as members of committees, as officers, or as
participants in technical sessions—have found it to be
a stimulating and rewarding experience. | especially
treasure the friendships and the comradeship devel-
oped in this association as one of the important values
beyond the measure of any conventional yardstick. In
a very real sense I can say that the Professional Group
on Audio has done much more for me than [ have done
for it.

“] would like to prevail upon all the IRE members
interested in Audio to join the Group and to participate
in its work: You too will find it stimulating and re-
warding. Young members, and especially students,
should weigh this matter carefully. The PGA is inter-
ested in encouraging young men to become skilled in
Audio technology, as witnessed by the early adoption
of its policy to admit student members into the PGA,
and the recent creation of the PGA Award for mem-

bers under 30 years of age. Unfortunately, not enough
yvoung engineers are entering this field. Acoustics can
hardly hold its own in attracting yvoung men against
the competition of atomic energy, computers, solid
state devices and other disciplines which lately have
become the subject of spectacular publicity. One of
the important tasks confronting the PGA, in my
opinion, is expansion of its activities among students
for the purpose of encouragement and motivation of
those with adequate mental and emotional equipment
to enter the world of sound.

“Weighing both of these factors, Mr. Chairman, it
became evident to me that it would be most satisfying
if I were permitted to turn my award to some purpose
connected with the work of the PGA among Student
Members. Therefore, 1 am asking yvou to accept the
proceeds of this award as my contribution to the PG,
with the recommendation that it be used for the above
purpose in any manner agreeable to the Administrative
Committee and to the IRE. I suggest that a suitable
way is the creation of a fund, which could be augmented
from time to time by PGA proper, and used for annual
Student Awards, for meritorious papers on subjects
connected with Audio technology.

“It has been a pleasure and a privilege to work with
you.”

Kenneth W. Goff received the PGA Award for his
paper, “The Development of a Variable Time Delay,”
which was presented at the 1953 IRE Convention.

Mr. Goff holds the B.S. degree in electrical engineer-
ing from the West Virginia University, and the S.M.
and Sc.D. degrees from the Massachusetts Institute of
Technology. After graduating from M.I.'T. in 1954, he
joined the staff of Bolt Beranek and Newman, Inc.,
continuing his work in acoustic instrumentation.

In accepting the Award, Mr. Goff said:

“I would like to express my sincere appreciation to
the Professional Group on Audio for the selection of my
paper, “The Development of a Variable Time Delay”
for the 1955 award to an author under 30 years of age.
I consider this award to represent not only a real honor,
but also a challenge to me, and I hope that my future
work and publications will live up to the expectations
of the Award Committee.

“I understand that this year inaugurates the award
as an annual event in the Professional Group on Audio.
By making this award a part of their many activities,
the PGA exhibits an interest in the contributions that
can be made by young people to the growth and devel-
opment of the field of Audio. The tremendous challenge
of the unsolved problems in the field of Audio, together
with the opportunities for organization and individual
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recognition made possible by the PGA, combine to
present a very attractive picture to those of us who are
just beginning our work in electrical engineering.”

TAPESCRIPT COMMITTEE ACTIVITIES

According to the Chairman, Andrew B. Jacobsen of
the Phoenix Laboratory of Motorola, Inc., in Phoenix,
Arizona. the use of tapescripts by various IRE organi-
zations has expanded considerably just recently. More
than 75 copies, divided rather evenly between student
chapters, IRE sections, and Audio chapters, have been
distributed since March, 1954. The peak of tapescript
activity appears to occur in April, and this vear many
request for material could not be filled due to lack of
additional copies.

The best way to utilize tapescripts for local presenta-
tion is to have a moderator, prepare a short discussion
of the subject, and then follow this with the tapescript.
The moderator should be available and qualified to
answer questions that come up. It is of utmost impor-
tance that those presenting a tapescript run through the
material from a purely mechanical standpoint, to make
sure they have both the copies expected and technical
equipment to reproduce sound and picture.

Tapescripts are loaned by the IRE-PGA Tapescripts
Committee. The only cost is the return postage on the
material. Program chairmen should request the tape-
script in advance in order to review the material and
work up his program in accordance with it.

Technical standards for tapescripts are: Sound on
73" per second, 1" tape, full track on 7” reels. The
slides are 2”X2” cardboard mounts, double 35mm.
Some of the papers have 31" X4” slides. These are used
in a few cases where only one copy is available.

The Tapescript Committee recorded all of the audio
sessions at the March 1955 IRE National Convention.
This material has been previewed for possible tape-
script use and it is expected that several tapescripts
will be available from this source. Those who may be
interested in using it should contact the Chairman of
the Tapescripts Committee for titles and availability.

The following tapescripts are available:

Phonograph Reproduction, B. B. Bauer, Shure Broth-
ers, Inc. Grooves and needles, fidelity and efficiency,
pickup arms, and recording-reproducing characteristics
are some of the subjects discussed in this one-hour
recorded paper.

An Experimental Co-Channel Television Booster Sta-
tion Using Crossed Polarization, John H. DeWitt, Jr.,
WSM, Nashville, Tenn. The special receiving and
transmitting antennas and equipment developed to im-
prove fringe and reception by co-channel booster meth-
ods are discussed. A report on an experimental installa-
tion at Lawrenceburg. Tenn. is given.

Method for Time or Frequency Compression- Expansion
of Speech, Grant Fairbanks, W. L.. Everitt, and R. P.
Jaeger, University of Illinois.
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Magnetic Recording, Marvin Camras, Armour Re-
search Foundation, Illinois Institute of Technology.
Discusses fundamentals of wire and tapes; heads;
bias, circuits; equalization; present problems; and
future developments. Thirty minutes.

Push-Pull Single Ended Audio Amplifier, Arnold
Peterson and D. B. Sinclair, General Radio Company.
A convention paper presented by Dr. Peterson, Twenty-
five minutes; 31 X4 slides.

Sound Survey Meter, Arnold Peterson, General Radio
Company. A convention paper, twenty minutes, 3} X4
slides.

Microphones for ITigh Intensity and High Frequencies,
John K. Hilliard, Altec Lansing Company. A conven-
tion paper; twenty minutes, 31 X4 slides.

The Ideo-Synchronizer, J. M. Henry and E. R. Moore.
Boston Bell. A humorous satire on technical writings,
specifications, and engineering. Good for mixed audi-
ence. Twelve minutes.

How Much Distortion Can You Hear, Officers of
Cincinnati Chapter IRE-PGA. A special tape recording
(with commentary) of signals in randomized paired
comparisons, containing various measured amounts of
harmonic and inter-modulation distortion to be played
over a low-distortion reproducing system. A sample test
form and typical data will be provided. Approximately
30 minutes.

PGA CHAPTER ACTIVITIES

Boston, Massachusetts

On April 14, John S. Boyers of the National Com-
pany presented a paper, “The Past, Present, and
Future of Magnetic Recording.”

Cincinnati, Ohio

The limitations imposed on the audio reproduction
system by the various components used was demon-
strated at a “How Many Dollars Can You Hear?”
meeting staged by H. F. Gladstein on April 26. Loud-
speakers, power amplifier, and phonograph pickups
with suitable preamplifier-compensators were arranged
for interchangeable connection. The components used
covered a broad price and performance range, the per-
formance not always being in direct proportion to the
cost of the equipment.

On May 17 a binaural audio demonstration was
presented by Messrs. Haehnle, Kay, and Jenkins. At
this meeting classical and non-classical program ma-
terial was interestingly presented through successive
monaural, binaural, and combined binaural channels.

Cleveland, Ohio

At the last meeting of the Spring season, on April 21,
R. B. Goldman of Philco Corp. presented the paper,
“High-Frequency Electro-Static Speaker.” He discussed
recent developments in this field, including the use of
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push-pull transducers to eliminate nonlinearity inherent
in single-ended units.

The officers elected for 1955-56 are: Chairman
E. R. Wagenhals; Vice-Chairman—C. P. Germano;
Secretary—]. Golfarb.

The Cleveland Chapter, in cooperation with RCA,
Livingston, Audio-Video, Webcor, and others, was
instrumental in the preparation of forty stereophonic
broadcasts over seven radio and television stations.
The winter program as a whole received the AFTRA
Award.

Los Angeles, California

John K. Hilliard reports that this year the \Wescon
Show and IRE Convention will be held in San Fran-
cisco on August 24, 25, and 26. The Los Angeles
Chapter is in the process of organizing at present and
Mr. Hilliard hopes to give a further report later.

AUDIO July-August

Twin Cities, Minnesota

On April 5, F. K. Harvey of Bell Telephone Labora-
tories presented a paper, “Analog Between Microwaves
and Sound Waves.” He described arrays of rigid con-
ducting elements that are capable of focusing both
microwaves and sound waves, and showed how the
principles involved were being used in microwave lens
antennas and in a sound diffusing lens for loudspeakers.

Washington, D. C.

The Washington Chapter now has a membership of
over 100. The last meeting of the 1935 season was held
on April 19. Mr. Arthur Jansen from the Jansen l.abo-
ratories of Cambridge, Massachusetts, presented a
paper, “\A New Electro-Static Loudspeaker.”

The officers elected for 1955-36 are: Chairman
Irving Levine; Vice-Chairman—George Sugar; Secre-
tary— Richard Knodle.
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Summary—A multi-loop, push-pull power amplifier of excep-
tional characteristics is described. It employs special circuits to
maintain accurate push-pull signal balance throughout and to hold
the static or steady-state dc cathode currents of the output tubes
equal. A pair of 807 tubes are used in class AB; to yield 65w average
power output at less than 1 per cent intermodulation distortion with
30 db of over-all negative feedback. Using local positive voltage feed-
back in addition, the intermodulation distortion is 0.1 per cent at
45w and less than 0.2 per cent at 60w. At full power output, the
—0.5 db points occur at 19.8 cps and 22.4 kcps. The rise time of the
amplifier is 3 us, and its transient response and recovery from over-
load approach the ideal. There are no peaks at the ends of the re-
sponse curve. A noise level of —106 db referred to 60w output is
attained. Extensive measurements of amplifier characteristics under
various conditions are described.

INTRODUCTION
§ POWER AMPLIFIER is generally required to

supply maximum power output at minimum

distortion over a specified bandwidth. In addi-
tion, cost and complexity must be relatively low for
most commercial applications, and power efficiency
should be as high as practical. The design and con-
struction of the present amplifier was begun four years
ago. By designing the amplifier without stringent cost
and complexity restrictions, it was felt that out-of-the-
ordinary characteristics might be attained. Some of the
means of achieving such characteristics might then be
directly applicable to simpler, lower-cost amplifiers;
all of them, it was felt, might yield a useful perspective
on what kind of a system could be achieved for a given
level of cost and complexity.

The amplifier has been operating in substantially its
present form for two years. Since it is a developmental
unit, it is not really completed, however. Its complexity
and corresponding flexibility are such that it is expected
that its present form will not remain completely static.

The initial design goals of the amplifier were as
follows:

1. Push-pull operation with a pair of automatically
balanced output triodes operating with fixed or
automatic bias.

2. A gain of the order of 30 db, and a frequency
response variable by no more than one db between
10 and 30,000 cps.

3. A distortion not exceeding 1 per cent intermodula-
tion at maximum power output.

4. Excellent transient response at all levels.

5. “Undistorted” maximum power output over sub-
stantially the entire working frequency range.

6. Negligible noise and hum.

All the above goals have been met or exceeded by the
amplifier in its present state.

* Manuscript received, February 21, 1955. Paper delivered at
Dallas IRE Section, October 21, 1954; Houston IRE Section, March
22, 1955. :

t Texas Instruments, Inc., Dallas, Tex.
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A Multi-Loop, Self-Balancing Power Amplifier’

J. R. MACDONALDT

SIMPLIFIED BLOCK DIAGRAM

Since the complete amplifier is rather complex, it will
prove convenient to analyze it section by section. The
simplified block diagram of Fig. 1 shows that there are
three gain stages. The first stage is a special phase
inverter with automatic dynamic balancing. This stage
is followed by cathode followers included to extend the
frequency response and to serve as low-impedance
sources for feedback voltage. Next come the only
capacitors in the direct signal path. The gain stage
A, also incorporates dynamic seélf-balancing. It is
direct-coupled to special drivers of about two ohms
output impedance which are directly connected to the
output tube grids. Over-all feedback which is an adjust-
able combination of negative voltage and positive or
negative current signals is taken from the secondary of
the output transformer and returned to the input. The
feedback circuit is shown symbolically in Fig. 1. Since
30 db or more of over-all negative voltage feedback is
used from output to input, the frequency response
requirements of the various stages and of the output
transformer are rather stringent.

Fig. 1—Simplified block diagram of the amplifier.

PHASE-INVERTER AMPLIFIER STAGE

The initial design of the amplifier employed a cross-
coupled phase inverter! with the over-all negative feed-
back returned to one input grid and the other used for
the input signal. Although this circuit was found to be
satisfactory from inversion and f{requency response
standpoints, its in-phase response was too high for
good operation with a large amount of feedback. When
feedback and input signals are applied separately to the
two grids of such a circuit, it is desirable that their
amplified difference appear at one output plate and the
same signal shifted by 180 degrees appear at the other
plate. Such behavior was not found.

When feedback signals representing 20 or 30 db of
over-all feedback are employed, the difference between
the input and the feedback signals is 10 per cent or
less, a small difference compared to the magnitude of
the individual signals. 1f the circuit does not have good
in-phase (common-mode) rejection, the two large,
practically equal, input signals may produce in-phase
output signals as large or larger than their out-of-phase

11, N. van Scoyoc, “A cross-coupled input and phase-inverter
circuit,” Radio News, vol. 40, p. 6; November, 1948.
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amplified differences. The output will then consist of
only two large, almost equal in-phase signals. The
difference between them will represent the desired
signal. This matter of in-phase response of push-pull
amplifiers has been discussed in some detail by Offner.?
The effectiveness of the over-all feedback is, of course,
entirely dependent upon the precision with which this
difference between input and feedback signals is pro-
duced, and the presence of a common-mode signal in the
phase inverter output definitely degrades performance.

In a push-pull amplifier with appreciable common-
mode signal at the outputs of the phase inverter, the
in-phase signal may be amplified by the rest of the
amplifier and at the worst can cause strong overloading
of succeeding stages. Such signals, of course, will not
pass through to the secondary of the output trans-
former because of its in-phase discrimination.? Even if
the in-phase signals do not cause overloading, however,
their presence anywhere in the amplifier can produce
increased intermodulation. Therefore, it is of consider-
able importance to ensure that the outputs of any
phase-inverter used with appreciable feedback contain
only a negligible amount of common-mode signal.

The unconventional self-balancing phase inverter
finally used in the amplifier is shown in Fig. 2. The basic
idea for a simplified version of this circuit was suggested
to the author by L. C. Labarthe.* Since then, it has been
found that the same idea has been developed inde-
pendently.® The function of the circuit is as follows. A\
signal at either input grid produces an amplified out-
put across the cathode of the corresponding cathode
follower. The two 100K resistors between the cathode
follower outputs are closely matched. If the cathode
follower outputs are accurately 180 degrees out-of-
phase, no signal will appear at the junction of the
resistors. Should any in-phase components be present
at the cathode follower outputs, however, an error
signal will appear at this junction. This error signal then
passes through the cathode-follower voltage divider
I"; to the constant-resistance tube V.6 The error signal
then finally appears at the plate of I, where it drives
the cathodes of the input double triode in such phase
that the error signal at the outputs is itself greatly
reduced. It will be seen that the circuit itself therefore
uses a kind of negative feedback which has been called
“active-error feedback.”?

Experimentally, it is found that the out-of-phase to
in-phase amplification ratio of this circuit is between
10® and 10%. At all frequencies from zero up to more than
500ke, the output signals remain closely 180 degrees

2 F. F. Offuer, “Balanced amplifiers,” Proc. IRE, vol. 35, pp. 306~
310; March, 1947,

3 The in-phase discrimination may be poor at high frequencies
because of capacitative coupling between primary and secondary
unless electrostatic shielding is employed.

4 Private communication in 1951,

5 E. M. 1. Laboratories, “Balanced output amplifiers of highly
stable and accurate balance,” Electronic Engrg., vol. 18, p. 189; June,
1946.

¢G. E. Valley and H. Wallman, “Vacuum Tube Amplifiers,”
McGraw-Hill Book Co., Inc., New York, N. Y., p. 432; 1948.

7 ]. R. Macdonald, “Active-error feedback and its application to a
specific driver circuit,” Proc. IRE, vol. 43, pp. 808-813; July, 1955.
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out-of-phase, and even with 30 or 40 db feedback no
common mode output signal is detectable. Such be-
havior is largely independent of tube ageing effects
since it is produced by feedback. In addition, another
important advantage of the circuit is that all even har-
monics act like in-phase signals and are themselves auto-
matically greatly reduced in amplitude at output.

The cathode-follower outputs of the phase-inverter-
amplifier drive two feedback loops and the succeeding
stage. We shall defer until later discussion of all such
feedback loops to the input. The 0.5 uf isolating capaci-
tors have about 400v across them. They are, therefore,
low-leakage oil-filled units. Their capacity to ground is
minimized by mounting them on porcelain stand-off
insulators inside the amplifier chassis. The shielding
shown in Fig. 2 requires some comment. It will be
seen that the shields are also driven by the cathode
followers. Such driven shields can do much to extend
the very-high-frequency response of the input amplifier
stage by reducing its output capacity to ground. The
capacity from each plate circuit to its shield is of no
importance because the shield is driven by a voltage
practically identical to that at the plate.® The decou-
pling networks for the — 380v and +400v supplies shown
in Fig. 2 are not necessary to eliminate motor boating;
it was found that their addition markedly decreased
the intermodulation distortion of this stage.

Q+asov

/2 12827-8

172 2B27-8

+ 250V

OUTPUT
FEEDBACK

Fig. 2—Phase-inverter amplifier stage circuit.

DRIVER AMPLIFIER STAGE

The driver amplifier stage of Fig. 3 (next page) is
quite similar to the input phase-inverter-amplifier stage
except it operates with a push-pull input. A dynamic
balancing circuit is here employed to accomplish three
objectives: stabilization of the average value of the
bias voltages applied to the grids of the output tubes;
production of stable, accurately push-pull driver signal
voltages; and elimination of even-order harmonic
distortion in the driver outputs.

¢ J. R. Macdonald, “An ac cathode-follower circuit of very high

input impedance,” Rev. Sci. Instr., vol. 25, pp. 144-147; February,
1954,
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The present amplifier incorporates a direct-coupled
static balance circuit which acts to keep the average
values of the cathode currents of the two output tubes
equal. This function, which will be discussed in detail
later, is accomplished by means of a closed feedback
loop which holds the grid bias voltages of the output
tubes to the correct values. The dc and ultra-low-
frequency bias correction signals are injected into the
grids of the driver amplifiers through frequency-sensi-
tive networks at the points marked SB in Fig. 3. These
signals are themselves accurately push-pull; therefore,
after amplification in the driver amplifier stage, they
have no effect on the average value of the output tube
grid bias voltages.
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Fig. 3— Driver-amplifier stage circuit.

