VOLUME 7 APRIL, 1919 NUMBER 2

PROCEEDINGS
of
Che Justitute of Radin
Eugineers

(INCORPORATED)

TABLE OF CONTENTS

COMMITTEES AND OFFICERS OF THE INSTITUTE

INSTITUTE NOTICE

TECHNICAL PAPERS AND DISCUSSIONS

A

. EDITED BY
ALFRED N. GOLDSMITH, Ph.D.

PUBLISHED EVERY TWO MONTHS BY

THE INSTITUTE OF RADIO ENGINEERS, INC
THE COLLEGE OF THE CITY OF NEW YORK

THE TABLE OF CONTENTS FOLLOWS ON PAGE 91



GENERAL INFORMATION

The right to reprint limited portions or abstracts of the articles, discus-
sions, or editorial notes in the PROCEEDINGS is ted on the express con-
dition that specific reference shall be made to the source of such material.
Diagrams and photographs in the PROCEEDINGS may not bé reproduced with-
out securing permission to do so from the Institute thru the Editor.

Those desiring to present original papers before The Institute of Radio
Engineers are invited to submit their manuscript to the Editor.

Manuscripts and letters bearing on the ProceEDINGS should be sent to
Alfred N. Goldsmith, Editor of Publications, The College of The City of New
York, New York.

uests for additional copies of the PROCEEDINGS and communications

dealing with Institute matters in general should be addressed to the Secre-

tl\?.ry, Yheklnstitut,e of Radio Engineers, The College of the City of New York,
ew York.

The PROCEEDINGS of the Institute are published every two months and
contain the rs and the discussions thereon as Ergsented at the meetings
in New York, Washington, Boston, Seattle, or Philadelphia.

Payment of the annual dues by a member entitles him to one copy of
each number of the PROCEEDINGS issued during the period of his membership.
Members may purchase, when available, copies of the PROCEEDINGS issued
prior to their election at 75 cents each.

Subscriptions to the PROCEEDINGS are received from non-members at the
rate of $1.00 per copy or $6.00 per year. To foreign countries the rates are
$1.10 per copy or $6.60 per year. A discount of 25 per cent is allowed to
libraries and booksellers. The English distributing agency is “The Electrician
Printing and Publishing Company,” Fleet Street, London, E. C

Members presenting papers before the Institute are entitled to ten copies
of the paper and of the discussion. Arrangements for the purchase of reprints
of separate papers can be made thru the Editor.

It is understood that the statements and opinions given in the PrRoceED-
INGS are the views of the individual members to whom they are credited, and
are not binding on the membership of the Institute as a whole.

CoryrigHT, 1919, BY
THE INSTITUTE OF RADIO ENGINEERS, 1nc.
TaE CoLLEGE oF THE CiTry oF NEW YORK
New York, N. Y.



CONTENTS

OFFICERS AND PAsST PRESIDENTS OF THE INSTITUTE

COMMITTEES OF THE INSTITUTE

INSTITUTE NOTICES: BOARD OF DIRECTION ANNUAL AWARD OF MEDAL
oF HoNoR; AND THE MORRIS LIEBMANN MEMORIAL PRIZE . .

H. J. Van DER BuL, “THEORY AND OPERATING CHARACTERISTICS OF
THE THERMIONIC AMPLIFIER"

STUART BALLANTINE, “THE OPERATIONAL CHARACTERISTICS OF THER-
MIONIC AMPLIFIERS"’ . . . . . .
Di1scUssION ON THE ABOVE PAPER

JoaN R. CarsoN, “A THEORETICAL STUDY OF THE THREE-ELEMENT
Vacuum TrBe” . . . . . . . . .

PaGE
92
93
95
97

129
162

187



OFFICERS AND BOARD OF DIRECTION, 1919
(Terms expire January 1, 1920; except as otherwise noted.)