Part of the modified, direct-coupled, cathode-follower
driver circuits are shown in Fig. 3. These special circuits
will be discussed in the next section. Their outputs, at
the cathodes of the 5687 tube of Fig. 3, go directly to
the output tube grids and also, through the matched
100K resistors, to the dynamic balance circuit. The
signal at the junction of these resistors is proportional
to the average value of the two bias voltages and con-
tains any signal arising from deviations of the driver
signals from exact push-pull conditions and any even-
order harmonic components of these signals. The aver-
age value of the grid bias voltages is stabilized by means
of the differential amplifier tube Va. The voltage on one
grid is the desired average bias, adjusted and stabilized
by means of the 100K potentiometer and the OC3
regulator tube. The amplified difference between this
dc voltage and the actual average bias on the other
grid of V, appears at its plate. This signal, together with
other amplified error components, then goes through
the frequency-compensated, cathode-follower voltage
divider Vs and thence to the constant-current amplifier
pentode V.. The 1,000 upf cathode bypass capacitor of
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1, acts to increase the stage gain at high frequencies.
The ampliied error signal then passes through the
driver amplifier tube halves and the drivers where it
re-enters the feedback loop in such phase that it is
greatly reduced in magnitude. This direct-coupled feed-
back loop comprises three gain stages and has a very
high gain which is not greatly reduced until the mega-
cycle frequency range is entered. It is, therefore, very
effective in eliminating in-phase error components in
the driver signals and keeping the average value of the
two bias voltages fixed. The shielding shown functions
like that of Fig. 2 to improve the high-frequency re-
sponse of the main amplifier and of the dynamic balance
loop. Since the driver amplifier tubes and the series
pentode 17, of Fig. 3 operate with their cathodes ap-
preciably below ground potential, they are supplied
from a separate, negatively biased heater supply to
avoid exceeding their heater-cathode voltage ratings.

The bias adjustment allows the average bias to be
adjusted from about —34v to —58v. When reasonably
well-matched output tubes are employed, and the
static balance circuit used to hold their steady-state
cathode currents equal, it is found that their bias
voltages differ by less than 0.5v at most over the entire
bias and signal voltage ranges.

In an earlier version of the amplifier, the dynamic
balance circuit of Fig. 3 was differently arranged so
that a signal equal to the sum of a constant voltage and
a voltage proportional to the average value of the cath-
ode currents of the output tubes could be used to
determine the average value of the output-tube bias
voltages. This is a form of automatic bias control so
arranged that the magnitude of the average bias is
increased as the signal, and so the output cathode cur-
rents, increase. This modification was eliminated later
after it was found unnecessary from an output distortion
viewpoint. Such elimination is desirable, when possible,
since the transient reponse of such a circuit is not good.
Such automatic bias control should operate as rapidly
as possible for good transient response; vet, by defini-
tion, its response time must be appreciably slower than
the lowest signal frequency of the amplifier. These con-
ditions are somewhat conflicting.

In concluding this section, the desirability of making
the signals to the output tube grids accurately push-
pull should be emphasized. Accurate push-pull balance
at this point can reduce nonlinear distortion in the
output tubes appreciably. A number of recent ampli-
fiers® ! use balanced push-pull feedback taken from
the output tube plates to improve push-pull balance.
As Good!'? has pointed out, since the output transformer

9 B. B. Drisko and R. . Darrell, “40-db feedback audio ampli-
fier,” Electronics, vol. 25, pp. 130-132; March, 1952.

10 J, M. Diamond, “Multiple-feedback audio amplitier,” Elec-
tronics, vol. 26, pp. 148-149; November, 1953.

). 7. Knapp, “The linear standard amplifier,” Radio and TV
News, vol. 51, pp. 43-46, 113-114; May, 1954.

12 2. F. Good (Letter), Electronics, vol. 25, pp. 420-422; October
1952.
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functions as an auto-transformer, the plate voltages
will be essentially balanced whether the grid voltages
are or not. Thus, such plate feedback is necessarily in-
effective in producing output-tube current balance and
in reducing unbalance distortion. Although a feedback
loop might be arranged to keep the instantaneous out-
put tube plate currents accurately push-pull, the present
dynamic balance circuit acting on the grids accom-
plishes practically the same result (provided the output-
tube transconductances are fairly well-matched) and
does not reduce amplifier gain as does the ineffective
balanced plate feedback.

AUGMENTED CATHODE-FOLLOWER DRIVER

In order to obtain maximum power output, it is
desirable to drive the grids of the output stage into the
grid current region. Such a procedure can increase the
output power greatly, but it is eventually limited when
the grids are driven positive to the diode line, where
theyv lose control of the plate current. To drive 807
grids to the diode line, peak positive grid currents of
the order of 100 to 200 milliamperes are required from
the preceding driver stage. In addition, since the input
impedance of an output tube grid is a nonlinear func-
tion of the grid voltage in the positive grid region, the
above large driving currents must be supplied from a
source of very low internal impedance to avoid grid-
voltage distortion during this part of each cycle.

The output impedance of the driver amplifier of Fig.
3 is quite high; therefore, an impedance converter is
required between this stage and the output stage. Since
an ordinary direct-coupled cathode-follower driver
still has too high an output impedance to be ideal for
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Fig. 4 Direct-coupled driver circuit, one push-pull side only.

such a purpose, the special circuit shown in Fig. 4 has
been developed as a virtually distortionless driver for
this application. This circuit has been discussed in
detail and its operating characteristics compared with
other kinds of drivers elsewhere.” Therefore, here it
need only be mentioned that, like the dynamic balance
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circuit of Fig. 1, it makes use of active error feedback.
The difference between the input to cathode-follower
Vi and its output is amplified in Vy, then injected back
into V, in such phase as to reduce this difference or
error. The circuit is direct-coupled, will operate up into
the megacycle range, and has an output impedance of
about five ohms. Two such circuits are used in the
present amplifier, one for each push-pull side. Since the
dynamic balance feedback of Fig. 3 is taken from the
outputs of these augmented cathode-follower drivers,
this further feedback serves to reduce the actual small-
signal output impedances of the drivers to between 2
and 3 ohms. For large positive output currents, the
impedance is even further reduced to about one ohm
by the increase of the g.'s of the output 5687 tubes.
The driver can supply peak positive currents of several
hundred milliamperes at 50 to 100v rms per side with
little or no distortion.”
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Fig. §—Output stage circuit including over-all
feedback arrangements.

OUTPUT STAGE

The output stage shown in Fig. 5 uses triode-con-
nected 807 tubes and a high-quality, commercial grain-
oriented output transformer rated at 60w between 30
and 30,000 cps with less than 1 per cent total harmonic
distortion without feedback. This transformer has eight
secondary sections and offers a wide selection of output
impedances, but only the 15-ohm output is used in the
present design. It has very low leakage inductance be-
tween the primary half-sections and hence is suitable
for class B operation. Since the variable bias control of
Fig. 3 allows the bias on the 807 grids to be adjusted
over a wide range, the class of operation of the output
tubes may lie anywhere from 4, to B..

For longest tube life and minimum distortion, it is
desirable that the quiescent plate currents of the output
tubes be equal. {Tnequal currents tend to saturate the
output transformer, with consequent degradation of

low-frequency response. The 25-ohm, matched resistors
in the cathodes of the 807's produce voltage drops
proportional to these currents which are used in an
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automatic balancing circuit that ensures current
equality to within a few tenths of a milliampere
throughout the tube life. This “static” balancing circuit
which acts to adjust the bias on the 807 grids will be
discussed in the next section.

Feedback to the input of the amplifier from the out-
put transformer secondary is adjustable in magnitude
and may consist of a combination of negative voltage
feedback and positive or negative current feedback.
The sign and magnitude of the latter are determined
by the 4-ohm potentiometer. In the upper position,
switch S removes all current feedback, while in the
lowest position it bypasses the 22-ohm resistor with a
large electrolytic capacitor, thus making the current
feedback effective only at low frequencies.

The addition of variable current feedback as above
allows the output impedance of the amplifier to be
varied over a rather wide range of positive and negative
values.

Combined feedback for output impedance control
seems to have first been suggested by Mayer in 193913
and has recently been applied in some commercial high-
fidelity amplifiers. One of the recent articles on this
technique' makes the claim that with the internal im-
pedance of the amplifier made sufficiently negative to
cancel out the electrical resistance of a loudspeaker
load at low frequencies (damping factor —1), better
damping of the speaker is obtained than with a very
low, positive amplifier output impedance (damping
factor 20 to 40). In addition, it is claimed that better
transient response is achieved, the low-frequency
response of the speaker is extended, its power handling
capacity increased, and its low frequency distortion
reduced.

The author has been using another amplifier with
combined feedback of the above type for more than
four years. It can be set to give a damping factor of
—1. It must be admitted, however, that with the au-
thor's speaker system no significant improvement in
low-frequency speaker response can be detected aurally
on varying the amplifier impedance from a small posi-
tive value to the negative value which gives a damping
factor of almost — 1. Since the low-frequency speaker of
this horn-loaded system has a fundamental resonance
of 23.5 cps and negligible harmonic distortion at 30 cps,
it may be that there is little or no room for improvement
in its low-frequency response. With speakers that are
more poorly loaded acoustically, it is possible that some
or all of the above claims of the virtues of a damping
factor of —1 may be justified to some degree; for this
reason, and because of the simplicity of the addition to
the circuit, combined feedback was also incorporated
in the present amplifier. It is certainly true that an

13 H. F. Mayer, “Control of the effective internal impedance of
amplifiers by means of feedback,” Proc. IRE, vol. 27, pp. 213-217;
March, 1939.

1 C. A. Wilkins, “Variable damping factor control,” Audio, vol.
38, pp. 31-33, 66; September, 1954,
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amplifier with a negative output resistance at low fre-
quencies tapering off to a small positive resistance at
higher frequencies will tend to increase the bass re-
sponse of a speaker used with it. It can thus be used to
partly or completely correct for a drooping low-fre-
quency speaker characteristic. Such correction must be
applied with moderation, however, to avoid driving
the speaker outside its range of linear operation at low
frequencies.

It will have been noted that three separate supply
voltages have been used in the preceding circuits. For
this developmental amplifier, all three voltages were
derived from electronically stabilized supplies. Since
the bias voltage is separately stabilized within the
amplifier with a voltage regulator tube, the +250v
and — 380v supplies do not actually require stabiliza-
tion. On the other hand, it is very useful to supply the
+400v for the output stages from a regulated source.
Not only is the output voltage of such a supply easily
adjusted, but the low output impedance (0.1-ohm in
the author’s supply) eliminates the possibility of motor-
boating and helps to improve the linearity of the output
stage for large output signals.

StaTic BALANCE Loor

The requirements for automatic static balancing
need careful consideration. If the balancing action is
too slow in response, the output currents may remain
unbalanced for appreciable periods. On the other hand,
if the response is too rapid, the “static” balancing cir-
cuit will tend to destroy the normal low-frequency
push-pull response of the amplifier since it will try to
balance out the push-pull signal. It is thus evident that
the static balancing circuit is not really static, and a
happy-medium response time for this circuit must be
selected. In this connection, it might be mentioned
that Kiebert!® has given a low-gain static balancing
circuit which apparently has very little higher frequency
amplitude discrimination. It may, therefore, be ex-
pected to degrade appreciably the low-frequency
response of amplifiers with which it is used.

The static balancing circuit used in the present
amplifier is shown in Fig. 6 (opposite). Unbalance sig-
nals from output tube cathodes first pass through a long-
constant RC network necessary to roll off frequency
response of static-balance loop above a few tenths
of a cyvcle and to reduce the amplitude of signal-
frequency components to such a level that they never
overload the static balance amplifier of Fig. 6. The
static-balance circuit is itself a self-balancing, direct-
coupled differential amplifier which responds only to
the difference between the dc (or ultra-low frequency)
levels of the output-tube cathode voltages. The 12BZ7
tube of Fig. 6 is connected in a dynamic balancing cir-
cuit similar to those of Figs. 2 and 3. [t ensures that the

5 M. V. Kiebert, Jr., “System design factors for audio ampli-

fiers,” 1954 IRE CoxvENTION RECORD, Part 6, “Audio and Ultra-
sonics,” pp. 25-40 (Fig. t1).
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output of the differential amplifier will be truly push-
pull and, in addition, gives stabilization of the absolute
average output level.

The gain of the static-balance differential amplifier
is further stabilized by 20 db of balanced negative feed-
back from the output back to the input cathodes. The
differential gain with feedback is 200 from one input to
one output. The common-mode response of this ampli-
fier is exceedingly low. Thus, common changes in the
absolute levels of the signals at the two cathodes have
no appreciable effect on the output level. The outputs
are returned through frequency-sensitive networks to
the grids of the driver-amplifier tubes of Fig. 3. It thus
becomes clear that the driver-amplifier tubes, the
drivers, the output tubes, and the static-balance differ-
ential amplifier form a direct-coupled, closed feedback
loop of very high gain at ultra-low frequencies.

FROM CUTPUT TUBE CATHODE
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Fig. 6—Static balancing circuit.

With the loop open, measurements show that the
limiting low-frequency open-circuit loop gain is 48 db.
This is essentially the factor by which differences in the
quiescent cathode currents of the output tubes will be
reduced by the differential feedback after closing the
loop. The switch S, of Fig. 6 affords a convenient means
of opening the loop without affecting normal operation
of the main amplifier. This switch may be used during
initial adjustment of the amplifier. After the amplifier
has warmed up, the loop is opened and the output tube
cathode currents are adjusted to equality by means of
the 15K potentiometer in the plate circuit of the first
12AX7 of the static balance circuit. Then after the
loop is closed, the feedback has less work to do and can
therefore hold the two currents closer to equality. In
practice, such an adjustmient need never be repeated
during the life of the output tubes. It is of interest to
note that if one of the output tubes is removed during
normal amplifier operation (simulating total failure),
the static balance loop entirely cuts off the cathode
current of the remaining tube. Unlike an ordinary push-
pull circuit which gives a degraded output under such
conditions, the present amplifier then produces no
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output—a much more positive indication of the desira-
bility of tube replacement.

The frequency response of the above feedback loop
requires further consideration. The usual Nyquist
stability criterion applies to the loop and minimally
requires that the upper-frequency open-circuit response
of the loop be reduced from 48 db gain to unity gain
before a phase-shift of 180 degrees is reached. This
condition restricts the rate at which the upper-fre-
quency response can fall with increasing frequency to
an absolute maximum of 12 db/octave near unity gain.
Unfortunately, this is not yet the whole story. The
ordinary amplifier signal is injected into the loop
through the 0.5 uf coupling capacitors of Fig. 2. If the
present differential-balance feedback loop is temporarily
considered to be the main feedback loop, then the signal
injected at the 0.5 uf capacitors represents an additional
feedback voltage derived from a subsidiary feedback
loop which includes the output transformer.’® At the
point of addition of the main and subsidiary feedback
voltages, the main feedback voltage (from the balancing
loop) decreases with increasing frequency while that
from the subsidiary loop increases from zero at zero
frequency to a final limiting value at relatively low
frequencies. The crossover point of the two voltages
essentially determines both the lowest frequency of
operation of the amplifier and the response time of the
static balancing circuit. In addition, the presence of this
subsidiary feedback loop restricts the allowable rate
of fall of the main loop response to about 6 db/octave
near the crossover region. A faster roll-off causes in-
stability when both loops are closed. This restriction,
in turn, requires that the roll-off of the static balance
loop begin at ultra-low frequencies so that the crossover
point occurs at a low enough frequency that the low-
frequency response of the amplifier itself is not appreci-
ably reduced. The 6.8-second RC time constant at the
input of the differential amplifier of Fig. 6 yields such
a roll-off.

The time constant formed by each 0.5 uf coupling
capacitor at the input to the driver-amplifier tubes and
the large resistors between each of these grids and the
output of the differential balancing amplifier can cause
a further roll-off with increasing frequency at a 6 db/
octave rate. Since a maximum of only about 6 db/
octave in the loop response can be tolerated, this time
constant could be used and that at the input of the
differential amplifier eliminated were it not for the
fact that then the normal amplifier signal appearing at
the output-tube cathodes would grossly overdrive the
differential amplifier. Because the long input time con-
stant is therefore necessary, the roll-off arising from the
0.5 uf coupling capacitors must be removed. This is
accomplished by shunting the 3.3 megohms resistors
with the 0.1 uf capacitors shown and isolating the com-

16 Subsidiary feedback has been discussed by W. T. Duerdoth,
“Some considerations in the design of negative-feedback amplitiers,”
Proc. IEE, part IlI, vol. 97, pp. 138-158; May, 1950.
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bination with 100K resistors. The additional 0.5 uf
capacitors at the outputs of the differential amplifier
become effective in further rolling off the response only
at sufficiently high frequencies (greater than 5 cps)
that the gain of the balancing loop is less than unity.
This fairly complicated tailoring of the asymptotic
gain characteristic of the balancing loop results in com-
plete stability, sufficiently fast responsec time, and ex-
cellent low frequency response of the main amplifier
itself. The balancing loop has no effect on the transient
behavior of the main amplifier so long as signal com-
ponents below about 1 cps are avoided.

We have now completed discussion of all parts of
the main amplifier except feedback. The complete block
diagram of Fig. 7 shows all the loops except that for
optional positive voltage feedback which will be dis-
cussed later. The letters DB and SB in this diagram
stand for dynamic balance and static balance. Tt will
be seen that there are, altogether, ten loops in the ampli-
fier. Only those marked a and 8 are effective in chang-
ing amplifier gain; the others all improve its perform-
ance in the various other ways which we have already
discussed. Note that the combination of negative
voltage and positive or negative current feedback from
the output is only symbolically indicated in I'ig. 7; the
actual circuit employed is given in Fig. 5.
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Fig. 7—Complete block diagram of the amplifier.

FEEDBACK L.ooPs TO THE INPUT

The main function of feedback in an audio amplifier
is to reduce nonlinear distortion. Other desirable results
of feedback are a reduction in amplifier output im-
pedance and flattening of the gain-frequency charac-
teristic in the working range. Fig. 8 shows the high
frequency gain characteristics of the present amplifier
with no over-all feedback at various stages.'” For easy

17 {'nless otherwise stated, all measurements shown in the figures
were taken with an average output tube bias of —{5v and with a
15-ohm load resistor. For the frequency response measurements of
the present section, the output power level was about 1 watt.

July-August

comparison, all three curves have been normalized to
have the same value at low frequencies. The output
frequency response is down by 1 db at 38 kc; it is there-
fore apparent that the response is adequate for audio
applications even without feedback. On the other hand,
feedback is desirable to reduce the nonlinear distortion
of the amplifier, particularly when it is operated in
class B.
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Fig. 8—Gain-frequency characteristics at various points in the
amplifier with no over-all feedback.

Feedback is applied in an amplifier in order to make
the output signal as close an amplified replica of the
input signal as possible. The larger the fraction of the
output which is compared with the input, the nearer
the desired condition of exact similarity will be ap-
proached. 1t is therefore obvious that any local negative
feedback loops within an amplifier which reduce its
over-all gain will restrict the amount of output-input
negative feedback which may be applied for a given
final amplifier gain. For this reason, it is desirable that
such local loops be avoided whenever possible so that
maximum output-input negative feedback may be
employed. Such a system necessarily gives maximum
nonlincar distortion reduction. This conclusion has
been pointed out before!>'® but it bears repetition in
view of the appearance of recent amplifier articles
which stress the advantages of local loops.'®!! One of
these articles,'t in justification for its point of view,
states that, “This approach (the use of output-input
feedback) in a multi-stage amplifier, results in a
peaked response at both ends of the audio spectrum and
a narrow margin of stability.” As we shall see, neither
of these conclusions is necessarily correct.

FFor the above reasons, it was decided to use as much
over-all negative feedback in the present amplifier as
possible, consistent with a final gain of about 30 db.
Since the gain of the amplifier with no feedback and
with a 15-ohm load was 61 db, some 30 or 31 db of {eed-
back could be applied and still leave sufficient gain. It

18\, B. Bernard (Letters), Electronics, vol. 27, pp. 401-404;
January, 1954; pp. 372-376; December, 1954.
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was first found that using a single feedback resistor
shunted with a small capacitor, up to 18 db of over-all
negative feedback could be applied before small para-
sitic oscillations appeared in the output at high power
levels. This value is very consistent with the output
response curve of Fig. 8.

To ensure stability in a feedback amplifier, it is
necessary that the complex feedback factor 8G not
enclose the point —140 on a polar plot. Here G is the
complex gain of the amplifier without feedback but
loaded with its usual load of 15 ohms. For convenience,
we have taken the midirequency value of 8G to be
positive real when it represents negative feedback, and
shall use the same sign convention for other feedback
factors. Further, to eliminate the peaked response at
the ends of the audio spectrum mentioned carlier, it is
necessary that the absolute value of the gain with feed-
back G’, given by G/(14+B8G), not exceed its midfre-
quency value. In addition, it is desirable that even
after G’ has decreased appreciably from its midfre-
quency value, there be no secondary rises of G’, even
though such peaks do not reach the midfrequency
value. Exact specification of the form of 8G which meets
the above requirements is complicated; in practical
cases, it is usually only necessary to ensure a wide
stability margin such as that produced by restricting
the phase angle 6 of BG to the range —90 degrees <6 <
+90 degrees, as long as ’BG, is greater than or equal
to unity. This condition requires that the roll-off of
BG at cither end of the spectrum does not appreciably
exceed a rate of 6 db/octave until after |3G| is less than
unity,

The stability conditions can be met by changing and
controlling the frequency response of 8, of G, or by a
combination of these mecthods. .\n additional method
is that of subsidiary feedback discussed by Duerdoth.
If a negative feedback voltage derived from the output
of the first stage is added to G at the input,'® the com-
bination can be made to have characteristics vielding
excellent stability. If this subsidiary feedback were
effective at all frequencies, it would be of the undesir-
able “local-loop” feedback type already discussed.
However, if its magnitude is greatly reduced in the
working band of the amplifier and is only greater than
unity (referred to the input signal amplitude) bevond
either or both ends of the working band, then it will not
appreciably affect conditions within the working band.
Since the subsidiary feedback voltage is derived after
only a single stage of amplification, it will automatically
have a high-frequency limiting slope of only 6 db/octave.
At very high frequencies, it will decrease less rapidly
than BG and will, therefore, eventually dominate the
sum of a4, and BG. This sum, the over-all feedback
voltage, therefore will have the desirable limiting decay
rate of 6 db/octave.

19 We shall use the terms feedback factor (such as 8G) and feed-
back voltage interchangeably for convenience. The actual feedback
voltage of an opened loop corresponding, e.g., to G is gG times the
amplifier input voltage.
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The combination of over-all and subsidiary feedback
gives a final amplifier gain G’ of G'=G/(1+ad,+8G).
Calculation shows, however, that the factor by which
nonlinear distortion arising in the second or third stages
is reduced by the combination is not (14+aA,+8G) but
(1+aA4:+BG)/(1+ad,) instead. It is therefore par-
ticularly desirable to ensure that | 14+ad,| is not
appreciably greater than unity within the working
band.

The present amplifier makes use of high-frequency
subsidiary feedback of the type discussed above to
allow 30 db or more of feedback to be used with a wide
stability margin. The subsidiary feedback voltage is
taken from point @ of Fig. 2, passed through the 200
puf capacitor and 1K resistor shown and added to the
over-all feedback. The adding takes place across the
series combination of the 1K resistor, 1.5 mh choke, and
100 uf capacitor shown in Fig. 5. The 200 uuf capacitor
and 1K resistor in the subsidiary path ensure that the
subsidiary feedback factor a4, is negligible in the work-
ing band.

The main over-all feedback is adjustable by the 2K
potentiometer of Fig. 5. It is further reduced about
20 db at low and medium frequencies by the 10K series
resistor. The phase angle of the over-all feedback is
improved at high frequencies both by the small capaci-
tors in parallel with the 10K resistor and by the 1.5 mh
choke. Subsidiary feedback is unnecessary for stabiliza-
tion of the amplifier at very low frequencies. An ade-
quate stability margin is produced by the 100 uf capaci-
tor of Fig. 5 in series with the 1.5 mh choke. At very
low frequencies, it reduces the roll-off rate of 8G to an
acceptable value ncar 6 db/octave. It is found that
with the present combination of subsidiary and over-all
feedback, more than 40 db of over-all negative feedback
may be applied in the working band of the amplifier
with complete stability.

Results of the above stabilization technique are shown
in Figs. 9 and 10 (next page) measured with 30 db of
midfrequency negative feedback. FFig. 9 shows G and
G’ vs frequency plotted on an absolute gain scale. It is
seen that the limiting decay rate of G is 24 db/octave.
Nevertheless, the amplifier is stable and G’ shows no
peaks. With feedback, the amplifier is flat to within
1 db from below 5 cps to 72 kcps. Fig. 10 shows how the
various feedback voltages add at high frequencies. It
also is plotted to show both absolute and relative
amplitudes. Measurements were not extended to suffi-
ciently high frequencies to show that the combined
characteristic (BG+aA,) has a final limiting slope of
6 db/octave, but such behavior must be finally reached.
The curve including the factor —pA, will be discussed
later.

The magnitude of the feedback effective in reducing
distortion is of interest. Since it is given by the quotient
of two complex terms, it cannot be inferred directly
from measurements which do not include phase angles.
However, up to 50 ke or so, the phase angle of (1+a4,
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Fig. 9—Loaded amplifier gains |G| (without feedback), and |G|
(with 30 db of over-all feedback) vs frequency.

+BG) is very close to zero. Hence, we need be concerned
only with the magnitude of |1+aA1|. Again up to
50kc or more, it is obvious from the curve of |aA,|
of Fig. 9 that the phase angle of a4; must be close to
90 degrees. Its magnitude at 20kc is zero db, or unity.
Hence | 1+aA1| must be v/2 at 20kc, or 3 db. Similarly,
it is found that this quantity is 1 db at 10.8ke and about
6 db at 35kc. When these factors are subtracted from
the midfrequency feedback of 30 db, one obtains the
resultant feedback effective in reducing distortion at
the given frequency. For example, this so-called har-
monic feedback is 27 db at 20kec.

The above results show that the addition of sub-
sidiary feedback has reduced the effective feedback by
only an unimportant factor within the working band
of the amplifier to 20kc. In order to keep the harmonic
feedback nearer 30 db out to frequencies of the order
of 70 to 100kc, the low-frequency roll-off of the sub-
sidiary feedback can be made more rapid than the
present 6 db/octave. Using a constant-k filter in the
subsidiary loop, such a result was indeed obtained. It
was found that although it did result in the mainte-
nance of increased negative feedback to much higher
frequencies, it also produced an initial peak in the
high-frequency square-wave response. More careful
control of the characteristics of the two feedback volt-
ages in the neighborhood of their crossover undoubtedly
could eliminate this effect, but the extra effort neces-
sary was felt unwarranted for the present amplifier.

The addition of the over-all and subsidiary feedback
voltages has been carried out so as to minimize | 1+aA1|
in the working band and to produce the best possible
high-frequency square-wave response. The small, vari-
able 50 uuf capacitor across the feedback resistor of
Fig. 5 is used to adjust for best response. With the best
adjustment, 10kc square waves show almost square
corners and flat tops and bottoms with at most only a
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Fig. 10—High-frequency variation of the amplitudes of
various feedback factors.

trace of greatly damped high-frequency parasitic
oscillation on the tops. The rise time of the amplifier
with 30 db over-all feedback and subsidiary feedback
is 3 us between 10 and 90 per cent amplitude points.
The recovery of the amplifier from overloads also occurs
in approximately this interval. As the output square-
wave amplitude is increased, the only change in square-
wave shape is a slight sharpening of the upper left
corner. More than 0.01 uf of external capacitance can
be connected in parallel with the load without any ap-
preciable effect on the shape of square waves. Further,
square-wave shape and amplitude are virtually inde-
pendent of load from open circuit to a very heavy
load. It was also found, using a direct-coupled oscillo-
scope, that the tilt of low-frequency square waves of
any amplitude within the amplifier capabilities was 7,
9, and 10 per cent respectively, at 30, 20, and 17 cps.
These results are consistent with a measured phase
angle of —8 degrees at 5 cps.

Although the above over-all harmonic feedback of
almost 30 db over the entire working band of the ampli-
fier results in exceptionally low output distortion, it was
of interest to see if this distortion could not be reduced
even further by the addition of a positive voltage feed-
back loop around the first stage in the manner of Miller.*
If the positive feedback factor is denoted by —p4;, then
the combination of over-all, subsidiary and positive
feedback results in an output gain reduction factor of
N=(14+BG+ad;—pA,). Nonlinear distortion in the
first stage is also reduced by this factor. Distortion
produced in the rest of the amplifier is reduced by the
factor M =N/[1+A(a—p)], however. In the working
band, the factor a4,, may be neglected. We see that if
we make pA, equal to unity in the working band, the
factor [14A,(a—p)] approaches zero and M becomes
very large. Thus, a small amount of positive feedback

20 |, M. Miller, Jr., “Combining positive and negative feedback,”
Electronics, vol. 23, pp. 106-109; March, 1950.
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Positive feedback is taken from the point b of Fig. 2. { P
It passes through a 1 wuf capacitor, an on-off switch J o
S1, and the 25K potentiometer and 43K fixed resistor. t el
It is then added to the other feedback voltages and is f 4
applied to the lower input grid of Fig. 2. The 470K ‘
resistor connected to the off position of S; is used to - P
keep the coupling capacitor charged so that switching sl D
transients are eliminated on turning the positive feed- Cnl il el
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negative feedback will be stable so long as the com-
posite feedback factor [BG-{—Al(a—p)] does not enclose
the —1X0 point on a polar plot. It is therefore
necessary that the positive feedback decrease more
rapidly outside the working band (or change over to
negative feedback) than does the negative feedback.
In the present amplifier, stability is ensured at the low-
frequency end by the 1 uf capacitor which reduces
pA, to zero at zero frequency and shifts its phase by
90 degrees. .\t the same time, this capacitor is still
sufficiently large that positive feedback is fully effective
down to the lowest signal frequencies to be passed by
the amplifier. At the high-frequency end, the progres-
sive increase in a4, a negative feedback factor, soon
cancels out the positive feedback beyond the working
band. The 25K potentiometer shown is used to adjust
pA, to exactly unity for midfrequencies. Fig. 10 shows
the effect of —pA, on the composite feedback factor

Fig. 12—Frequency dependence of amplifier internal resistance with
30 db over-all negative voltage feedback and positive or negative
output current feedback.

at high frequencies. For this measurement, pA4, was ad-
justed to unity in the working band.

An excellent indirect measure of the effectiveness of
feedback in reducing nonlincar distortion is afforded
by its reduction of amplifier output impedance. We shall
discuss distortion results later; meanwhile, Figs. 11
and 12 present measurements of amplifier internal
impedance | Z;| for various feedback conditions. These
measurements were made with a bias of —41 volts.
With no feedback, the magnitude of this impedance is
about 22 ohms over the working band, slightly larger
than the nominal value of 15 ohms. The internal
impedance of the amplifier without feedback increases
with the magnitude of the bias value used. The above
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internal impedance value indicates that an output-
transformer primary winding impedance somewhat
greater than the 2,500 ohms employed might be de-
sirable for best operation. However, the present trans-
former impedance ratio, 2,500 to 15, is close to the ideal
in terms of low distortion and maximum output power,
as we shall see in the next section. The application of
30 db of over-all feedback reduces the impedance to
about 0.36 ohms over most of the working band. Final-
ly, the application of positive voltage feedback reduces
IZ;I to a value no greater than 0.01 ohms over much of
the working band. Phase measurements indicated that
Z; was essentially resistive over this band.

Fig. 12 shows the output impedance with no positive
voltage feedback but with negative or positive current
feedback from the output, in addition to the usual 30
db over-all negative voltage feedback. The top and bot-
tom curves are the results for the two extreme settings
of the 4-ohm potentiometer of Fig. 5. They are actually
presented as positive and negative resistances since
phase measurements indicated that the output imped-
ance was almost entirely resistive over the greater
part of the band shown. The two dotted curves are
similar to the outer curves, but the 100 uf bypass capaci-
tor of Fig. 5 is used to limit the output current feedback
to low frequencies. The dotted curves are not extended
bevond 10% cps since the output impedance has ap-
preciable phase shift, arising from the bypass capacitor,
above 10? cps for either positive or negative current
feedback. The output impedance for either condition
eventually reaches the small positive value shown in
Fig. 11 for negative voltage feedback alone. The center
curve is the output impedance or resistance measured
with the 4-ohm potentiometer adjusted for zero im-
pedance in the midfrequency range. We see that it
remains essentially zero over a wide frequency band.

It is of interest to give the expression for Z; when
negative voltage feedback BG, negative subsidiary feed-
back ad,, positive voltage feedback —pA4,, and positive
or negative output current feedback may all be present
simultaneously. Neglecting loading of the various feed-
back paths by each other (a good approximation in the
working band), we find for the present amplifier

IRE TRANSACTIONS

AUDIO July—August
formula, and the amplifier is completely stable with
any combination of the above types of feedback.

When output current feedback in addition to over-all
negative voltage feedback is emploved, the effective
gain with feedback, G’, is given by

G
T 1 A(a—p)+ B+ +OR. ZiH (= DR /Z1)G

Thus, negative current feedback decreases G’ and posi-
tive current feedback increases it. \We have dealt
throughout thus far with the loaded gains G and G’
since it is these gains which are important in practice.
For some purposes, it may be desirable to express the
above formulas in terms of the unloaded gain K of the
amplifier. The relation between G and K is G=K/[t
+(Zo+Ri+R)/Z.). If usual amount of feedback em-
ploved in present amplifier were expressed as the differ-
ence between, unloaded gain with and without feedback,
rather than between loaded gains, instead of 30 db it
would amount to between 36 and 38 db.

POWER AND DISTORTION MEASUREMENTS

Fig. 13 (opposite) shows maximum “undistorted”
power output of amplifier vs frequency. This measure-
ment was made using a Ballantine type 310A ac volt-
meter to indicate rms load voltage and an oscilloscope to
indicate distortion. Power output of amplifier was in-
creased at a given frequency until distortion could be
observed on the oscilloscope then reduced to the point
where distortion was no longer detectable. From com-
parison with intermodulation measurements it is esti-
mated that the actual distortion level of the “undis-
torted” power output shown in this graph probably
does not exceed 2 per cent intermodulation and is less
over much of the range.

It may be calculated from Fig. 13 that the maximum
output power is flat within minus 0.5 db from 19.8 cps
to 22.4 keps. The roll-off on the low-frequency end
has a slope of about 6 db/octave and is due to the in-
ability of the output tubes to supply sufficient magnet-
izing current to the transformer at very low frequen-
cies. On the other hand, the high-frequency roll-oft

[1 + Aile — D) ][Zo+ Ry + R+ [1 4+ @+ Ry + R)/ZU[( +BIR + (v = DRG

Z;=

where Z, is the amplifier internal impedance without
feedback. The current feedback resistors Ry and R
are indicated in Fig. 5; the quantity -y specifies the set-
ting of the 4-ohm potentiometer of this figure. We sec
from the above formula that Z; may be made zero by
adjustment of either the positive voltage feedback
factor —pA, alone, by positive current feedback alone,
or with both types simultaneously. The foregoing
measurements are in general agreement with the above

14 dia—p)+ [1 4+ (Zo+ Ry + R)/ZLIBG

has an initial slope of 3 db/octave which probably
arises from the inability of the output tubes to supply
the necessary charging currents for the transformer
primary winding capacitance. In the midfrequency
region, the maximum power is limited by the diode
line of the output tubes, the point where the grids lose
control of the plate currents of the output tubes. The
drivers of the amplifier can drive the grids considerably
more positive than the diode line with negligible dis-
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tortion, but as soon as the diode line is reached and
exceeded, the output signal begins to show symmetrical
peak clipping.

The point where the diode line is intersected by the
load line of the output tubes is determined (for fixed
load resistance) by the plate supply voltage available.
Increasing this voltage increases the maximum power
available before diode-line clipping becomes apparent;
it was found that with an E,, voltage of the order of
500v, more than 80w of output power could be obtained
before such clipping occurred. Such supply voltages of
course exceed the rating of the 807 output tubes.
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Fig. 13-—Maximum “undistorted™ average power

output vs frequency.

In audio applications, very high power peaks occur
quite seldom; vet when they do, it is desirable for the
amplifier to handle them without clipping if possible.
It occurred to the author that since an electronically
stabilized power supply for E,, was used with the pres-
ent amplifier, it might be possible to drive the power
supply with the driver signal from the amplifier in such
a way that above 60w or 65w output, the value of
Ew increased automatically with the signal level from
its usual value of +400v to whatever higher value was
required to eliminate diode-line clipping at the given
signal level. Such an increase in Ey is eventually limited
by the quiescent voltage drop initially available across
the series current tube of the electronically stabilized
supply; an increase of more than 100v above +400v
could be obtained in the author’s supply. The above
idea was investigated in a preliminary fashion using
biased diode rectifiers to derive a power-supply driving
signal from the amplifier drivers only when the driver
signal exceeded the value which resulted in an output
power of about 65w. Quite an appreciable increase in un-
clipped output power could be obtained in this fashion.
The circuit is not described in detail here since output
powers exceeding 65w were not really necessary for the
author’s application. It should be noted that although
the maximum rated value of dc plate voltage is exceeded
in the above scheme, this may be expected to occur only
rarely in most applications. This operation of the out-
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put tubes, therefore, should be satisfactory in terms of
tube life. Should greater output power than 65w be
required without the use of the above scheme, tubes
with higher ratings such as the new type 6550 could
be used in place of the 807's. It may be mentioned that
this idea of driving a regulated power supply may be
used with a driving signal from the amplifier output
arranged to reduce the supply voltage after a given
delay in order to allow the amplifier to produce full
power for short periods but only reduced power for
longer periods, thus avoiding loudspeaker damage.
A similar idea is presently employed in a high-power
commercial amplifier. The use of a fast-acting fuse in
the speaker line will achieve the same result in a much
simpler fashion, however.