PRESIDENT
GEORGE W. PIERCE
VICE-PRESIDENT
JouN V. L. HoGgaAN
TREASURER SECRETARY
WaRREN F. HuBLEY ALFRED N. GOLDSMITH

EDITOR OF PUBLICATIONS ,
ALFRED N. GoLDpSMITH

MANAGERS
. (Serving until January 5, 1921)
CartaiN Guy HiuL MAaJOR-GENERAL GEORGE O. SQUIER

(Serving until January 7, 1920)
ERNST F. W. ALEXANDERSON Lieut. GEORGE H. LEwis
CaprTaIlN EpwiN H. ARMSTRONG  MicHAEL L. PupIN
GEORGE S. Davis DAvID SARNOFF
Lroyp ESPENSCHIED JOHN STONE STONE

WASHINGTON SECTION
EXECUTIVE COMMITTEE

CHAIRMAN SECRETARY-TREASURER
MAaJOR-GENERAL GEORGE O. SQUIER GeorGeE H. CLaRrk,
War Department, Navy Department,
Washington, D. C. Washington, D. C.
CHARLES J. PANNILL
Radio, Va.
BOSTON SECTION
CHAIRMAN SECRETARY-TREASURER
A. E. KENNELLY, MELVILLE EASTHAM,
Harvard University, 11 Windsor Street,
Cambridge, Mass. Cambridge, Mass.
SEATTLE SECTION
CHAIRMAN : SECRETARY-TREASURER
RoBERT H. MARRIOTT, PuiLip D. NAUGLE,
715 Fourth Street, 71 Columbia Street,

Bremerton, Wash, Seattle, Wash.
92



SAN FRANCISCO SECTION

CHAIRMAN SECRETARY-TREASURER
W. W. Hanscowm, V. Fornp GREAVES,
848 Clayton Street, 526 Custom House,
San Francisco, Cal. San Francisco, Ca

H. G. AYLSWORTH
145 New Montgomery Street
San Francisco, Cal.

PAST-PRESIDENTS
SOCIETY OF WIRELESS TELEGRAPH ENGINEERS

JouN STONE STONE, 1907-8 Lee DE Forest, 1909-10
Fritz LOowENSTEIN, 1911-12

THE WIRELESS INSTITUTE
RoBErT H. MaRRIOTT, 1909-10-11-12

THE INSTITUTE OF RADIO ENGINEERS
Rosert H. MaRRIOTT, 1912 GREENLEAF W. Pickarp, 1913

Louis W. AusrtiN, 1914 JoHN STONE STONE, 1915
ArTHUR E. KENNELLY, 1916 MicuakeL 1. Purin, 1917

STANDING COMMITTEES

1919

COMMITTEE ON STANDARDIZATION

Joun V. L. HogaNn, Chairman . e Brooklyn, N. Y
E. F, W. ALEXANDERSON . . . .. .. Schenectady, N. Y.
CaprtaIN EpwiN H. ARMSTRONG . . .. . . New York, N. Y.
LovisW.AusTin . . . . . . . . . Washington, D.C.
A.A . CampPBELLSWINTON . . . . . . . London, England
GEORGEH.CLarg . . . . . . . . . Washington, D.C.
= WiLLiaM DUDDELL . . . . . . . . . London, England
LEONARD FULLER . . e . .. . San Francisco, Cal.
ALFRED N. GOLDSMITH . . .. .. . . New York, N. Y.
Capraix Guy HiLL .. .. . . Washington, D. C.
LESTER TsRAEL e e . . . . Washington, D. C.
FREDERICK A. KOLSTER .. .. . . Washington, D. C
LIeuTENANT GEORGE H. LEwIs . . . . Brooklyn, N. Y.
VALDEMAR POULSEN . . . Copenhagen, Denmark
GEORGE W. PIERCE .o . Cambridge, Mass.

J oBN STONE STONE .o .. New York, N. Y.
93



CaaRrLES H. TayLoRr
Roy A. WEAGANT . . . .. .
COMMITTEE ON PUBLICITY
DavID SARNOFF, Chairman . ...
JonN V., L. HoGaN
RoserT H. MARRIOTT
Louis G. PACENT
CHARLES J. PANNILL
RosERT B. WOOLVERTON

COMMITTEE ON PAPERS
ALrRED N. GoLpsMITH, Chairman .

E. LEoN CHAFFEE .

GEORGE H. CLARK .

MELvVILLE EASTHAM

Jonn V. L. HoGan

Sir HENRY NORMAN

WicHI TORIKATA

SPECIAL COMMITTEES
COMMITTEE ON INCREASE OF MEMBERSHIP

WARREN F. HuBLEY, Chairman .
J. W. B. FoLEy
Lroyp ESPENSCHIED
JonN V. L. Hogan
DAvVID SARNOFF

L

94

New York, N. Y.
Roselle, N. J.