Triode-connected, push-pull 807 tubes operated in
class AB, are rated at only 15w output power. Operat-
ing them in class AB,, B,, or A, as in the present ampli-
fier results in more than a fourfold increase in output
power. We see that the following quoted statements
are therefore unjustified: “Obtaining 15 to 20 watts
output without using four output tubes and a large
power supply, and without operating the power tubes
beyond ratings, rules out a triode output stage;”%—
“push-pull class 4 61.6’s will give 18.5 watts output
with two-percent harmonic distortion. There are no
receiving-type triodes which will match this perform-
ance . . . there is no longer any reason to use triodes in
amplifiers up to 100 watts.”'8 Although the 807 is not
strictly a receiving-type triode, comparable results to
those of the present amplifier could be obtained using
61.6's, 5881's, or 6.\R6’s triode-connected, operated
within their ratings up to 30 to 50w output. For the
same or greater power output, the advantages of triodes
over beam-power tetrodes and pentodes in terms of
lower output impedance and less higher-order harmonic
distortion scarcely have to be mentioned.?

The noise level of the present amplifier with no input
signal and the usual 30 db of over-all feedback was
found with the Ballantine 310\ meter to be about 95
db below 60w output. In spite of the use of ac-operated
tube heaters with one side grounded and the use of a
number of cathode-followers, no hum signal could be
distinguished in the output. This output consisted
largely of unavoidable radio signals picked up on the
measurement leads. When these signals were filtered
out at the voltmeter, the residual noise voltage was
about 106 db below 60w and was equivalent to an in-
put signal of about 5 uv rms. A single ground buss con-
nected to chassis at input is used in this amplifier.

The power cfficiency of the amplifier is of some inter-
est. This efficiency is greatest for class B operation and
since, as we shall see later, distortion is acceptably low
even for this mode of operation, we shall consider its

2 F. Langford-Smith, “Radiotron Designer's Handbook,” Amal-
gamated Wireless Valve Co., Ltd., Sydney, Australia, 4th ed., pp.
546 et seq.; 1952,




104

efficiency only. At full-power output of 65w, the total
* plate input is about 125w, slightly exceeding the rated
value of 100w. The plate efficiency is, therefore, about
52 per cent and the plate dissipation per tube 30w,
the maximum ICAS rating. The total efficiency should
include the grid power input, but this is difficult to
estimate because of the peaked shape of the grid cur-
rent waveform. Measurement indicates that it certainly
does not exceed 8w at maximum power output; thus,
it does not change the efficiency very much. Of the order
of 2w of power are dissipated in the winding resistances
of the transformer (about 90 ohms total referred to full
primary) at full-power output. About another half-
watt is dissipated in the 2K feedback potentiometer
across the output.

The above results were obtained with average grid
bias of about —55v: the quiescent plate currents under
these conditions were 6 milliamperes each, giving a
quiescent plate dissipation of 2.4w for each tube. This
low value is a good indicator of long tube life; very
seldom will the full 65w of power be required from the
amplifier under ordinary conditions. About 60w of
power can be obtained continuously from the ampli-
fier, however, without even exceeding the CCS ratings
of the 807's. By increasing the load resistance seen by
the output tubes, the plate efficiency can be appreciably
increased if desirable and the distortion reduced; at
the same time, however, the maximum available power
is reduced.

A considerable amount of nonlinear distortion meas-
urements on the present amplifier has been carried out
by various methods. We shall first discuss the results
of intermodulation (]1M) measurements with the usual
SMPE rms sum method.?? Because of the very low dis-
tortion of the amplifier under certain conditions, a
commercial intermodulation tester was modified to
reduce its own nonlinearity and to improve its filtering
and was then accurately calibrated from 30 per cent to
0.04 per cent IM.?® Intermodulation readings were
made on the Ballantine 310A rather than the meter of
the test set. In spite of these precautions, the readings
obtained in the neighborhood of 0.05 per cent may be
slightly high. For the following measurements, output
power was found using the General Radio Type 783-A
output power meter set to 15 ohms load.

The intermodulation distortion of the amplifier with
a bias of —45v and no subsidiary or over-all feedback
is presented in Fig. 14 as a function of equivalent single-
frequency average output power, This bias value cor-
responds to class AB operation. Greater distortion over
most of the range was observed with class B, less with
class A. In all the SMPE IM distortion measurements,
essentially equivalent results were obtained using either
60 and 5,600 cps or 60 and 2,500 cps signals mixed so

2 [hid., pp. 612-613.

2 |, R. Macdonald, “The calibration of amplitude modulation
meters with a heterodyne signal,” Proc. IRE, vol. 42, pp. 1515-1518;
October, 1954.
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that the 60-cps signal was four times greater than the
higher {requency signal.

Figs. 15, 16, and 17 show the [\ results for class B,
AB, and A with 30 db of over-all feedback and without
and with the local positive voltage feedback already
discussed. Even without the positive feedback, the
amplifier shows an extremely low distortion for all three
biases right up to the peak clipping point (about 65w).
With positive feedback, the distortion is even smaller.
We see that, in general, the larger the distortion ob-
tained without positive feedback, the more effect the
positive feedback has. The positive feedback adjust-
ment was unchanged during measurements for a given
bias but was adjusted slightly differently for the differ-
ent biases in order to give minimum distortion over the
whole power range for each curve. Positive feedback
can do little to reduce distortion once peak clipping
commences and the final steep rise of distortion begins.

Some of the pertinent results shown in Figs. 15
through 17 are summarized in Table 1 which gives the
output power at 0.1 and 1 per cent IM distortion for the

TABLE 1

OuTpPUT POWER (WATTS) AT TWO INTERMODULATION DISTORTION
LEVELS FOR VARIOUS Bias aAND FEEDBACK CONDITIONS

Bias=—57 v Bias=—45 v Bias=-35 v
Class B Class AB Class A
Per S B
No . No . No e
WO T Rl | Teb e Dok
tive tive tive
Feed- Feed- Feed- Feed- Feed- Feed-
back back back back back back
0.1 6 1.5 | 45 20 | 33
1.0 0.8, 37 65 66 67 62 63
63

various bias and feedback conditions. We see that, as
expected, class A operation is superior at the lower
power levels. At the maximum power levels just before
and after peak limiting begins, it is very interesting
to note, however, that the —45v bias gives the best
result at a given power or distortion level. It was
expected that class B operation, with its greater bias,
would be superior in this region. Although the differ-
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ence between the results with —45v and —57v bias 1s
slight in this region, it is still large enough to be signifi-
cant. Therefore, automatic bias control, which would
increase the bias at high signal levels, is undesirable
here, and a fixed bias of about —45v gives the maximum
power-over-distortion quotient at high levels.

For most practical purposes, the differences between
the curves obtained with class B and Class AB opera-
tion are only of academic interest, and the amplifier
can be operated in class B for minimum quiescent power,
maximum plate efficiency, and longest tube life. Even
the largest value of IM distortion obtained with class
B3 operation without positive feedback (1.3 per cent)
is much too small to be audible. Measurements of the
amplifier linearity characteristic (output vs input) with
or without positive voltage feedback show no measur-
able deviations from linearity over the useful dynamic
range of the amplifier limited at the low end by its
intrinsic noise output of about 2 millimicrowatts and
at the high end by diode-line peak clipping.

Several other intermodulation measurements of the
above type have been made on the amplifier. In particu-
lar, it is found that IM distortion at the driver outputs
with output tube loads is less than 1 per cent at a signal
level giving maximum power output, when no over-all
feedback is employed. Most of the output distortion
at all levels thus occurs in the output stage. Neasure-
ments of the output distortion as a function of load
resistance Ry with 30 db of over-all but no positive
feedback, show that it decreases proportional to R
over the range from 5 to 50 ohms with the exponent n
slightly greater than unity. An increase in load resist-
ance also increases the plate efficiency of the output
stage, but the maximum output power is reduced. A
measurement of output power vs load at the 2 per cent
IN level showed that maximum power was available
with a load of about 10 ohms but the increased power
was only slightly greater than that available with the
usual 15-ohm load.
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In addition to the above SMPE intermodulation
measurements, it was desirable to check the nonlinear
distortion over a wide-frequency band to make sure that
it did not rise greatly at the ends of the working band.
All the succeeding measurements were made with a
bias of —45v. First, a General Radio Type 736-A wave
analyzer was used to measure harmonic distortion
directly. Because of unavoidable oscillator distortion, it
could only be verified that the total harmonic distortion,
D, was less than 0.2 per cent from 20 to 5,000 cps (the
limits of measurement) when 30 db over-all feedback
was employed, and positive voltage feedback used or
not. The distortion did not exceed the above value at
any frequency in this range until clipping began, and
a value of only 0.85 per cent was obtained with visible
clipping at slightly greater than 65w output power.

Next, harmonic distortion was measured at the 30w
level on the amplifier without any feedback. A value of
4.65 per cent was found for D, from 5,000 to 300 cps.
Below 300 cps, the distortion rose slowly to 5.3 per cent
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at 32 cps and to 5.9 per cent at 20 cps. The distortion
was almost entirely made up of third and fifth harmonics
with the fifth three times smaller than the third. Since
we have shown already that feedback is fully effective
down considerably below 20 cps, we can have confidence
that with feedback applied D, is exceedingly low even
at the lowest frequencies to be passed by the amplifier.

The CCIF difference-frequency intermodulation
method® was then used to investigate amplifier behavior
at medium and high frequencies. Here two signals of
equal amplitude and frequencies f, and f, are applied to
the input, and f, and f, are varied in such a manner that
their difference Af remains constant. Using a wave
analyzer, the distortion component Dy at the difference
frequency Af is measured and expressed as a percentage
of either applied voltage. With the usual 30 db of over-
all feedback, this measurement showed that D; was less
than 0.2 per cent from 500 to 15,000 cps using a value of
Af of 100. The value 0.2 per cent represented the resid-
ual intermodulation in the amplifier input signal aris-
ing from oscillator pulling. Without feedback, and using
signals of 1,000 and 1,100 cps, Dy was found to be
about 0.26 per cent at a 15w level.® This result may be
compared with the value of D; of 4.65 per cent and of
rms-sum intermodulation of 18.5 per cent at the 30w
power level. The ratio of the last two figures is 3.97,
satisfactorily close to the value of 3.84 to be expected
for third harmonic distortion alone.*

Although the residual value of Dy in the input signal
applied to the amplifier was too large to allow accurate
measurements of Dy to be made when feedback was
used, this was not the case with distortion components
occurring at frequencies of (2f1—f2) and (2fa—f1). These
two components had approximately equal amplitudes
under all conditions, and the ratio of their average value
to the rms value of ecither input signal will be denoted
by D,. Its value for the amplifier without feedback
at a 15w average power level was 2.94 per cent. With
30 db of over-all feedback, the value dropped to 0.06
per cent, and with positive voltage feedback applied
the value dropped at least another factor of ten to be-
low 0.006 per cent. Note that the peak rms power
under these conditions was 60w.%

The intermodulation components at {2f;- f») and
(2f.—f1) are considerably larger than that at (f:—f1) and
seem to be the largest intermodulation distortion com-
ponents under most conditions. They arise entirely from
third-harmonic type distortion. The fact that they are
far below the level of audibility may be graphically
illustrated by considering the above results where the
rms value of either of the applied voltages was 15v

24 [angford-Smith, op. cit., p. 613.

% Since the peak rms power in the output is four times the average
rms power (equal to that for either of the input signals alone), an
average power much greater than 15w cannot be used with the
present amplifier when the CCIF method is employed.

2% Langford-Smith, op cit., p. 612,
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and that of either of the above largest intermodulation
components was 9 mv with 30 db of over-all feedback.
The average output power with both signals ap-
plied is 15w; the output power in either of the above
distortion components is about 5 microwatts. With
positive voltage feedback in addition, this power drops
to less than 50 millimicrowatts. No wonder such dis-
tortion products are masked by the undistorted com-
ponents of the output signal.

Finally, the quantity D, was measured for values of
Jf1 between 1 and 15 keps keeping Af equal to 100 cps.
Measurements were made with 30 db over-all feedback
and with and without positive voltage feedback. With-
out the latter feedback, D, had increased by only 2
per cent at 15 keps over its 1,000 cps value. The effec-
tiveness of the positive feedback decreased appreciably
with frequency however, and at 15 keps it only reduced
D, by an additional factor of two. This decrease in
effectiveness arises from the increase in the subsidiary
feedback factor ad; with frequency. By keeping the
latter quantity smaller out to higher frequencies, posi-
tive voltage feedback could be made even more effective
in the high frequency range. The above results all com-
bine to indicate that the distortion of the amplifier
with feedback is held to an exceedingly low value over
the entire working band of the amplifier.

In conclusion, a word of justification is desirable for
building an amplifier with 65w of output power (or 130w
peak, as the advertisements sav'). The peak rms sound
intensity level attained near an orchestra or chorus, a
large organ, cymbals, or bass drum, is of the order of
110 db.* If this intensity level is to be reproduced in a
3,000-cubic-foot room, about 4.5 acoustic watts are
required.2® On assuming a speaker efficiency of 5 per
cent, we see that the maximum rms peak power input
to the speaker must be some 90w. Horn-loaded loud-
speakers, which can be more efficient than 5 per cent
would require less input power to produce the above
level. Finally, it is rarely desirable to reproduce exactly
the maximum original level unless the room is very
large or its walls reinforced. These considerations indi-
cate that an average output power of 20w to 30w would
be quite sufficient for the vast majority of applications.
Since the bass drum has its maximum acoustical output
power below 60 cps and the cymbals theirs above 8kc,
it is particularly important, however, for true reproduc-
tion that the power-handling capacity of the amplifier not
fall off appreciably near the ends of the working band.
Flat power response between 30 and 15,000 cps would
certainly be adequate.

IFor the exceptional applications such as flling large
auditoria or driving magnetic disk cutters, the present
amplifier, with its vanishingly small distortion, is a

27 H. Fletcher, “Hearing, the determining factor for high-fidelity

transmission,” Proc. IRE, vol. 30, pp. 266--277; June, 1942,
2 Langford-Smith, op. cif., p. 864.



1955

possible solution either in its present form or in a modi-
fication which eliminated some of the f{rills, such as
dynamic and static automatic balancing. Such elimina-
tion would increase the distortion, but since it is initially
so low, the final value should still be quite acceptably
low.

Some of the salient amplifier features are summarized
below, and we see that they more than meet the original
design goals.

AMPLIFIER SPECIFICATIONS
Frequency and Power Response

—1 db down at considerably below 3
cps and at 72 keps.

—0.5 db down at 19.8 cps and at 22.4
keps.

1w output:

65w output:

Nonlinear Distortion

Lless than 0.2 per cent intermodulation distortion up
to 60w; 0.1 per cent at 45 w; 1 per cent at 67w.
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Noise Level
— 106 db referred to 60w output.
Voltage Gain
31 db.
Rise Time
3 us.
Square-Wave Response

9 per cent tilt at 20 cps. No parasitic oscillations.

Special Features

Automatic circuits ensure continuous push-pull signal
balance and static balance of output tube cathode cur-
rents. The incorporation of 30 db of negative feedback
over three stages and the output transformer is accom-
plished without peaksin the response curve. Provision is
made for adjustable positive or negative output current
feedback and for local positive voltage feedback.

Properties of Junction Transistors
R. J. KircHerf

This is the first of a group of three tutorial papers on transistors, with special emphasis on use at audio fre-

- —

|

quencies, prepared by the Bell Telephone Laboratories Staff at the request of the editorial committee of the
Transactions on Audio. The other two articles, “Design Principles of Junction Transistor Audio Amplifiers,” by
R. L. Trent, and “Design Principles for Junction Transistor Audio Power Amplifiers,” by 1. R. Fewer, will appear

in succecding issues of this publication.—The Editor.

Summary—The motion of electrons and holes is considered in
relation to the PN junction and it in turn is considered in relation to
the junction transistor. Electrical properties, equivalent circuit dia-
grams, and limiting conditions of operation of junction transistors
are discussed. Special equations and features of the common base,
common emitter, and common collector configurations are developed
and tabulated.

INTRODUCTION

/ YHE TRANSISTOR is the result of intensified
research in the domain of solid state physics fol-
lowing World War Il. From this work Shockley,

Bardeen and Brattain conceived the idea that ampli-

fying properties should be obtainable from semicon-

ductors. This concept became a reality with the an-

nouncement of the point contact transistor in 1948.!

t Bell Telephone Labs., Murray Hill, N. ]J.

! J. Bardeen and \. H. Brattain, “The transistor, a semiconduc-
tor triode,” Phys. Rev., vol. 74, pp. 230-231; July 15, 1948.

The certainty that an amplifier could be made from a
semiconductor element gave a tremendous impetus
toward the development of an amplifying structure
which would not require point contacts. By 1951 this
objective was realized with the announcement of the
junction transistor.? \Vith the development of the
junction transistor communications engineers, and
particularly audio engineers, have received a new and
versatile electronic device. The stature of the junction
transistor grows on reviewing its unique features. Most
striking is the property that eclectronic amplification
occurs within a solid substance. This action is realized
without the equivalent of heater or cathode power, so
that it is instantaneous. Amplification comparable to
that of a pentode electron tube is obtained for electrode

2 W. Shockley, M. Sparks, and G. K. Teal, “P-N junction transis-
tors,” Phys. Rev., vol. 83, pp. 151-162; July 1, 1951,
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voltages of the order of one volt, with current drains of
a fraction of a milliampere. Although efficient low-power
operation is a salient feature, it is not restricted to such
operation, as late designs provide for power output of
the order of several watts. The frequency of operation
has been steadily pushed upward so that units are now
available in the 30mc band, and it appears to be only
a matter of time until transistors become available
which will operate at hundreds of megacycles.

In view of the rapid growth and highly diversified
nature of its applications, there is a growing interest
and an expanding need for a working knowledge about
the junction transistor which it is hoped this paper and
the two associated papers will help to supply.

Because the transistor has its full share of intricacies
both in theorv and in practice, the level of this paper
has been restricted to that of a practical tutorial view-
point in which the objectives are (1) to give a working
knowledge of the important properties of the device,
and (2) to review the principles governing its applica-
cation in audio frequency circuits.

Although similar to the electron tube, in that it pro-
vides amplification, the transistor differs from the elec-
tron tube in important respects. In considering the
electrical characteristics of the transistor, comparisons
will be made with the well-known properties of the
electron tube in order to associate the properties of the
new device with those of the tube.

REVIEW OF PHYsICAL AND ELECTRICAL PROPERTIES
OF SEMICONDUCTORS?

Transistors are made from two elements, germanium
and silicon. These elements are called semiconductors
because their electrical conduction properties are much
poorer than those of good conductors, the metals, yet
much better than those of nonconductors, the insulators.
Germanium is a hard, dense, element with a metallic
lustre which melts at about 937 degrees C. Silicon is a
hard light element, graphitic in appearance which melts
at about 1,415 degrees C. Germanium is recovered as a
by-product of zinc refining in the United States. In
Europe it is recovered from flue dust. Recent surveys
indicate it is widely but diffusely distributed. Silicon,
in its various compounds, is one of the most common
elements in the earth’s surface. To be used in transistors
these elements must be concentrated and then purified
to a degree never before attained. Thereafter, by special
processing, a substantial amount of each element is
produced in a single crystal, assuring a homogeneous
material for fabricating transistors. Although these ele-
ments differ greatly in physical properties, they have
an important feature in common; both crystallize in the
same structure as diamond, the crystal form of carbon.
Carbon, silicon and germanium are found in group I'V" of

3. Shockley, “Electrons and Holes,” D. Van Nostrand Co.,
Inc., New York, N. Y., chs. 1 and 3; 1950.

E. M. Conwell, “Properties of silicon and germanium,” Proc.
IRE, vol. 40, pp. 1327-1337; November, 1952.
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the periodic table of elements.

An understanding of electrical conductivity in semi-
conductors is as basic for solid-state devices as an
understanding of thermionic emission is for electron
tubes. A review of the fundamentals of this property
will be useful for later discussion on the properties of
the transistor.

The conductivity, o, of a sample of material is by
definition the ratio of the current density (current per
unit area) to the voltage applied per unit length. This
is expressed by

I
Area I / length
. -~ (=), o)
|4 V'\ Area
length

I is the total current, V is the impressed voltage. If
the unit of length is the centimeter, the conductivity
is expressed in ohm~! cm™. Resistivity is the reciprocal
of conductivity, and is therefore written as,
1
p = — = (ohm cm). (2)
g
It is interesting to compare the relative resistivities of

pure samples of copper, germanium, silicon and quartz
at room temperature as listed below.

Ger- e
Copper - ium Silicon Quartz
10 60 1.5X108 104 ohm cm.

The resistivity of pure germanium is about ten million
times greater than copper, and pure silicon has a
thousand times greater resistivity than germanium. A
good insulator, like quartz, has a resistivity 10° greater
than pure silicon.

In a metal, the flow of current is made up entirely
of electrons moving through the conductor in response
to an applied voltage. Likewise the space current in an
electron tube is exclusively a flow of electrons. A dis-
tinguishing feature of semiconductors is that current
can consist of electrons and entities which act like posi-
tive charges called “holes.” Semiconductor physics
identifies a hole as an electron deficit in the valence
structure of the crystal lattice. Both kinds of carriers
of electric charge are relatively scarce in semiconductors
compared to the great abundance of free electrons
which determine the conductivity of metals. The rela-
tive contribution ef holes and electrons to current in
the semiconductor will be discussed later. The concept
of a “hole” as a discrete and real quantity with ap-
proximately the same mass as the electron, but of
opposite charge, is basic to an understanding of con-
duction in semiconductors.

From these concepts (1) can be expressed by,

qg(nvn + bv,)
T = — —— .
E

3
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where:

g=electron charge

n =density of electrons

p =density of holes

v, =drift velocity of electrons, cm/sec
v, =drift velocity of holes, cm/sec

E =electric field, volts per cm.

This expression for conductivity is more significant
when written in terms of the mobility of the charge
carriers. Mobility is the drift velocity of a carrier in a
unit electric field. This gives,

4)

where, u, and p, are respectively the electron and hole
mobilities. Since the mobilities are relatively constant
quantities under normal conditions, and ¢ is a constant,
it i1s seen that a change in the density of either or both
types of charge carriers will change the conductivity
of the semiconductor. Holes and electrons do not have
the same mobility. Typical values for mobility in ger-
manium and in silicon at room temperature are listed
below.

o = g(nun, + pup),

Germanium Silicon
cm/sec cm/sec
v_/cm_ v/cm

un 2= 3600 un 2 1200

up = 1700 pp = 400,

It is characteristic of semiconductors that light and
heat produce marked changes in the conductivity of
the material. The mechanisms which cause these changes
may be qualitatively explained by consideration of
energy absorption effects. The atoms in a crystal are
held together by the valence electrons in the outer-
most shells of adjacent atoms. Germanium and silicon
atoms have four valence electrons in the outermost
shell, each of which pairs with an electron of an adjacent
atom to form a covalent bond between the atoms.
Thus each atom is electrically tied to four adjacent
neighbors. In a single crystal the result is a very orderly
arrangement of the atoms in a geometrical pattern.
Germanium and silicon crystalize in the tetrahedron
configuration. The electronic covalent bond of the semi-
conductor can be broken by absorption of energy, the
source of which can be light or heat. Light supplies
energy packets (quanta) the energy being inversely
proportional to the wavelength. Absorption of a quan-
tum of energy greater than 0.72 electron volt (ev) in
germanium, or 1.12 ev in silicon, will separate an elec-
tron from its covalent bond. The freed electron can
move about in the crystal with little constraint. The
rupture of the electronic bond simultaneously produces
a “hole” at the place vacated by the electron. This hole
is also free to move about in the crystal. Hence the
density of charge carriers is increased by the production
of equal numbers of holes and electrons. Consequently,
when a voltage is applied to the semiconductor, and the
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material is illuminated, a marked increase in current
will occur. This is the photo-electric conductivity effect.4

In a similar way, thermal energy absorbed from any
source, even from ambient temperature as low as 100
degrees C., can cause some energy absorptions of 0.72
ev or 1.12 ev to take place in germanium or silicon
respectively. The energy absorbed releases an electron
from its covalent bond, and this simultaneously gener-
ates its complement, a “hole.” When the material is
heated with a voltage applied, a marked increase in the
current occurs. This is the thermoelectric conductivity
effect. Minimizing the extraneous effects of heat is a
major problem in semiconductor devices.

The conductivity of germanium and silicon can be
altered in a controlled manner by chemically adding
minute amounts of certain other elements. The effects of
such doping agents will be discussed in the following
section.

The parallelism between germanium and silicon has
been carried this far to familiarize the reader with their
similarities. In subsequent discussions where germanium
is specifically mentioned, silicon can usually be assumed
to have similar properties.

THE MEANING OF THE PN JUNCTION®

Chemically pure germanium is referred to as an in-
trinsic semiconductor. At room temperature it has a
resistivity of about 60 ochm cm. The resistivity of in-
trinsic germanium can be greatly altered by the addition
of minute quantities of elements from group III or V
of the periodic table. The addition of group V elements
(phosphorus, arsenic, antimony) produces N-type con-
ductivity. On the other hand, the addition of group
111 elements (boron, aluminum, gallium, indium) pro-
duces P-type conductivity. The expression “N-type
conductivity,” designates an excess of free negative
carriers (electrons) in the semiconductor. The expres-
sion “P-type conductivity,” denotes a deficit of elec-
trons (holes). When both classes of impurity are
simultaneously present, the dominant impurity deter-
mines the resulting conductivity type. Addition of no
more than one impurity atom in ten million or a hundred
million germanium atoms has a marked effect on the
resistivity of intrinsic germanium. There are approxi-
mately 5X 10?2 atoms of germanium or silicon in a
cubic centimeter.

It has been noted that the conductivity of the semi-
conductor depends on the density and mobility of each
type of carrier (4). For one type to control, the density
mobility product for that carrier must dominate the
corresponding factor for the other type of carrier. By
using first one kind of impurity doping, then the other,
regions of alternating conductivity types (NP or PN)
can be produced in the same crystal. Where two op-
posite conductivity regions come together in the same

4 The effect of light can be eliminated by using an opaque case for
the semiconductor device.
5 Shockley, op. cit., ch. 4.
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crystal a PN (or NP) junction is produced. This junc-
tion has the electrical properties of a diode. A diode is
characterized by its unilateral transmission property.
This rectifying action permits an easy flow of current
for one direction of electrical potential, but permits
little current to flow on reversal of the applied voltage.
In order to account for this property, several important
concepts about the internal nature of the PN diode
will be reviewed.

A PN diode is represented in Fig. 1(a) with no exter-
nal applied voltage. The P region is shown as thickly
populated by positive charges (holes), and the N region
by negative charges (electrons). These charges are free
to move about in their respective regions but no inter-
change can take place from one region to the other
because of an internal electric field which opposes such
migrations. It is noted that in each region there are a
few charges of opposite sign to the majority type. These
are called minority carriers. They are produced by the
thermal agitation of the atoms which results in the
thermoelectric conductivity property. A qualitative
explanation for the occurrence of an internal electric
field at the PN junction will be helpful in understanding
the diode.

(a) Distribution of mobile
charges in a P-N diode

p_<E N

(b) Distribution of fixed
charges in a P-N diode

Fig. 1—Representation of PN diode, no externally applied voltage.

As a specific illustration, let the N region of Fig. 1(a)
be produced by adding one antimony atom for each
ten million atoms of germanium. The antimony atom
normally has five electrons in its outermost shell. When
it substitutes for a germanium atom in the crystal
lattice, only four of these electrons can be used. The fifth
electron is therefore free to move about in the N region
of the crystal. Even though there are very few anti-
mony atoms Compare(l to germanium atoms, the actual
number is of the order of 10" per cubic c¢m, and there-
fore there are this number of free electrons per cubic
cm. The antimony atom by losing an electron becomes a
positively charged ion. Because it is bound in the crys-
tal lattice it cannot move about, and therefore cannot
contribute to the electrical conductivity. This impurity
ion can be thought of as being embedded with millions
of others in a vast uniform array of neutral germanium
atoms which has a dielectric constant of about 16.
The dielectric constant for silicon is about 12.
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Similarly, let the P region result from the addition of
one gallium atom for each ten million germanium atoms.
Gallium normally has three electrons in its outermost
shell. In substituting for a germanium atom, it lacks one
electron. The missing electron is supplied by an adjacent
germanium atom which thereby acquires an electron
deficit. The movement of the electron deficit from one
germanium atom to another is the movement of a hole,
which contributes to the electrical conductivity of the
P region. Adding the fourth electron to the gallium atom
results in a negatively charged ion which is firmly bound
in the crystal lattice. Millions of this type of impurity
ion are embedded in the matrix of germanium atoms
to constitute the P region.

Note that in the N and P regions the fixed ionic
charges are opposite in sign to the mobile charges which
characterize the region as indicated in Fig. 1(b). At
the interface between P and N regions (the junction)
a surface with negatively charged atoms faces a surface
of positively charged atoms. This produces an internal
potential difference across the junction which has the

value:
k7 N, P,
G
q .\V,"l

k= Boltzmann's constant
T = Absolute temperature
g = Electronic charge
N, =Density of electrons in the N region
P,=Density of holes in the P region
N;=Density of electrons or holes in the intrinsic
semiconductor.

where

At room temperature the value of T /q is approximate-
Iy 0.026v. Since the internal field is from N to P, holes
in the P region cannot move across the junction into
the Nregion, and vice versa. For this condition of equilib-
rium, each region retains its own type of mobile charge.
Since the sum of all fixed and mobile negative charges
equals the sum of all fixed and mobile positive charges,
the crystal as a whole remains electrically neutral.
Under these conditions. no current can flow in an exter-
nal circuit connecting the PN regions.

wJr

+ —_
{111
Fig. 2—PN diode forward-biased.

In order for current to readily flow from the P region
to the N region, an external battery voltage must be
applied, as shown in Fig. 2. This external voltage must
make the P region positive relative to the N region so
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that the majority carriers of each region will move
across the junction. In this condition the diode is biased
in the “easy flow” direction and a substantial current
can flow in the external circuit. The amount of current
will depend on (1) the density of the two kinds of charge
carriers, (2) the area of the junction, and (3) the value
of the external potential.

From (4) it is seen that the current can be made up
chiefly of one kind of charge carrier by having its density
greatly exceed that of the other type of carrier. This
depends on the relative amount of the impurities added
to produce the P and N regions. In a qualitative way the
relative amount of impurities is given by the ratio of
the resistivities of the two regions. The lower the resis-
tivity the greater the density of the mobile carrier of
electric charge. For example, if the resistivity of the
P region were one-tenth that of the N region, this
would not mean that the hole density was ten times that
of the electrons but rather that,

Pp  Min 1

Pn PIJ.,; 10

Since the ratio of electron to hole mobility is about 2.1,
for this case, the hole density in the P region would be
actually twenty-one times the electron density in the
N region.

From this example it appears that if the P region is
much lower in resistivity than the N region, and the
diode is forward biased, that the current will be pre-
dominantly due to holes flowing from the P region into
the N region. The reverse flow of electrons from N
to P will be small, contributing little to the forward cur-
rent across the junction. These holes ultimately disap-
pear by combining with electrons. By itself this would
represent a “disappearance™ of charge which would
violate the conservation law. Therefore an electron
must be supplied by the external battery for each hole
neutralized in the body of the crystal. This means that
conventional current flows out of the N region and into
the P region.

In an analogous way, when the N region is much lower
in resistivity than the P region, the current across the
junction will be predominantly due to electrons flowing
from N to P. The result is that conventional current
flows into the P region and out of the N region. Note
that for either the PN or NP forward-biased diode,
current flows into the P region and out of the N region.

On reversing the polarity of the voltage across the
diode, the condition is as represented in Fig. 3. In this
case, the majority carriers move away from the junc-
tion so that only the thermally-generated minority
carriers in each region move across the junction to
produce a very small current. In this case, the diode
presents a very high impedance. The presence of a
dipole of fixed opposite charges in the neighborhood
of the junction results in a capacity (depletion layer
capacity) which corresponds to the collector capacity
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of the junction transistor. Fortunately, the effect of
this capacity can usually be neglected at audio fre-
quencies,

Over a wide range of operating conditions, the current
voltage expression for a junction diode is given by

I = [(e?V/*T — 1), (3)
where
I =diode current®
I, = saturation current
"= voltage applied to the diode (effective at the
junction); positive voltage produces forward
current
k, g, T as previously defined.
P =
So 0 o -
<.

- | | I ) l |} i
Fig. 3—PN diode reverse-biased.

A number of methods have been developed for pro-
ducing PN junctions. The commercial process used is
identified by a significant feature such as,

(1) Double-doped grown junctions?
(2) Rate grown junctions?®
(3) Fused alloy junctions.®

Other methods such as vapor diffusion techniques,
and electrolytic etching and plating, show great promise
for the future. It is the feature of control in producing
PN (or NP) junctions which has made possible most of
the striking advances in semiconductor device de-
velopment. With these techniques alternating conduc-
tivity type zones can be produced such as PNP or NPN
in which the central zone is made quite thin. After
suitable mechanical and chemical treatments, these
structures are fabricated into junction transistors. It is
more than a superficial observation that the latter
configurations have the relationship of two PN diodes
back to back in the same crystal.

(GEOMETRY OF JUNCTION TRANSISTORS

In the first two methods listed for the production of
crystals with alternating conductivity types, a rod of
single crystal material about an inch in diameter is
produced. In the first method, a single NPN section

¢ The diode current is ideally independent of the applied voltage,
for a negative voltage greater than several times kT“/q.

7 (. K. Teal, M. Sparks, and 5. Buehler, “Single-crystal ger-
manium,” Proc. IRE, vol. 40, pp. 906-909; ;\ugug, 1952.

8 R. N. Hall, “Segregation of impurities during the growth of
germanium and silicon crystals,” Jour. Phys. Chem., vol. 57, pp. 836~
839; March, 1953. )

® R. N. Hall and W. C. Dunlap, “P-N junctions prepared by im-
purity diffusion,” Phys. Rev., vol. 80, pp. $67-168; September, 1950.
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(produced by two successive “dopings” of the melt as
the material is withdrawn from a crucible of molten
germanium) is cut from the rod and divided into bars
retaining the NPN configuration. The rate grown
method produces in succession a number of NPN sec-
tions in the same rod each of which is subdivided into
a quantity of small NPN bars. These bars are roughly
about 3/16 inch long and 1/16 inch on a side. The thick-
ness of the central zone is about 1/1,000 inch or less.

After mechanical and chemical treatments, low resist-
ance ohmic contacts are made to the two ends and to
the central zone. One end is collector terminal C, the
other end emitter terminal E, and the central terminal
is base electrode B. This type of structure is shown in
Fig. 4. For future reference the electrical symbol and
the corresponding vacuum tube analog is given.

The third method (fused alloy) is extensively used in
making junction transistors. The principle is to alter
the conductivity of a thin wafer of germanium in local-
ized zones on opposite {aces. (The wafer dimensions are
about 0.10X0.10X0.0025 inch.) This alteration is done
by fusing into the zones a doping agent of the opposite
conductivity type to that of the wafer. The depth of
penetration of the change in conductivity type is con-
trolled by time and temperature so that a thin unaltered
web (0.001 inch) of the wafer remains between the
altered regions to vield the NPN or PNP structure.

EMITTER

. EMITTER COLLECTOR E c

lBASE

Fig. 5—Representation of fused alloy junction transistor.

After chemical etching, ohmic connections are made to
the altered zones and to the body of the wafer. In some
designs the diameter of the collector zone is made larger
(0.030 inch) than that of the emitter zone (0.015 inch)
in order to improve the collector efficiency. The base
connection is made on the emitter side well outside the
altered area. Fig. 5 is a diagram of this type of junction
transistor. The electrical symbol indicates a PNP unit
which it will be noted has the head of the arrow on the
emitter opposite to that shown in Fig. 4 for the NPN
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unit. The arrow points in the direction for easy flow
of current. These structures are preferably mounted in
smal' hermetically-sealed cases with the terminals
brought out through a header.

ELECTRICAL PROPERTIES OF THE JUNCTION
TRANSISTOR

The first step in describing the electrical properties
of the transistor will be to consider the properties of
two separate diodes connected to form a two-terminal
pair network, as shown in Fig. 6. Before doing this,
however, it is desirable to introduce four parameters
which are useful in the characterization of transistors.

f N N P
=¥ — 1 ¥.%
I [ZEGEN <] Leo |
| —e J++|73 N 1~ + ++'—“
0# ""6‘t+..:+*—§ /l_+ +¥ =
= - Y +
121N = %%+
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Ve AT Ve
. : 1
J_C SL 3
=

Fig. 6—Two PN junction diodes back-to-back.

These parameters, called hybrid parameters, are bor-
rowed from classical linear network theory,' and will
be considered in greater detail in the following section.
Their definitions are as follows:

a Input IM PEDANCE with ac short-cir-
hy = — cuited output

o, ry=0

vy | Reverse transfer VOLTAGE RATIO
hy = —|, with ac open-circ uited input

6‘02 ll .0

91, Forward transfer CURRENT RATIO
hoy = —— with ac short-circuited output

611 gm0

diy Output ADMITTANCE with ac open-
hy = . circuited input.

2 | im0

It is understood that in general these parameters are
the slopes of functions describing the characteristics of
the transistor at an appropriate dc operating point.
This requirement is imposed for small-signal analysis.

The PN diode shown on the left side of Fig. 6 is
biased in the forward direction. A constant current,
I5 is assumed to flow across the junction. The diode on
the right is reverse biased by the voltage Ve.

Since no interaction can take place between the two
diodes, the input impedance of the combination (ter-
minals 1, 2) is that of the forward-biased diode alone,
and the output admittance (terminals 3, 4) is that of the
reverse-biased diode alone. By definition, the forward
resistance of the first diode is

Ve |

hy =
g |vemo.