New York, N. Y
Brooklyn, N. Y.
. Seattle, Wash.

New York, N. Y.

Radio, Va.

. Sa;n Francisco, Cal.

New York, N. Y
Cambridge, Mass.

. Washington, D. C.

Cambridge, Mass.
Brooklyn, N. Y.
London, England
Tokyo, Japan

. Newark, N. J.

. Port Arthur, Texas

New York, N. Y.
Brooklyn, N. Y.
New York, N. Y.



ANNUAL AWARD OF A MEDAL OF HONOR

BY THE BoARD OF DIRECTION OF THE INSTITUTE

By vote of the Board of Direction at the February 15, 1917,
meeting, there will be awarded annually a Medal of Honor of
The Institute of Radio Engineers under the conditions set forth
below. The medal, which has been designed by the well-known
sculptor, Mr. Edward Field Sanford, Junior, of New York, has
on its face a symbolic representation of electromagnetic waves
and the words: “INSTITUTE oF Rabpio ENGINEERs.” On
the reverse are a laurel wreath and the words: “To
In REecogNITION OF DiIsTINGUISHED SERVICE IN Rapro Com-
MUNICATION —————— (date).”

The medal will be awarded annually by vote of the Board
of Direction of the Institute at its April meeting to that person,
who, during the previous year (January thru December) shall
have made public the greatest advance in the science or art of
radio communication. The advance may be an unpatented
or patented invention, but it must be completely and adequately
described in a scientific or engineering publication of recognized
standing and must be in actual (tho not necessarily commercial)
operation. However, preference will be given to widely used
and widely useful inventions. The advance may also be a
scientific analysis or explanation or hitherto unexplained phe-
nomena of distinct importance to the radio art, tho the applica-
tion thereof need not be immediate. Preference will be given
analyses directly applicable in the art. In this case, also, pub-
lication must be in full and approved form. The advance may
further be a new system of traffic regulation or control; a new
system of administration of radio companies or of the radio
service of steamship, railroad, or other companies; a legislative
program beneficial to the radio art; or any portion of the oper-
ating or regulating features of the art. It must be publicly
described in clear and approved form, and must, in general, be
actually adopted in practice.

The method of awarding the medal is as follows:

1. At least 30 days before the April meeting, the Board
of Direction shall call, from a number of Members and Fellows
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of the Institute whom it may choose to consult, for suggested
candidates.

2. At the April meeting of the Board, those actually present
or voting by mail shall nominate at least one, but not more
than three candidates for the award, in order of preference.
The names of these candidates shall then be sent to each member
of the Board, and each member of the Board shall have the priv-
ilege of returning a vote for one candidate. Four weeks after
the April meeting, the ballots shall be read, and the candidate
receiving the most votes shall be awarded the medal.

3. The official presentation of the medal to the successful
candidate or his representative shall be at the May or June meet-
ing immediately following. The person awarded the medal
shall be privileged to indicate this fact in giving his titles and
honors in the fashion customary in learned and artistic societies:
thus—Mr. William Jones, E.E., Medal (or Award) of Honor,
Institute of Radio Engineers, 191-.

For 1917, the medal was awarded to Mr. (now Captain)
Edwin H. Armstrong in recognition of his work and publica-
tions dealing with the action of the oscillating and non-oscillat-
ing audion. For 1918, in view of the limitation of publication
brought about by war conditions, no award was made.

TIIE MORRIS LIEBMANN MEMORIAL PRIZE

The Board of Direction of The Institute of Radio Engineers, .
at its regular meeting held on February 5, 1919, accepted a gift
of $10,000 to The Institute of Radio Engineers, from an anony-
mous donor, himself a friend and member of the Institute, to
‘“preserve the memory of our late friend and fellow member,
Colonel Morris N. Liebmann, who has sacrificed his life in the
cause of our country.”

The principal of this fund will be preserved .in perpetuity
and the annual income derived therefrom only will be expended.
The present amount of this income is $425.00 per annum, and
is to be awarded each year on the first day of October (beginning
October 1, 1919), by a special committee appointed annually
by the Board of Direction, to that member of the Institute,
who, in the opinion of this committee, shall have made the
most important contribution to the radio art during the preceding
calendar year.