10 E. A. Guillemin, “Communication Networks,” John Wiley &
Sons, New York, N. Y., vol. II, ch. 4; 1935.
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From (5)

- kT.
I = IgeVE/*T,

(eVE/RT 3> 1),

Differentiating this equation and solving for d Vg/dIg
=T

. kT ©)

= —=r,

11 q[E
Previously the reverse current of the diode was attrib-
uted to the presence of minority carriers near the
junction. Ideally this is the case, but in practical units
there is usually a leakage current across the junction
which may be larger than that of the back diffusion or
saturation current, Is. The surface leakage current,
Isy, varies directly with the applied voltage, Ve¢. In-
cluding the leakage current, the reverse current of the
diode is given by

—Is+ Iswy;
— Is+ gsiVe,

where ggs; is the conductance due to surface leakage.
In the following derivations let,

(eql’C/kT X 1)
(Ve is negative) (7)

Ico =

Iy =

dico
Ve = fco = §gSL.
The output admittance defined by,
dlc alco
1122 S =— = )
Ve lig-o  dVe
has the value,
1
hae = gco = — (8)

Tco

where r¢o is the ac leakage resistance of the junction.
With no interaction between the diodes, the forward
and backward transfer parameters are zero.

Ve
e
=0

alc
g oo

= (.

)

e =
TE=0

(10)

hay =

The next step in the synthesis of the transistor is
to bring the two diodes together so that they are in the
same crystal but with a single N region between two
P regions as shown in Fig. 7(a). .\ssume the emitter
diode junction (on the left) is so far from the collector
diode junction (on the right) that all of the injected
carriers recombine in the base region between junc-
tions.!! Consequently none of the input current will
appear in the output. The input impedance in this case

"' A minority carrier disappears by recombining with its opposite
entity. The interval of time for which an electron or a hole retains its

identity as a minority carrier is the lifetime of the carrier. Repre-
sentative lifetimes are 1 to 10 microseconds.
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is larger than in the preceding arrangement, because the
injected current must pass through more of the semi-
conductor to reach the base terminal, which, for prac-
tical reasons, is smaller and farther away from the junc-
tion than in the separate diode structure. This addi-
tional resistance is the series base spreading resistance,
ry’. For this case the input impedance is given by,

kT
= — 4 1.

11
ol (11)

By symmetry, the output admittance is slightly modi-
fied because the I¢o current must flow through a cor-
responding spreading resistance of value, 7', to reach
the base terminal. Since 7’ is common to the input and
output current paths it is convenient to consider it as
removed from the structure and placed in the external
connection to the base as shown in Fig. 7(b). An effect
which moderately alters the value of 7, can be con-
sidered as a perturbation of the value of r, and can be
introduced in series with ry’. The result of this artifice
is two-fold.

lo— W —o

N\ /’FV—I—“’—}—{
J

Ve A e
_Lz Re 4J_

1 e 5
T

(a) Base spreading resistance
within the crystal

R L—1=1co 3
—P \N / P 7-
T o/
VE 6rb' ~ VC VC
r
I S

(v) Base spreading resistance
treated as an external element

Fig. 7—Two PN junctions back-to-back in_the same crystal,
but widely separated

1. The base region can be assumed to be the same
potential throughout its length.

2. The effective potential across the collector junc-
tion, V¢', is to a good approximation, Vp,':at low
frequencies.

The output admittance for this case is to a very good
approximation,

al¢

hyy = ——

Ve | 1g=0 - Ve

= geo, (rco > 1y').

. 9co

(12)

The I¢o current flowing through 7’ produces a voltage
at the open-circuited input. The ratio of this voltage to
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the voltage at the output is the feedback voltage ratio
given by,

fb,

e = )
rco + 76

(13)

Since there is no transfer of current from input to out-
put, the forward current transfer ratio is nil, and

1121 = 0.

7
= geors -

(14)

The concluding step is to consider the case in which
the emitter and collector junctions are close together as
in the normal transistor, as indicated in Fig. 8. Fig. 8(a)
applies to the derivation of parameters ks and hyy;
Fig. 8(b) to the derivation of parameters hy and k.

P N P
78

. alg

T — >

‘ (1-a)xg - T
Ve , Ve
L e ¢l

Jf

(a) Determination of input impedance and
forwvard current transfer properties

P N P
Wt
U RS 3
o—9@ -~V [4 —
M MecMe /H'
Loll ve'
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(b) Determination of output admittance
and backward voltage transfer properties

Fig. 8—The PP NP junction transistor.

Two factors which affect the output current must be
considered now.

1. The primary function of the emitter is to inject
minority carriers (holes) into the base region most
of which will contribute to the collector current.
Since a few of the majority carriers of the base
(electrons) diffuse back into the emitter, emitter
current will have two components. The ratio of
injected carriers (holes) to total emitter current
(holes and electrons) is emitter injection efficiency
factor, gamma (v). This factor, the fraction of
emitter current which can contribute to collector
current, is usually slightly less than unity.

2. The injected carriers (holes) must diffuse across
the base region in order to reach the collector. In
doing so a small fraction recombine with electrons
and therefore do not reach the collector. The ratio
of holes collected to those injected is the transport
factor, beta (8). Both a magnitude and a delay
(phase shift) are associated with beta. At audio
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frequencies the magnitude is usually a few per cent
less than unity, and the phase can usually be
neglected.

The product of these two factors is an important param-
eter of the junction transistor. It is expressed by,

(15)

For frequencies up to at least 20,000 cvcles per second
this factor is usually indistinguishable from the short-
circuit current gain, alpha (a). With this reservation,
the forward current transfer parameter for this con-
nection is,

a = v8.

(16)

— hy = a=a.
2

The closeness of the collector to the emitter alters the
input impedance. Refer to Fig. 8(a). Most of the emitter
current goes to the collector (afg), so that only the
fraction (1 —a)lg will pass through the base spreading
resistance to the base terminal. As a result the previous
expression for the input impedance is modified to,

v
II“ =3 '1“ + (1 - a)rb'. (17)

qiE

The output admittance fy and the backward transfer
property of the junction transistor k. differ from the
values of the previous example because of space-charge
layer widening due to collector voltage, as described by
Early. [See Fig. 8(b).] In fused alloy junction transis-
tors (and to a lesser degree in grown units) an increase
in collector voltage causes the collector region to move
closer to the emitter, thereby reducing the effective
width of the base region. Narrowing the base width, w,
increases the probability that an injected carrier will
cross to the collector. As a result, alpha is increased by
an increase in collector voltage. This phenomenon
affects the output admittance so that it becomes,

oy = al¢ 26£1c0+a1g)
Ve ltrao Ve
Ja
= geo+ Ik e ge- (18)

The dependence of g. on emitter current and collector
voltage is shown in Fig. 16. It is noted that the collector
admittance increases linearly with emitter current, and
inversely with the collector voltage. The effect of gco is
to establish a conductance intercept for zero emitter
current.

Space-charge laver widening also affects the backward
transfer voltage ratio 2 in several ways. One effect
occurs because a base region change appears as a change

2 The intrinsic current multiplication property of the collector
junction is designated a;. For a conventional junction transistor
and for normal conditions, a; is taken as unity. The general expres-
sion for (15) is @ =vBa;.

13 7. M. Early, “Effects of space-charge layer widening in junc-
tion transistors,” Proc. [RE, vol. 40, pp. 1401-1406: November,
1952.
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in the open circuit input potential. This can be attrib-
uted to an incremental change in the spreading resist-
ance, dry’, such that a small voltage, due to the current
through it, is introduced in series with 7,’. This small
voltage is expressed as a fraction, ., of the collector
junction voltage. A\ second effect is due to the rela-
tionship between emitter and collector voltages given
in terms of the base width change by;
alg

(?VE Jow

Ve  ow Ve

Early has expressed this in the form,
Vg kT
ol e quw Ve

ow

HMec.

In addition to the above two terms, the output voltage
division contribution due to the current through r,’
must be included. The sum of these three terms gives the
backward transfer voltage ratio,

(19)

Thus by successive steps, using the analogy of the
transistor as two back-to-back diodes, the terminal
properties of the transistor have been obtained in terms
of the hybrid (k) parameters. Other parametric repre-
sentations can be used to specify the transistor. The
relationships between several of the generally used
representations will be developed in the next section.

e = g’ — o + tee

TraxsISTOR EQUIVALENT CIrRCUITS

The input and output terminal properties, and the
transfer characteristics of the device have been obtained
from a consideration of the physics of the transistor.
These properties are measurable quantities which can
be used in various electrical configurations in terms of
impedances or admittances or a combination of both, to
simulate the transistor. Any network which adequately
represents the electrical behavior of the device is its
-equivalent circuit.

The point of view adopted in this paper is that while
measurements on the transistor are most effectively
made in terms of the hybrid parameters, in circuit
analysis it is often more convenient to use the open-
circuit impedance or the short-circuit admittance param-
eters. Since there are a number of technical articles
dealing with the development of the latter two equiva-
lent circuits,” it will be the purpose of this section to
show the interrelationships between the hybrid parame-
ters and the impedance and admittance parameters.

Considering the transistor as a three-terminal device
(since two terminals coalesce), it can be represented as

4 L. C. Peterson, “Equivalent circuits of linear active four-termi-

xllglélctwmks," Bell. Sys. Tech. Jour., vol. 27, pp. 593-622; October,
18.

R. M. Ryder and R. J. Kircher, “Some circuit aspects of the
transistor,” Bell Sys. Tech. Jour., vol. 28, pp. 367-400; July, 1949,

L. J. Giacoletto, “Junction transistor equivalent circuits and
vacuum-tube analogy,” Proc. IRE, vol. 40, pp. 1490-1493; Novem-
ber, 1952,
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shown in Fig. 9. The conventions for terminal currents
and voltages are as shown. It should be kept in mind
that any one of three ways of connecting to the transis-
tor may be included in this representation. The transis-
tor terminal which is common to the input and output
designates the connection; viz., common base, common
entitter, common collector. When a specific circuitry is
discussed, the common base connection will be used.
Equivalent circuitry for the other two connections can
be derived by parallel methods.

Ml Tl el
'f_ REPRESENTING T
TRANSISTOR

i v;
s | s [

Fig. 9 Generalized representation for the transistor.

Using hybrid parameters, the terminal conditions
are given by the following two equations.

iy + Inevs
]Iglil + Has0s

2202,

N =

. (20)

1 =
where the h coefficients are as defined in the previous
section.

The merit of the hybrid parameters is due to their
compatibility with the low input and high output im-
pedance properties of the transistor. These measure-
ments are made using the common base or common
emitter connection where the input impedance is very
low, and the output impedance is very high. The input
impedance and the output admittance (instead of im-
pedance) can be obtained with conventional measuring
equipment for the conditions imposed at the terminals
for the hybrid parameters.

ate
(£) L MecVe' - v+ (9]
' —£, N «— Ve —o 3
AM——) Vv
+ ' P B N 3 N
Lo—t® 1 IR LS
"Ce UpeVe
Ve $ be Ve Ve
ro
Ls Al
° )

1
h11b - x-e0(1-u)rb
h = .a® g h,

21b 22

Fig. 10-—Hybrid parameter equivalent-T circuit representation
for the common base connection.

When hybrid parameters are used in analyvsis they are
generally introduced into an equivalent T or an equiva-
lent 7 network. The confguration used in the previous
section leads to a common base equivalent T network
as represented in Fig. 10 for small signal ac conditions.
The collector capacity, C,, which does not affect the low-
frequency (audio) performance is shown in phantom.
At higher frequencies this capacity, and a capacity at
the input (also shown in phantom), must be considered.
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The synopsis on this figure shows the equivalence
between the expressions for the hybrid parameters given
heretofore and those for the corresponding equivalent
circuit elements. The elements, r,and r. are respectively
the ac forward and reverse resistances of the emitter
and collector junctions. The latter includes the leakage
resistance. The base spreading resistance is as before,
r’. The two generators, u.. V¢’ and . V' are introduced
by the space-layer widening effect previously discussed.

In the discussion of this effect it was noted that an
incremental increase in collector junction voltage caused
an incremental decrease in the effective width of the
base region.! This has two effects:

The base spreading resistance r,’ shows an incre-
mental increase. This incremental resistance
change multiplied by the current through it is
equivalent to a small emf (u.V¢') in series with

The polarity of the emf shows the nature of
the incremental change.

2. Narrowing the base width has the effect of produc-
ing more collector current for the same emitter
current. This effect is as though a small emf
(e Ve') were inserted in the emitter branch so
poled that a lower net emitter potential is required
to maintain the same emitter current. The polarity
shown in Fig. 10 is appropriate for a PNP unit.

The magnitudes of the terms V' and V¢’ are very
small.’® It will be noted that as /¢’ is reduced the values
of these terms diminish. At audio frequencies the voltage
drop across the collector junction, V¢', is slightly less
than Ve, the external potential. At higher frequencies
the shunting effect of the collector capacity reduces the
value of V¢’ so that the above em{'s become negligible.
For this equivalent circuit, the infinite impedance cur-
rent generator, ai., provides the short-circuit current
when terminals 3, 4 are shorted. Operating on the termi-
nals of this circuit as required for hybrid parameter
measurements, the values of k1, h12, hay, h2e are obtained
as shown.

Probably the best known equivalent circuit repre-
sentation for the transistor is by the “open-circuit”
impedance parameters. This also leads to an equivalent
T network for the transistor. Within the scope of this
paper, all impedance parameters are considered to be
resistive. The equations for the “open-circuit” resistance
parameters are,

v = ity + Tiale

. . (21)
Vo = oty + rale,
where
o Input /MPEDANCE with ac open-cir-
ry = 51 cuited output
1 | im0

15 This discussion is particularly applicable to the fused alloy
]unctmn transistor.
16 The value of e 1s of the order of 10~4, that of pu., 105, The

effect of pye V' can usually be neglected, even at very low frequencies.
It is chiefly of academic interest.
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an Reverse transfer IMPEDANCE with ac
he = —— open-circuited input

912 | im0

0vy | Forward transfer /IM PEDANCE with ac
ra = —| open-circuited output

911 | ipm0

a7y | Output /MPEDANCE with ac open-
ra2 = yi circuited input.

2 lij=0

The circuit determinant given by
(22)

A= rura — rpra

is often used to simplify lengthy expressions.

‘ (ru=ra) (ru-ra) i N
— (r2-ra) Vo
i l2

Mz V2

_Lz 4|

Fig. 11—Generalized equivalent-T circuit, resistance parameters.

From these equations, the generalized equivalent T°
network of Fig. 11 is obtained. The values of the
resistance parameters in terms of the hybrid parameters
are found by writing (20) in the form of (21) and com-
paring the coefficients. This gives,

hyzha
riay = Iy —
122
Mg
Ty = ——
1122
h2y
rey = — ——
has
1 (23)
Tag = —
llgz

With these values for the 7's, the corresponding
equivalent T circuit for the common-base connection
is obtained as shown in Fig. 12. Because of its impor-

re Lerm
Nv — N\, -u;r
T—- s '—T

_Lz 4_1_

l|cc
Fig. 12——Common base equivalent-T circuit.

tance, the collector capacity is shown in phantom, al-
though it is neglected at audio frequencies. The effect
of us. V¢’ can be neglected in obtaining the equivalent
circuit elements of this figure. However, u,. V¢’ cannot
be neglected because it can significantly increase the
value of the base resistance at low frequencies, as indi-
cated by the following equation relating the backward
transfer properties of Figs. 10 and 12,
iasry = iy’ + weVc

Ty = ry + Mecle. (24)

The second term on the right is appreciable at audio
frequencies because of the high value of r.. As the fre-
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quency of measurement is increased, the value of V¢’ is
reduced because of the shunting effect of the collector
capacity.l” At frequencies well above the audio range
(z. substituted for r.) r, approaches r,’. The value of
the equivalent circuit element, r,, is obtained by the
substitution, 7, =r. —7r=ar..

Following the same procedure, the four short-circuit
conductance parameters can be derived from the hybrid
parameters. The defining equations are:

1 = v, + 81202

1o = g1 + §2202. (25)

By the same algebraic method outlined for obtaining
resistance parameters, the conductance parameters are
obtained in terms of hybrid parameters as,

a1, 1
gn = - =
vy yn I
ail ]llg
£ vz | 10 iy
aig 1121
fn = (9'14'1 ] 1111
81 1112112
g22 = = = N22 — l (26)
2 | vy0 hy
' =92 3
: B = -1
Tl-o. ?l Lf‘: iz !
v, + ©@a-92)v; 5% v;
. 2 N
O 2l

Fig. 13—Generalized equivalent = circuit. Conductance parameters.

1 3 3
. — NV ¢_.-T
9] t2 |
vi % ImVi % V2
Lz Nl 4]
T2 — ri2
gt ge=fh = ——
21T £ £ R
T2
g2 = £2 3
m — e
toe=g = ———
£ 1T R 15 3
=gy = Tt
£ = £12 = £m 3

where
A = rure — rirn

Fig. 14—Equivalent = circuit; conductance parameters in terms of
open-circuit resistance parameters.

The resulting equivalent short-circuit ™ network is
shown in Fig. 13. This can be given by simple conduct-
ance elements as represented in Fig. 14,

In summary, it is noted that the transistor is char-
acterized by its terminal behavior as obtained by direct

17 The ge_nera] expression for collector impedance is: z.=r;/1
+preCe; p=j2.f; C.is the collector capacity shunting r..
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measurements. These measurements are for terminal
conditions defined by a set of parametric coefficients.
For accurate measurements the hybrid parameters are
preferred. Given a particular set of parametric coefh-
cients, those of the other two widely-used sets of
parameters can be derived.

OPERATING POINT AND TEMPERATURE EFFECTS!®

The elements in the transistor equivalent circuit are
dependent on the de¢ operating point, the operating
temperature and the frequency. The latter dependence
has been taken as negligible in this paper. In this sec-
tion the nature of the variation of the equivalent cir-
cuit elements with operating point and with tempera-
ture will be outlined. By taking into account these
relationships, the equivalent circuit can be adopted
over a wide range of operating conditions.

Variation of Parameters with Dc Operating Point

The physical significance of the equivalent circuit
elements, a, g., 7., 7, has been discussed. In the discus-
sion it was assumed that the value of each element was
measured at a particular d¢ operating point. (Transis-
tor specifications are frequently given at room tempera-
ture for an emitter current of 1 ma and a collector volt-
age of 4.5v.) The way an equivalent circuit element de-
pends on either current or voltage can be plotted as
shown in Figs. 15, 16, and 17 on the next page. With
such information the effect of changing the operation
point can readily be evaluated.

There are several points of interest regarding alpha.
It is noted that the current amplification factor, a,
increases rapidly (from a very low value) for the first
few microamperes of emitter current, and then ap-
proaches a relatively constant value less than unity at
high currents. The value of alpha is usually specified at
a particular operating point for emitter current and
collector voltage. This is the low frequency value of
alpha, designated ao. The frequency and phase proper-
ties of alpha, unlike the g, property of the electron tube,
must be considered for relatively low frequencies (above
the audio band)." In commercial units the values of
ap range from 0.900 to 0.990. In some special types of
units ap may have values lower than 0.900. The way
alpha varies with emitter current is representative of
the various types of junction transistors. Not illustrated
is the fact that alpha tends to increase slightly with an

1 R. F. Shea, Ed., “Principles of Transistor Circuits,” John Wiley
& Sons, Inc., New York, N. Y, ch. 3; 1953.
¥ The expression for alpha as a function of frequency is given by:
ag
a = —- =

. f

1+~

Sa

ao =zero frequency value of alpha

fo=the frequency of operation )

Tfa=the cutoff frequency of alpha (response of a, —3 db relative
to a).




118 IRE TRANSACTIONS—AUDIO July—August
F3 1.000 T 7T T T I T 0.50 -,'r T T T T T T T T
st | o
t  o.980 4 S | 0.45 —1 MEASURED
Sy | | ———— THEORETICAL (3V)
& - 0,960 [F— 4—-T--r—+ - oot — T T L |
28 [ jvg = s.5 L
Zg 0.940 i-—t—o—*——‘—&-l ! T — g 035 1 .* S - _= }v
B [ | §
2 0.920—f—T—T— 17 i ] £ 030'__’._},._5_ + +_
g L &
A4 1 1 ) 1 1 1 Il J 0.2
g 099 0.6 0.8 1.2 16 2.0 = 51 T
I; IN MILLIAMPERES & 0.20}— 2V
. o < 0.5 bt 1
Fig. 15—\ ariation of o with emitter current. [ 1 ‘
0.10 11
0,05 + = 4 =+ +
increase in collector voltage (space-layer widening ef- Eeog B S S S N S BN N
i 0 1.0 20 3.0 40 5.0

fect). This may be slightly more pronounced in fused
alloy junction units than in grown junction transistors.

The dependence of collector conductance on emitter
current and collector voltage has been referred to before.
Note that the conductance increases linearly with emit-
ter current. It should be kept in mind that there is an
internal capacitive effect in shunt with this conductance
which has been assumed to be negligible in this instance,
but which can become the dominant factor at sufh-
ciently high frequencies.

From the relationship previously obtained for the
emitter junction resistance, r.=k7/qlg, it is expected
that r, would vary inversely with the value of emitter
current. FFor an emitter current of 1 ma, the value of
r. at toom temperature is approximately 26 ohms. The
value of r, is relatively insensitive to collector voltage.
As pointed out earlier, the equivalent circuit element,
s, is influenced by internal feedback. As a result widely
different values can be expected for the several types
of junction transistors. In general r, has values between
100 and 400 ohms for the usual operating conditions.
It is relatively insensitive to moderate changes in emit-
ter current and collector voltage.

FFor specific circuit design, detailed knowledge is
required concerning the values of the equivalent circuit
elements for the particular type of transistor selected.

Variation of Parameters with Tem perature

The performance of germanium transistors degrades
for temperatures exceeding 50 degrees C. The upper
limit of useful operation is in the vicinity of 100 degrees
C. Silicon is appreciably better temperature wise, the
high temperature limit being over 200 degrees . The
operation of the transistor at higher temperatures
is affected chiefly by the change in the saturation cur-
rent and in alpha, both of which increase with tempera-
ture.

The saturation current of the collector, I,, follows an
exponential law with temperature given by,

Uty = (L), (27)

where

T\ =lower temperature in absolute degrees
T.=higher temperature in absolute degrees
=temperature coefficiecnt (about 0.08 per degree
absolute for germanium).

Ig IN MILLIAMPERES

Fig. 16—Variation of collector conductance with emitter
current and collector voltage.

; |
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Fig. 17—Variation of r. with emitter current.

This law predicts that I, should double for each incre-
ment of 8.5 degrees C. (15 degrees F.) as the tempera-
ture increases. This is a remarkably consistent phenome-
na for germanium independent of the design of the
transistor. This law of variation is modified in consider-
ing the variation of I, with temperature by the effect
of leakage current which is very little affected by tem-
perature. Typical data for the variation of I, with
temperature is given in Fig. 18 for a unit with relatively
low-leakage current. For this unit I doubled with each
increase of 11 degrees . (20 degrees I°.). This change
with temperature is important especially in the common
emitter connection when I changes are multiplied by a
large factor to produce a correspondingly large change
in the collector current. As a result the operating point
can be altered appreciably by a marked change in tem-
perature. Various ways have been developed to provide
temperature compensation for I4. Since the saturation
current of silicon is of the order of 1/1,000 that of ger-
manium at 25 degrees C., it offers a marked advantage
in this respect even though the temperature coefficient
is somewhat larger than that of germanium.

The effect of temperature on alpha is important be-
cause, as will appear in the next section, alpha enters
into determining the input and output impedances and
the gain of the transistor. Increasing temperature moder-
ately increases alpha, but this increase is magnified in
the expression for the short-circuit current gain of the
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Fig. 19—Temperature dependence of (ao)/(1 —aq).

common emitter connection, a/(1 —a).*® The effect of
temperature on this factor is shown in Fig. 19 for grown
junction and fused alloy junction transistors. In some
double-doped grown transistors alpha can exceed unity
at high temperatures in which case instability may oc-
cur. The input and output impedances can also be
appreciably altered by a large increase in temperature.
Fig. 20, indicates on relative scales, the wayv the equiva-
lent circuit elements r,, r,, r. tend to change with tem-
perature.

A\ limiting factor in operation which cannot be repre-
sented by the equivalent circuit elements is that there
1s @ maximum voltage which can be applied to the col-
lector. For voltages in excess of the maximum, the col-
lector back resistance rapidly decreases as though the

20 This expression, and the corresponding expression for the com-
mon collector connection, is developed in the following section.

ance, and so it is included in the following section.

CIRCUIT ASPECTS AND OPERATING PROPERTIES?!

The behavior of a transistor differs most strikingly
from a pentode vacuum tube in that changes in the
terminal conditions interact on each other. As a result
more complicated analvtical expressions are required
to describe the transistor properties than those used
for the electron tube. Approximations can be made in
many cases which aid in obtaining simplified relation-
ships which are adequate for most designs. Because
there are a number of comprehensive articles available
in this field, the material of this section will be essential-
Iy a synopsis of the important analytical relationships
commonly used in single-stage transistor circuitry.
The three ways of connecting the transistor in a circuit
are examined and their significant features highlighted.
Fig. 21 (next page) gives a synopsis for the general case
of transistor for any one of the three connections in the
open-circuit impedance equivalent-T network.

Tne CoMMoON BASE CONNECTION

A typical audio amplifier stage is shown in Fig. 22(a)
which indicates a method for setting the dc operating
currents and voltages. This circuit can be represented

2t R. L. Wallace, Jr. and W. J. Pietenpol, “Some circuit properties
and applications of n-p-n transistors,” Bell Sys. Tech. Jour., vol. 30,
pp. 530-563; July, 1951.

“Principles of Transistor Circuits,” op. cit., ch. 4.
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Fig. 21—Synopsis of generalized open-circuit impedance I' network.

MAG =

T2 L Y S

’%ﬁ Rg "6 .
Vg
(——h'—4
ke 4 u |.l|l Rz |$1c
E.'—':E'Eg
(b)

Fig. 22—Single stage common base amplitier.

as in Fig. 22(b). Direct currents are designated by g,
I¢, Ik, and ac mesh currents by 1;, 72; ac currents at
the terminals are sometimes designated 1, 7., 7. The
equivalent-T networks are as shown in Figs. 23(a) and
23(b). for the open-circuit voltage generator, 7.,
and for the infinite impedance current generator, ai,,
respectively. These generators are related by the open-
circuit equality:

Tmle = arcl,

July—August
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Fig. 23—Synopsis of common base circuit.

The short-circuit current gain, which is designated as
alpha («) in this connection, is obtained from current
amplification equation (Fig. 23).

i e+ 7m
[ e g -2 (28)

i1l R =0
Alpha (a) and, @, should not be confused. Within the
scope of this paper they are indistinguishable, but at
higher. frequencies this may not be true. Very useful
approximations can be obtained from the exact ex-
pressions under the following conditions. In general the
base resistance, 7, can be neglected in comparison with
the collector resistance, 7.. The emitter resistance, r,, can
be neglected compared to (ro—7n), 7, or rm. Often the
load resistance, Ry, can be neglected compared to
(re=rm), e, O rm. The relationships of (28) are fre-
quently used. Limiting values for the exact expressions
are obtained with these assumptions, and by allowing
either R, or Ry to go to zero or infinity. The limiting
voltage gain results when R, =0and R;,= .

The dc emitter current, Ig, is set by the effective bias
voltage in the emitter base circuit, divided by the total
dc resistance of that mesh. By making the external
resistance much greater than the internal resistance of
the emitter to base path, the external resistance deter-
mines the value of the de emitter current. The dc col-
lector current [ is set when Ig has been determined.
The value of I¢g is either specified or found by measuring




the collector current at the operating bias, with the
emitter open-circuited.

Data is given in the following Table | to illustrate
typical numerical values for an NPN transistor in the
common base connection at a frequency of 1,000 cycles

TABLE 1

Measured 2
Parameters
b= 35 ohms
= 1.3X1073 (ratio)
haw= —0.91 (ratio)
ha, = 0.60 (umho)

Calculated r
Parameters (23)

Calculated ¢
Parameters (26)

ris=233 ohms giv= 28,000 umhos
rnw=217 ohms g1z =—3.7 umhos

raw=1.5 megohms | ggyp= — 26,000 umhos
ra=1.7 megohms | gow,= 4.0 umhos

per second, and for Jg=—1.0 ma, V,=4.5v. The sub-
script, b, on the parameters designates the common
circuit element (b=base) as the abbreviation for the
common base connection. The features of the common

base connection are:

1. It is suitable for working between a low impedance
source and a high impedance load. (Unlike the
vacuum tube the input impedance is very low.)

2. In this connection the current amplification is less
than unity.

3. Power gains of the order of 40 db can be obtained
between matched impedances, and appreciable
power gain can be realized for load resistances of
only a few thousand ohms.

4. The output voltage is in phase with the input
voltage. (This resembles the grounded grid con-
nection for a vacuum tube.)

5. The widest operating frequency range is obtained
with this connection. (The top frequency is at
present very much less than that of conventional
electron tubes).

6. It is necessary to use interstage transformers in
cascading common base stages in order to obtain
gain.

Fig. 24—Single stage common emitter amplifier.

Tue ComMmoN EMITTER CONNECTION

A typical circuit for this connection is shown in
Fig. 24(a) and (b). The equivalent-T networks and a
svnopsis of properties are given in Fig. 25. It is often
more useful to usea current generator instead of a volt-
age generator as the active element in the equivalent
circuit. The way this is done is indicated in Fig. 26. The
first two diagrams (a) and (b) relate the current and
voltage generators as functions of the emitter current.
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Fig. 25—Synopsis of common emitter circuit.
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Fig. 26—Current generator transformations,
common emitter circuit.

Diagrams (c) and (d) relate current and voltage genera-
tors as functions of the input (base) current. From the
relationship between the current generators of (a) and
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(d) and the value of the base current in terms of emit-
ter current, the current gain factor, b, is obtained. Note
the following features of this circuit connection.
1. A large current gain can be realized which has a
short circuit value of
a

b=——. (29)
1—a

2. The output impedance is reduced by the factor
(1 —a). 1t follows from (2) that the capacity shunting
re will be multiplied by the factor [1/(1—a)] as 7. is
reduced to (1—a)r.. This effect reduces the frequency
response inversely as the gain factor as compared to
the response of the common base connection. If the
frequency at which the response of a is reduced 3 db
in the common base connection is designated f,, and the
frequency at which the response of b is down 3 db in
the common emitter connection is designated f,, the
relationship between these two cut off frequencies is

fo= (1 — a)fa. (30)
For example: if  =0.980 and f,=1 mc.
fb = 20 kc.

This points up a limitation in the use of this connection
in which bandwidth is exchanged for gain.

The effect of the gain parameters is clearly brought
out by the relationships between the currents of the
transistor. These are given for both ac and dc¢ condi-
tions in Table Il and are independent of the transistor
connections.

TABLE 11

Ac Conditions Dc Conditions

i. = ai. Te = alg + Lo
iy =i — 4, Is = Ip— Ic
= (1 — a)i, =(l—=a)leg— 1o
i.=( ¢ )i,, Ic = «-"-)1,,+~~’ﬂ---
1—a 1—-a (1 —a)
, 1\, 0 I.o
= (1 . a)“’ =a-ota-u

In this connection the dc emitter current, /g, depends
on the value of the base current and on the value of a.
It is noted that I, also contributes to the value of Ig
because of the large multiplication factor [1/(1—a)].
When 7Ty 1s much larger than 1.4, Iz determines Ig.
The base current is given by the base to emitter voltage
divided by the mesh resistance. Again, if the external
resistance is much larger than the internal resistance,
the external resistance establishes the value of the base
current. The significance of temperature effects on a,
and 1,4, as discussed in the previous section can now be
fully appreciated in the light of the changes produced
by these effects in the ac and dc currents.

IRE TRANSACTIONS—AUDIO

July—August

Typical numerical values for this connection for the
transistor of the previous example are given in Table
IIT at 1,000 cycles per second and for I5=80 pamp.,
V.=4.5v.

TABLE 111

Measured & Calculated r Calculated g

Parameters Parameters (23) PParameters (26)
1. =500 ohms rie= 380 ohms gu.= 2,000 umhos
hype= 0.72X10™4 ripe= 16 ohms g12e=—0.14 umhos
(ratio)
hare= 7.8 (ratio) rare=—1.7 megohms gz,= 16,000 umhos
hose= 4.5 mmhos

ree= .22 megohms gp.= 3.4 umhos

Important features of the common emitter connection
are:

1. The input impedance is relatively low (of the order
of 1,000 ohms).

2. Power and voltage gains can be realized with a
relatively low load impedance (of the order of
1,000 ohms).

3. Large current gain is realized.

4. The frequency range is reduced inversely as the

gain factor.

. There is a phase reversal between the input and

output voltages.

6. The input and output impedances are very de-
pendent on the factor a.

7. Several stages can be effectively cascaded without
interstage transformers.

w

THE CoMMON COLLECTOR CONNECTION

A representative circuit for the common collector con-
nection and its equivalent diagram is shown in Fig.
27(a) and (b). The corresponding equivalent-T net-

Fig. 27—Single-stage common collector amplifier.

works and the synopsis of its properties are given in
Fig. 28. The equivalent circuit in terms of the base cur-
rent is obtained from Fig. 26(d), as shown in Iig. 29.
From this circuit, as well as from current amplification
equation, I'ig. 28, it is noted that the short-circuit cur-
rent gain, (R, =0) is

(31)
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and that the output impedance is reduced by the same
factor (1—a), as in the common emitter case. The same
limitation with respect to frequency results. An im-
portant property of this circuit is the relatively high
input impedance which can be developed by using a
high load resistance (input impedance equation, Fig.
28). Since no voltage gain is possible (voltage amplifica-
tion equation, Fig. 28) and the phase is unchanged,
this connection resembles the cathode follower connec-
tion for the electron tube.

Vi Y
1L |
{b)
ney =17rc—rInm
., = re r2'_"_=r(+’r"rm

‘e
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-
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N 4Ry R rc?
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0.G. =

Rimrodr — M = )
re+re—rm+ Ry

Output Impedance
re(re — rm)
rn +re + Ry

Fig. 28—Synopsis of common collector circuit.

Ro=retre—rn—

(b)

Fig. 29—Equivalent circuit generators for input current,
common collector circuit.

The significant properties of the common collector
connection are:

1. Moderate power gain realized by high current
gain.

2. No voltage gain.

Output voltage in phase with input voltage.

4. Much higher input impedance realizable for this
connection than for either of other connections.

5
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5. Operating frequency bandwidth reduced by the
increased current gain factor relative to that of the
common base connection.

6. Only current gain can be realized by directly
coupling these stages in cascade, the voltage gain
approaching unity.

PPROPERTIES \FFECTING FREQUENCY RESPONSE

Physical phenomena, discussed in the introductory
part of this paper, lead to the expectation that the fre-
quency response of the junction transistor will fall off at
much lower {requencies than is noted in well-designed
electron tubes. The controlling properties involve the
geometry of the transistor and the physical constants of
the germanium, modified by processing techniques.

One of the basic mechanisms limiting the frequency
response is qualitatively described as follows. The car-
riers of charge injected from the emitter into the base
region move by a process of diffusion which requires a
small but appreciable time for a carrier to complete the
journey to the collector. Because there is a dispersion
in the transit time for a group of carriers which started
at the same instant, they do not arrive at the same in-
stant. When this difference in the time of arrival be-
comes an appreciable part of a cvcle of the input excita-
tion, the dispersion causes some of the carriers to cancel
the effect of others at the collector, and frequency re-
sponse falls off. At higher frequencies the effect becomes
more pronounced, and the response continues to de-
crease as the frequency increases.

Identifving this property with the equivalent circuit,
this means that above a certain frequency, r,, and
therefore, a, starts to decrease for increasing frequency.
The frequency for which, a, has decreased to 0.707 of
its dc value is the cutoff frequency of the transistor, f,.
This frequency is inversely proportional to the square of
the base laver thickness. It can be measured in common
base connection from which corresponding cutoff fre-
quencies for the other two connections can be derived.

The frequency response of the transistor (asa voltage
amplifier) is also limited by shunt capacity effects at
both the emitter junction and the collector junction. In
terms of the equivalent circuit elements, this means
that r, and r. are each shunted by a capacitor. With re-
spect to the emitter junction, this effect can be reduced
by lowering the impedance of the driving source. Since
r, remains in series with the source impedance, the value
of ry ultimatelv determines the emitter cutoff frequency.

Collector capacitance can result in a cutoff frequency
appreciably lower than that expected from emitter cut-
off, or even the cutoff due to dispersion in transit times.
The effect of collector capacity is to shunt the series
combination of r, and the generator 7,7, in the equiva-
lent-T common base circuit. The equivalent circuits of
the common emitter and common collector connections
are correspondingly affected. The effect of higher fre-
quencies on the performance of the transistor will be
discussed in the next paper in this series.
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NoOISE PROPERTIES

Noise in junction transistors appears to be generated
by physical properties which are being improved as the
transistor is improved. Much study has been given to
methods for evaluating the noise produced by the
transistor.? In this respect, the noise figure is the most
satisfactory. This figure is the ratio of the signal-to-noise
for the ideal noiseless amplifier, to the signal-to-noise
for the actual amplifier having the same gain and band-
width and terminations. The noise figure of a transistor
amplifier depends on the input generator resistance, the
gain, the bandwidth and the dc operating point of the
transistor. For transistors the noise figure is usually
given in db per cycle of bandwidth at 1,000 cycles per
second. Noise figures still show an undesirably large
spread in values, but there are indications that a noise
figure near 10 db can be consistently attained. A noise
figure of 20 db appears to be representative at the
present time. These values are for an emitter current of
1.0 ma and a collector voltage of 4.5v. The noise figure
varies slightly with the source impedance in the vicinity
of a match with the input impedance, where it is mini-
mized. It is frequently improved by operating the
transistor at as low a collector voltage and current as
practical. Below 1,000 cycles per second, the noise
figure generally increases, and may be appreciably
greater at 100 cycles per second. The noise figure in-
creases again at higher frequencies when the gain of the
device falls off faster than the generated noise.

SPECIAL FEATURES

It is appropriate to close this review of the basic
properties of junction transistors by pointing out
several features in which it is markedly superior to elec-
tron tubes.