This annual award is to be known as the “Morris Liebmann
Memorial Prize” and it is hoped will act as an additional incen-
tive to the further rapid development of radio communication.
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THEORY AND OPERATING CHARACTERISTICS OF
THE THERMIONIC AMPLIFIER*

By
H. J. van pErR Bur, M.A,, Pu.D.

(WesTERN ELECTRIC CoMPANY, INCORPORATED, NEW YORK CITY)

I. INTRODUCTION

The three-electrode thermionic tube has been responsible
for a great deal of the recent rather remarkable developments
in the art of radio communication. In its most commonly
known form it consists of an evacuated vessel containing a hot
filament cathode, an anode placed at a convenient distance from
the cathode and a third electrode in the form of a grid placed
between cathode and anode. To discuss in detail the theory
of operation of the device in its various applications, such as
oscillation generator, radio detector, and amplifier would be
beyond the scope of the present paper. What I intend to give
here is merely its fundamental principles of operation, with par-
ticular reference to its application as an amplifier. The frame-
work of this theory was worked out in the winter of 1913-14
and formed the basis of a considerable amount of research and
development work that has since been done in this laboratory
on the device and its various applications.

A condition which is assumed in the elaboration of the views
expressed in the following is that the operation of the device
is independent of any gas ionization, or in other words, that the
current is carried almost entirely by the electrons emitted from
the hot cathode. It is, of course, to be understood that it is at
present impossible completely to eliminate ionization by col-
lision of the electrons emitted from the cathode with the residual
gas molecules. But the condition assumed can always be real-
ized practically by evacuating the tube to such an extent that
the number of positive ions formed by collision ionization is
always small compared with the number of electrons moving
from cathode to anode. This happens when the mean free path
of the electrons in the residual gas becomes large compared with

* Received by the Editor, October 28, 1918.
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the dimensions of the device. The pressure necessary for this
is not very low, and were it not for the gases occluded in the
electrodes and walls of the vessel, it would be a comparatively
simple matter to make the tube operate independently of gas
ionization. The energy liberated by the electrons striking the
anode, however, usually causes a sufficient rise in the temper-
ature of the device to liberate enough gas to increase the pres-
sure unduly.!

This is especially marked in the case of tubes handling large
amounts of power. It is, therefore, necessary to denude the
electrodes and walls of the tube of gases during the process of
evacuation. Furthermore, since the energy liberated at the
anode increases with the applied voltage, it is seen that this
voltage must be kept within limits depending upon the degree of
evacuation obtained. This is very important when using the
device as a telephone relay, as was recognized by Dr. Arnold
of this laboratory in the early stages of his experiments with
this type of device. As is well known to workers in this field,
it is difficult to keep a discharge steady and reproducible when
ionization by collision is appreciable, and steadiness and re-
productibility are conditions which must be complied with by
a telephone relay.

The success of the tubes developed by the Western Electric
Company is mainly due to the extensive study that has been
made of the bearing of the structural parameters of the device
on its operation. It is hardly possible to meet the requirements
of efficiency and satisfactory operation of the device without
an explicit mathematical formulation of its operation. A sat-
isfactory telephone relay must, for example, do more than
merely utilize the direet current power in its local circuit to
amplify alternating current power: it must faithfully reproduce
the incoming speech currents, it must also be capable of handling
sufficient power, and have a definite impedance that can con-
veniently be made to fit the impedance of the telephone line.
Since all these conditions depend on the structural parameters
of the amplifier, they will not be satisfied unless the amplifier
be properly designed, and so much distortion may be produced as
to make the device worthless as a telephone relay. On the other
hand, it has been found that by properly designing the amplifier
the above-named requirements can be met very satisfactorily.

"1 For a fuller explanation of the effect of gas, see H. J. van der Bijl,
“Phys. Rev.”, (2), 12, page 174, 1918.
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1I. CURRENT-VOLTAGE CHARACTERISTICS OF SIMPLE
THERMIONIC DEVICES

We shall not here enter into a discussion of the extensive

- investigations that have been carried out on thermionics, but

merely, for the purpose of elucidation, touch upon those

phases of the subject which have a direct bearing on the theory
of operation of the thermionic amplifier.