The first of these is that it is free from microphonic
effects, thus eliminating the need for shock mounting
or vibration isolation, so often required in vacuum tube
applications. The transistor is a “cold emitter” device,
and therefore no power corresponding to that for the
vacuum tube filament or cathode is required.

Other features can be brought out by a consideration
of the static characteristics of the junction transistor.
These are of great utility paralleling in this respect, the
use of vacuum tube static characteristics which they
resemble. A representative set of junction transistor
characteristics is given in Fig. 30(a) for the common
base connection. This shows the collector current, col-
lector voltage characteristics, with emitter current as
the parameter. The almost ideal nature of the family of
output characteristics is a feature not found in electron
tube characteristics. By amplifyving the co-ordinate
scales near the origin, as shown in Fig. 30(b) the low-

2 E. Keonjian and J. S. Schaffner, “An experimental investiga-
{)i:;l ?{);Eansistor noise,” Proc. IRE, vol. 40, pp. 1456-1460; Novem-

H. C. Montgomery, “Transistor noise in circuit applications,”
Proc. IRE, vol. 40, pp. 1461-1471: November, 1952.
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power performance capability is clearly illustrated.
This highlights an important feature of the junction
transistor which is that it can operate at maximum gain
with only a few microwatts of input power. The broken
lines across the characteristics are for constant power
dissipation in the unit of 10, 50 and 100 microwatts. For
these powers, a collector voltage of the order of a half
a volt can be effectively used. Class A operating effi-
ciencies of 48.5 per cent have been obtained with junc-
tion transistors where the theoretical limit is 50 per
cent. This brief résumé does not give a complete picture
of the static characteristics of the device as there is a set
of input characteristics which must also be considered in
large signal operation where input distortion is im-
portant.
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Fig. 30—Output static characteristics, common base connection.

Similar sets of static characteristics are obtained
for the common emitter and the common collector con-
nection with base current as the parameter. These are
generally less ideal than those of the common base cir-
cuit. More comprehensive discussions of the static
characteristics of the junction transistor and their uses
will be found in the next two papers of this series.”*

23 R, L. Trent, “Design principles of junction transistor audio
amplitiers,” Trans.-PGA (to be published).

2 D. R. Fewer, “Design principles for junction transistor audio
power amplitiers,” Trans.-’G- (to be published).




Summary—The variation of distortion with available parameters
for low level rc-coupled triode stages is investigated and, the pos-
sibility of minimizing second harmonic distortion utilizing signal-
source impedance and the nonlinear, noninfinite dynamic grid resist-
ance as an amplitude-correcting device, is explored and found to
warrant further consideration. Some data on distortion-level re-
producibility for randomly-selected tubes is presented and the limita-
tion of local feedback as a distortion reduction scheme is pointed
out. Variation of distortion with signal level is discussed and demon-
strated.

INTRODUCTION

N DISTORTION, as in any other measurable
I[ quantity, the engineering questions are: \What is

attainable? \What is reproducible? \What is the
effect of a tolerance margin on reproducibility? For
low-level audio-frequency work, the rc-coupled stage
is the accepted building block. I will center this dis-
cussion around four of the more widely used miniature
dual triodes in this type of service; since this discussion
is inherently a laboratory report, mention of the test
setup and measuring equipment is germane.

In Fig. 1, the GR oscillator is terminated in a 600-
ohm T pad to permit operations of the oscillator at
constant level and distortion. The UTC 1kc bandpass
filter is fed from the specified 10K source and termi-
nated in a 10K potentiometer. The lower end of the
“pot” is used as an output vernier in conjunction with
the stepped 7' pad. The measured signal distortion
was 0.035 per cent and was constant with level.

000 o
AN — - .

ure oc Fgpuece ~23/400 H
- - .27 / %5
1000 T o] )
— L JL _ __j.'] {
GR 8F0 [seus
TYPE 0044 “od ooz ?

-

C)
INSTRUMENT BOONTON
ELECTRONICS ftmtmrs CORP.
VTvM TYPE 458 MOOEL 62 (DC VTVM)
'GR wavE
ANALYSER
TYPE-7364
INSTRUMENT
ELECTRONKCS

VTVM TYPE 458

=

Fig. 1—Test setup schematic.

Since the rc stage as used is almost never fed from a
source within looking distance of being zero impedance,
we have included a series source resistor and will shortly

* Manuscript received March 8, 1955.
t United Transformer Co., 150 Varick St., New York, N. Y.
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find that it can play an important role in the net dis-
tortion measured in the output signal.

The rc stage has been set up so that all available
variables can be controlled. To eliminate any possibility
of interaction, the clements of the second triode have
been strapped together and tied to ground. The ac load
presented to the stage by the parallel combination of
the wave analyzer and VTV is 686K in parallel with
25 mmfd, a fairly typical value for a stage at this level.
The values of input and output coupling capacitors are
large enough and the values of input and output shunt
capacity are small enough to justify the neglect of their
effect at the 1,000 cycle frequency used throughout this
paper. The cathode bypass capacitor voltage rating
was selected to minimize the effect of capacitor leakage
current on the tube operating point. All curves will be
recorded at a constant 2v output unless otherwise
specified.

Using the 12AT7 and selecting a fairly typical set of
operating conditions (Ey, = 250v, R, = 500K, R, =100K).

Fig. 2 (next page) shows variation of second harmonic
distortion as source impedance is varied, Ry being the
independent variable. It can be seen for a sufficiently
large Ry, i.e., sufficiently negative grid, all curves
coalesce to a single value. Curve 2 is typical of the
measurements usually shown, a rc stage with its dc
operating conditions isolated by the coupling capacitors
and fed from low impedance source. At Rg=0, stage
bias is determined by the intersection of the grid
circuit load line with the e.—1, characteristic; this
bias point was at 0.78v for the tube used. With a low
impedance source, we can see a rather broad shallow
second harmonic null (D; min =0.40 per cent) centered
around a mean Ry of 1.4K ohms. In curve 3, the source
impedance has been raised to SK ohms, and the distor-
tion null is 6 db better than the best obtainable with a
low impedance source. For curve 4, source impedance
has been raised to 50K ohms; since this is typical of
many interstage values, it will be used as a comparison
standard. We can see a rather sharp null at 600 ohms
whose best value is 0.135 per cent, 9.5 db better than
the low impedance source value. Curves 5 and 6 are
for respectively 100K and 500K source impedances.
Distortion minima are respectively 6.8 and 4.6 db better
than that obtained from low impedance source.

Curve 1 represents a 12\T7 fed from a 600-ohm
source with a total grid circuit DCR 600 ohms, condi-
tions equivalent to transformer coupling. The second
harmonic null is now 18 db better than that obtainable
from a low impedance source. Final determination of
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Fig. 2—Second harmonic distortion with variation of source im-
pedance. Schematic per Fig. 1 with 12AT7. Ry =100K, Ey=250.

operating point will, of course, await an inspection of
third harmonic distortion and reproducibility.

At the bottom of Fig. 2 is a curve of I/l 1"0] , the avail-
able local feedback. \WWe can see that the net second
harmonic distortion using local feedback will be approxi-
mately constant as Ry increases. However, if we adopt a
criterion of maximizing the (40)(1 — Dr) product, which
is the raw material of any feedback amplifier, we shall
see that this is a losing battle indeed; since the net
second harmonic is roughly constant with increase of
local feedback (unbypassed Rg) any additional reduc-
tion of distortion must be accomplished in some over-
all loop.

Fig. 3 shows the variation in third harmonic distor-
tion corresponding to the preceding second harmonic
distortion. Minimum total distortion for curve 1, the
transformer equivalent condition is 0.056 per cent; for
the case of the 50K ohm source with the usual capacitor
isolation of the dc grid circuit the minimum for this
tube is 0.14 per cent (the best attained was 0.07 per cent
total harmonic at this value of source impedance as
will be seen later), while conventional biasing will
produce 0.40 per cent total harmonic for this tube.
An inspection of Figs. 2 and 3 will show that the worst
possible condition was obtained with grid leak bias
and high source impedance.

In the distortion curves of Figs. 2 and 3, the plate
load impedance has been held constant; we can assume
that gain and plate current (Fig. 4) variations should
be small for all curves. The cross-hatched area in the
gain curve of Fig. 4 represents the total variation in
measured gain, due in large part to waveform distortion
in the region of low cathode bias.
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Fig. 3— Third harmonic distortion with variation of source imped-
ance, schematic per Fig. 1 with 12\T7. R, =100K, E),=2350.
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Fig. 4—Gain and plate current variation of
conditions of Figs. 2 and 3.
FFrom the fact that the plate current is constant from
the region of grid leak bias practically up to the point
where grid current cuts off, we can conclude that

e. = iR, + i»R; = constant

in this region.

In Fig. 5, source impedance and load impedance
(R.=100K, Rs=50K) have been kept constant and
second harmonic distortion has been determined for
variation of Rg, Rk is again the independent variable.
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Fig. 5—\Variation of second harmonic distortion. Schematic per Fig. 1
with 12AT7. Rouce. =50K, R =100K, Eup=250.
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Fig. 6-—Gain and distortion variation with variation of R, schematic
per Fig. 1 with 12AT7. Riurce =50K, Es,=250.

Data was taken for an R, variation of S00K, 200K,
100K and 50K. Since the curves separate only in the
vicinity of the minimum point, the R, = 500K curve has
been drawn and the minimum points of the other curves
indicated. It will be seen that the second harmonic null
increases as R, decreases, an indication that we are
selecting a more favorable operating point on the e, —i.
characteristic. Within the limits of experimental error,
no variation in third harmonic distortion was recorded.
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Fig. 7—DPlate current variation for minimum second harmonic dis-
tortion. Schematic per Fig. 1 with 12AT7. Rucee =50K, Eu, =250,

The data for Fig. 6 was taken using a 50K ohm source
impedance, a 500K R, and an Rg selected to give
minimum second harmonic distortion at each data
point. For an R, variation from 10K to 1 megohm the
total gain variation, with constant Ey, was +1.65 db.
On the basis of a total distortion minimum, it can be
seen that the preferred operating range is somewhat
smaller ranging from approximately 60K to 200K ohm
plate loads. The rather small variations of ex and ecq
for minimum distortion operation are indicated in
“ig. 6.

In Fig. 7, a plot of 76 vs R, for the minimum distor-
tion condition shows good log-log linearity (5 per cent
error at R; =27K) from the straight line graph. The
straight line equation is found at the head of the graph.

So far we have seen an effect, to examine the cause
we must refer to Fig. 8 (next page). Fig. 8 is typical of
the simplified grid current component graphs available
in the literature (grid current and plate current are
drawn to different scales here). Considering the grid
load line indicated, the intersection of the grid load line
and the e, —1, characteristic (in the absence of any other
bias) will determine the grid operating point. With
cathode bias at the operating point the dynamic grid
resistance

de.

ry = —/—
d:c =K

in parallel with the grid leak and this combination in
series with the source impedance will, with fair accuracy,
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determine the actual signal grid voltage. As can be seen
from the e.—i. characteristic, r, decreases as e  goes
positive. The positive ion component of grid current,
in the miniature dual triodes considered, was of negligi-
ble importance; there was, therefore, no point of zero
slope (r, maximum) other than that encountered at
i.=0.

In Fig. 9, the mechanism of distortion reduction
through the use of source impedance has been indicated.
On the positive signal swing, 7, decreases, decreasing
the net signal voltage at the control grid, the predis-
torted signal is then amplified and undergoes compres-
sion on the negative half-cycle. If the operating point
has been judiciously chosen, the distortion reduction
previously noted is encountered.

In Fig. 10 (opposite), the sensitivity to R tolerance of
this distortion reduction (comparison standard sche-
matic values) has been investigated. To retain a 6 db
reduction of distortion total over plateau operation, a
variation of slightly more than + 35 per cent in R can be
tolerated. It is interesting to note that the gain varia-
tions are miniscule for the —30 per cent R, variation
from normal. The circled points are circuit response
with comparison standard valued components and
voltages.

In Fig. 11 (opposite), sensitivity to Ey and in Fig. 12
sensitivity to Ep have been investigated. In each case, a
variation of approximately 5 per cent in nominal still
resulted in 6 db distortion reduction. In Fig. 12, a sec-
ond harmonic minimum 6 db greater than that previ-
ously encountered was found at a 6.8 filament voltage.
We might expect, therefore, that some higher Gm
specimen might give us this greater reduction at normal
filament operating voltage. Further specimens of this
tube will be examined to determine reproducibility of
this phenomena from tube to tube.

At this point it might be desirable to stop and ask:
We have considered the effects of Ep and I, separately.
Consider an amplifier with unregulated plate and fila-

pat
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Fig. 9—Grid circuit cancellation of plate circuit distortion.

ment voltage where both are at the mercy of line varia-
tion. Can we predict the results that appear in Fig. 13
from a consideration of Figs. 11 and 12 (on the next
page)?

Fig. 13 shows circuit sensitivity to E line and under-
scores the fact that we are dealing with a path of opera-
tion on a three-dimensional envelope complicated
further by the effect of the nonlinear dynamic grid
impedance.

Figs.14 through 21 on thefollowing pages 130, 131, and
132, show distortion reproducibility for five randomly
selected tubes of each of the types considered—12AT7,
12AU7, 12AX7, 12AY7. Each type exhibits the same
distortion cancellation effect. The variation of second
harmonic distortion in the region of reccommended
operation is as follows in Table | below.

TABLE 1
Tube I Dtin/ D wax
12AT7 1:1.38
12AU7 1:1.23
12AX7 1:1.5
12AY7 | 1:1.27

A tabulation of conditions at the point of minimum
distortion is listed in Table 11 (next page) (R.=100K,
R¢=500K, Euw=250v, Riouree=>50K).

All previous measurements were made at a constant
output level of 2v; it is also of interest to see what
variation of distortion will occur with change of level.
Figs. 22 and 23 (page 132) show variation of second and
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Fig. 14—Second harmonic distortion variation for five randomly-
selected 12AT7 in schematic per Fig. 1. Ruource =50K, R¢=500K,
Ry =50K, Eu =250.

TABLE 11

[ Avail-
Tube ex e Ry D, D; Gain ’ [“1‘5’(!;'
FB-dh
12AT7 |

#1 1.00  0.04 600 | 0.135  0.045 | 43.4 2.55
#2 1.02 1 0.04 600 | 0.07 0.045 ‘ 38.5 2.15
#3 1 1.18  0.03 720 | 0.055  0.04 | 40.9 3.00
#4 1.10  0.02 670 | 0.055 | 0.04 | 12.5 3.20
#1 1.05 | 0.02 640 | 0.05 0.04 39.1 2.67

12A0°7 | |
#1 0.94 | 0.04 460  0.065 0.23 17.0 0.68
#2 0.69 0.03 330 0.065  0.13 17.8 0.58
#3 0.85  0.03 420 | 0.060  0.20 16.9 0.68
#4 0.98 0.04 490  0.065  0.19 17.6 0.91
#5 0.83  0.04 404  0.065 0.19 | 16.6 0.68

12AX7 |
#1 1.20 | 0.008 1000  0.06 | 0.02 | 53.5 5.00
#2 1.10  0.03 740 | 0.05 0.022 | 53.5 3.41
#3 1.12 1 0.03 1000 | 0.055  0.035 | 54.0 5.00
#4 0.86 0.02 1000 | 0.05 0.02 52.9 1.15
#5 1.12 | 0.02 1100 0.05 | 0.015 | 57.0 | 5.32

12AY7 ‘
#1093 0.01 590 | 0.035  0.025 @ 34.4 1.72
#2 1.05 0.01 635 | 0.05 0.025 | 32.2 | 1.86
#3 1.00 | 0.015 650 { 0.045  0.030 35.1 1.86
#4 0.95 | 0.015 400  0.030 | 0.035 | 34.4 1.66
#5 [ 0.98 | 0.005 550 | O 4 1.66

.030 | 0.030 34,

third harmonic distortion for output levels of 1v, 2v,
and 3v, with Rg again as independent variable. Predic-
tion of distortion change with level can very conven-
iently be made from the Taylor series expansion of plate
current evaluated at operating point. For single-ended
operation well below clipping level we may have:

t =TI+ ae, + belce+ - -

assuming ¢, = K, sin w!
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Fig. 15— Third harmonic distortion variation for five randomly-
selected 12AT7 in schematic per Fig. 1. Reuree =50K, Re=500K,
R =50K, Es=250.

i=1Io9+ AE,,sin wl + bE,.* sin* w!
+ CE, .2 sin® wt + - - -

bE,,
= er + "lEgm sin w! + —_5_ (1 — €OS Zwl)

E,.}
+C—4(35inwt—sin$w1)+---

bE,n? 3cE m™
=10+ 2 )+ aE,,.,.+—4 )smwt

bE,.. LR
— 5 )cosZwl—( q )sm3wl+---.

With small signals thisis in general a rapidly conver-
gent series; to a first approximation, since a>>c

2 b
Dy = —-— (——) Eym
ek, 2a

c
Dy=— = (—) E,2
Y AE,. <4a> ’

1.e.,
I)gaEy,,.aE,,,,.
Dol 0 E "
and except in the immediate vicinity of the distortion

null, there is rather good agreement with the measured
values of Figs. 22 and 23.
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Fig. 16—Second harmonic distortion variation for five randomly-
selected 12007 in schematic per Fig. 1. Ruuree =50K, R =3500K,
RL =50|\', E;,b=250.
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Fig. 18—Second harmonic distortion variation for five randomly-
selected 12AX7 in schematic per Fig. 1. Ryource =50K, R¢=500K,
R =50K, En=250.

Source impedance and nonlinear dynamic grid resist-
ance are shown to be available parameters for the
reduction of even harmonic distortion in low-level
single-ended stages. The sharpness of the second har-
monic null, demonstrated with a stage using a bypassed
cathode, broadens considerably when moderate amounts
of available local feedback are used. The null broaden-
ing is such that, with commercial grade components

Fig. 17—Third harmonic distortion variation for fve randomly-
selected 12AU7 in schematic per Fig. 1. Roure =30K, R =500K,
R, =50K, Eu,=250.

o1

DISTORTION %
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Fig. 19—Third harmonic distortion for five randomly-selected 12AX7
in schematic of figure. Rgpuree=50K, R,=3500K, R;=50K,
Eyy=250.

and commercial grade tubes burned-in past the 100-
hour mark,! or with the more closely controlled premium
varietv tubes, the possibility for successful commercial
use of this technique seems good.

1 C. D. O'Neill, “The effects of grid contact potential and initial
electron velocity on electron tube characteristics,” Sylvania Tech.,
p. 11; October, 1948,
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Fig. 20—Second harmonic distortion variation for five randomly-  Fig. 21— Third harmonic distortion variation for randomly-selected
selected 12AY7 in schematic per Fig. 1. Ryurce =50K, R¢=500K, 12AY7 inschematic per Fig. 1. Riouree = 50K, Rg =3500K, R, = 50K,

Ry =50K, E;»=250.
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Fig. 22—Second harmonic distortion variation with signal level. Fig. 23—Third harmonic distortion variation with signal level.
Schematic per Fig. 1 with 12AT7. Ryouree=50K, R,=500K, Schematic per Fig. 1 with 12AT7. Ryurce=50K, R,=500K,

Ry =100K, Ep,=2350.

Rr=100K, Ey,=250.
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