Consider a structure consisting of a heated cathode and
an anode, and contained in a vessel which is evacuated
to such an extent that the residual gas does not play any part
in the current convection from cathode to anode. The number
of electrons emitted from the cathode is a function of its temper-
ature. If all the electrons emitted from the cathode pass to the
anode, the relation between the resulting current I and cathode
temperature T is given by a curve of the nature shown in Figure
1. This curve is obtained provided the voltage between anode
and cathode is always high enough to drag all the electrons to
the anode as fast as they are emitted from the cathode; that is,
I in Figure 1 represents the saturation current. The saturation

Current to anode (I)

Temperature of Cathode
Fi1Gure 1

current is obtained in the following way: Suppose the cathode
be maintained at a constant temperature T; and the voltage
V between anode and cathode be varied. As this voltage V
is raised from zero, the current I to the anode at first increases,
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the relation between V and I being represented by the curve
0A, of Figure 2. Any increase in V beyond the value corre-
sponding to A; causes no further increase in I, and we get the part
A4,B, of the curve. Clearly this part of the curve corresponds

Ts
-8
A3
T2
v 8,
§ A2,
(V)
T

3 8
a A
° Arode Voltaga

FI1GURE 2

to the condition when all the emitted electrons are drawn to
the anode as fast as they are emitted from the cathode. If the
cathode temperature be increased to T, the number of emitted
electrons is increased, and we get the curve O A;B.. When
these values of the saturation current are plotted as a function
of the temperature, we obtain the curve of Figure 1. This
curve is represented very approximately by the equation
1 b
I=aT2eT, (1)
where @ and b are constants. This equation was derived by
O. W. Richardson in 1901* on the basis of the theory that the
electrons are emitted from the hot cathode without the help
of any gas, but solely in virtue of their kinetic energy. The
formulation of this theory was the first definite expression of
what may be termed a pure electron emission.
In the state in which Richardson’s equation holds the cur-

* “Proc. Camb. Phil. Soc.,” volume II, 285, 1901; “Phil. Tran=. Roy.
Soe.,” A, 201, 1903.
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rent is independent of the voltage. Under these conditions
the device to be treated in the following does not function as
amplifier or detector, since it depends for its operation on the
variation of current produced by variation of the voltage. In
this device the current established in the circuit connecting
filament and anode (that is, the so-called output circuit) by the
electrons flowing from filament to anode is varied by potential
variations applied between the filament and grid. The condi-
tion under which the current is a function of the voltage is rep-
resented by the part OA of Figure 2. Here the voltage is not
high enough to draw all the electrons to the anode as fast as they
are emitted from the cathode; in other words, there are more
electrons in the neighborhood of the cathode than can be drawn
away by the applied voltage. It was first pointed out explicitly
by C. D. Child in 1911 that this limitation to the current is due
to the space charge effect of the electrons in the space between
anode and cathode. The influence of space charge is something
which must always be considered where conduction takes place
by means of dislodged electrons or ions, such as the conduction
thru gases at all pressures, liquids, and high vacua. Assuming
that in the space only ions of one sign are present, Child deduced
the equation3.

3
=1 [2e V2 2
I= 9z \Nm 2 ( )

In this equation, which was deduced on the assumption that
both cathode and anode are equipotential surfaces of infinite
extent, I is the thermionic current per square centimeter of
cathode surface, V the voltage between anode and cathode, z
the distance between them, and ¢ and m the charge and mass of
the ion, respectively.

When the full space charge effect exists, the current is inde-
pendent of the temperature of the cathode. This can be under-
stood more easily with reference to Figure 3, which gives the
current as a function of the temperature of the cathode for various
values of the voltage between anode and cathode. Suppose a
constant voltage V; be applied between anode and cathode, and
the temperature of the cathode be gradually increased. At
first when the temperature is still low, the voltage V' is large

3C. D. Child, “Phys. Rev.,”” 32, 498, 1911. The space effect has been
fully studied by J. Lilienfeld (“Ann. d. Phys.,” 32, 673, 1910); I. Langmuir
(*Phys. Rev.”, (2), 2, 450, 1913), who also independently derived the space
charge equation (2) and published a clear explanation of the limitation of
current by the space charge; and Schottky (‘‘Jahrb. d. Rad. u. Elektronik,”
volume 12, 147, 1915).
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enough to draw all the emitted electrons to the anode, and an
increase in the temperature results in an increase in the current.
This gives the part OC; of the curve of Figure 3. When the
temperature corresponding to C, is reached, so many electrons
are emitted that the resulting volume density of their charge
causes all other emitted electrons to be repelled, and these return
to the filament. Obviously any further increase in the tempera-

Pigte Current

Catnode Tamperature

Fi1Gure 3

ture of the cathode beyond that given by C; causes no further
increase in the current, and we obtain the horizontal part C,D.
If, however, the voltage be raised to Vs, the current increases,
since more electrons are now drawn away from the supply at
the filament, the full space charge effect being maintained by less
emitted electrons being compelled to return to the filament. It is
now clear that the part OC of Figure 3 corresponds to the part
AB of Figure 2 and CD of Figure 3 to OA of Figure 2. The
latter represents the condition under which the thermionic
amplifier operates. .

It is important to note that the thermionic amplifier operates
under the condition characterized by the circumstances that
the applied voltage is not sufficiently high to give the saturation
current.
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II1I. AcTION OF THE AUXILIARY ELECTRODE

So far we have considered the case of a simple thermionic
device consisting of a cathode and anode. When a third elec-
trode is added to the system, the matter becomes more com-
plicated.

The insertion of a third electrode to control the current
between cathode and anode is due to de Forest.* De Forest
later gave this electrode the form of a grid placed between
cathode and anode.® About the same time von Baeyer® used
an auxiliary electrode in the form of a wire gauze to control
thermionic discharge. The gauze was placed between the
thermionic cathode and the anode.

The quantitative effect of the auxiliary electrode was first
given by the present writer.?

To get an idea of the effect of the auxiliary electrode consider
the circuit shown in Figure 4. F denotes the cathode, P the
anode, and G the auxiliary electrode which is in the form of a
grid between F and P. Let the potential of F be zero, and that
of P be maintained positive by the battery E, and let E, for the
present be zero. Now, altho there is no potential difference
between F and G, the electric field between F and G is not zero,

Fi1GURE 4

4 De Forest, U. S. Patent number 841,387, 1907.

§ De Forest, U. S. Patent number 879,532, 1908.

¢ von Baeyer, “Verh. d. D. Phys. Ges.,” 7, 109, 1908.

7H. J. van der Bijl, “Verh. d. D. Phys. Ges.,” May, 1913, page 338. In
these experiments which were also performed under such conditions that the
current was carried almost entirely by electrons, the source of electrons was
a zinc plate subjected to the action of ultra-violet rays. It is obvious that the
action of the auxiliary electrode is independent of the nature of the electron
source. Hence the results then found apply also to the present case.
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but has a finite value which depends upon the potential of P.
This is due to the fact that the potential of P causes a stray field
to act thru the openings of the grid. If the potential of P be Ep
the field at a point near F is equal to the field which would be
sustained at that point if a potential difference equal to v Ep
were applied directly between F and an imaginary plane coin-
cident with the plane of G, where 7 is a constant which depends
on the mesh and position of the grid. If the grid is of very fine
mesh 7 is nearly zero, and if the grid be removed—that is, if
we have the case of a simple valve—7 is equal to unity.
These results can be expressed by the following equation:

E,='YEB+€. (3)

Here ¢ is a small quantity which depends upon a number of
factors, such as the contact potential difference between cathode
and grid and the power developed in the filament, which is the
usual form of cathode used. It is generally of the order of a volt
and can be neglected when it is small compared with YE.p
Obviously the current between anode and cathode depends on
the value of E,.
Now, suppose a potential E, be applied directly to the grid
G, the cathode F remaining at zero potential. The current is
now a function of both E, and E,:
I=® (E, E.). (4)
Before determining the form of this function, let us consider
“in a general way how the current is affected by E, and E.. We
have seen that E, is due to the voltage Eg between anode and
cathode, and is less than Ej if the grid is between anode and
cathode, since in this case 7 is always less than unity. Under
the influence of E, the electrons are drawn thru the openings of
the grid and are thrown on to the anode by the strong field
existing between grid and anode. The effect of E, on the motion
of the electrons between F and G is similar to that of E,. Whether
or not electrons will be drawn away from the cathode depends
on the resultant value of E, and E,. If E,+E, is positive,
electrons will low away from the cathode, and if E,+E, is zero
or negative, all the emitted electrons will be returned to the
cathode, and the current thru the tube will be reduced to zero.
Now, E,+E_ will be positive: (1) when E_ is positive (E,is always
positive), and (2) if E. is negative and less than E,.
1. When E. is positive, some of the electrons moving toward
the grid are drawn to the grid, while the rest are drawn thru the
openings of the grid to the anode under the influence of E,.
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The relative number of electrons going thru and to the grid
depends upon the mesh of the grid, diameter of the grid wire,
and the relative values of E, and E.. When, for example, E,
is large compared with E,, the number of electrons going to the
grid is comparatively small, but for any fixed value of E, the
current to the grid increases rapidly withinereasein E,. Hence,
for positive values of E,, current will be established in the circuit
F G E,, Figure 4.

2. If, however, E. is negative and less than E,, as was the case
in the above named experiments of the writer, nearly all the
electrons drawn away from the filament pass to the plate, prac-
tically none going to the grid. In this case the resistance of the
circuit F G E, is infinite.

If, now, an alternating emf. be impressed upon the grid so
that the grid becomes alternately positive and negative with
respect to the cathode, the resistance of the circuit F G E,, which
may be referred to as the input circuit, will be infinite for the
negative half cycle and finite and variable for the positive half
cycle. If, on the other hand, the alternating emf. be super-
imposed upon the negative value, E,, the values of these voltages
being so chosen that the resultant potential of the grid is always
negative with respect to the cathode, the impedance of the
input circuit is always infinite.

Broadly speaking, the operation of the thermionic amplifier
" is as follows: The current to the anode we have seen is a fune-
tion of E, and E., or keeping the potential Eg of the anode con-
stant, the current for any particular structure of the device
is a function only of the potential on the grid. Hence, if the
oscillations to be repeated are impressed upon the input circuit,
variations in potential difference are set up between cathode and
grid, and these cause variations in the current in the circuit
FPR, the power developed in the load R being greater than that
fed into the input circuit. It is seen then that the device fune-
tions broadly as a relay in that variations in one circuit set up
amplified variations in another circuit unilaterally coupled with
the former.

IV. CURRENT-VOLTAGE CHARACTERISTIC OF THE THERMIONIC
AMPLIFIER
Equation (2) which gives the current to the anode as a func-
tion of the applied voltage in the case of a simple device con-
taining equipotential electrodes of infinite extent is of little use
in deriving the amplification equations of the thermionic ampli-
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fier. In the first place, the cathode in this device is not an
equipotential surface, but a filament which is heated by passing
a current thru it. Secondly, the insertion of a grid between the
filament and the anode so complicates the electric field distri-
bution that a theoretical deduction of the relation between the
current to the anode and the applied voltages between filament
and grid and filament and anode is difficult and leads to expres-
sions that are too complicated for practical use. I have, there-
fore, found it more practical to determine the characteristic
of the tube empirically, and found as the result of a large number
of experiments that the characteristic can be represented with
sufficient accuracy by the following equation:

I=«(E,+E.), (5)

where « is a constant depending on the structure of the' device.®
With the help of equation (3) this becomes

I=u (YEg+E, +¢). (6)

This gives the current to the anode as a function of the anode

and grid potentials, the potential of the filament being zero.

If a number of voltages be impressed upon the grid and anode,
we have generally

I=ua(Y YEg+YE +e)2 (7)
If, for example, an alternating emf., e s.n pt be superimposed
upon the grid-voltage, E., the equation becomes:
I=u(YEg+E +esinpt+te). (8)
It must be understood that equation (6) gives the direct
characteristic of the device itself; that is, Eg in equation (6) is
the voltage directly between the filament and the anode P
(Figure 4). If the resistance R be zero, Ep is always equal to
E, the voltage of the battery in the circuit EPRE, which is con-
stant. If B be not zero, the potential difference established
between the ends of R by the current flowing in it makes Eg
a function of the current. The effect of the resistance R on the
characteristic will be explained later. For the present we shall
confine ourselves to a discussion of the characteristic of the
amplifier itself. This characteristic can always be obtained
experimentally by making R equal to zero and using an ammeter
in the circuit FPER (Figure 4), the resistance of which is small
compared with the internal output resistance of the amplifier
itself.

® Altho this equation is sufficiently accurate when using the device as an
amplifier, its accuracy does not suffice for purposes of detection, since the de-
tection action is a function of the second derivative of the characteristic.
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A graphical representation of equation (6) is given in Figure
5. The curves give the current to the anode as a function of
the grid voltage E. for different values of the parameter, Ep.
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FI1GURE 5

Referring to equation (6) and Figure 5, we sec that the cur-
rent is finite for negative values of the grid voltage E., and is
only reduced to zero when

Ec= - (7EB+S).
Differentiating I (equation 6), first with respect to Ep, keeping
E, constant, and then with respect to E,, keeping Ej constant,
we get.:

I
aEB_za'y(vEB+E¢+e) =Q, (9
01 g (YEy+E+e) =8 (10)
gE, ~ “UNIIET RS, ‘

107



Hence
0
g =7 =constant, (11)

from which it follows that for equivalent values of Ez and E,,
a change in the anode voltage Ep produces ¥ times as great a
change in the current to the anode as an equal change in the
grid voltage E..

The output impedance of the tube is obtained from the
admittance K which is given by

_1 (a1
‘27— dEg

dt,

or putting in the value of —= from (9):
K= 2—] 2a% ('YEB+Ec+s+esinpt) dt.
T Jo

It is seen that aiEI_ is not constant but depends upon the

instantaneous value of the input voltage esinpt. This is also
obvious since the characteristic is curved. The admittance and
impedance, however, are independent of the input voltage, as
is seen readily by integrating the expression for K:
1 1
K™ 2a¥ (VEg+E,+¢) (12)
Comparing this with equation (9), it is seen that the impedance
can readily be obtained by taking the slope of the characteristic
at a point corresponding to the direct current values Eg and E,
at which it is desired to operate the tube.

Equation (12) can be expressed in a more convenient form
by multiplying its numerator and denominator by (7Y Eg+E +¢):

_ YEg+E +:

°" 2uY (YEp+Ec+e)?
which, with the help of equation (6) becomes

R, =EB+#5§IEc+e) ’ (13)

R,=

where
1

F’o=&' (14)

We shall see that g, is the maximum voltage amplification
obtainable from the device.
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Comparing (12) with (9) it is seen that R,=1/Q and there-
fore from (11) and (16) the slope of the I, E_-curve is given by

Ko
=Ie, 1
R, (15)
This constant is very important. It will be shown later that
the quality of the device is determined by the value of S, that
is, the slope of the curve giving the current to the plate as a
function of the grid voltage.

V. EXPERIMENTAL DETERMINATION OF THE CONSTANTS OF THE
TUBE AND VERIFICATION OF THE CHARACTERISTIC EQUATION

In order experimentally to verify equation (6) it is neces-
sary to know the value of the constants 7 and e« Both
these constants can be determined by methods which do not
depend on the exponent of the equation. The linear stray field
relation :

Ec='yEB+5; (3)
which is involved in equation (6) is also independent of the
exponent. The constants ¥ and ¢ can be determined and the

relation (3) tested as follows:
Let us assume an arbitrary exponent 8 for equation (6):

I=a (YEg+E +¢)’ (16)
Takine the general case in which both Ep and E, are variable,
we have:

dl _dI dEy 91
dE. QEsdE. OE.

Now
al B-1
EE'; =aﬂ'y ('YEB+Ec+5) '
gl{: =af (7E3+Ec+e)s_l.
Hence
AL B (VBB Ao <vf§%’+1)- (17)

Now, let I be constant, then
YEg+E,+<=0,
that is,
—E.=7Eg+¢=E, (18)
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or dBy_ 1,
dE. v
Integrating and putting 'ly equal to g, we get

EB, =EB+/‘0E¢. (19)

Equations (18) and (19) are, therefore, independent of the
exponent of (6). Equation (18) gives the case in which the cur-
rent has the constant value zero. It shows that E, in equation
(3) is simply the absolute value of the grid potential E,, which
suffices to reduce the current to the anode to zero when the
anode has a potential Eg. (The potentials are referred to that
of the filament which is supposed to be grounded.) Referring
to Figure 5, we see that equation (18) gives the relation between
the intercepts of the curves on the axis of grid potential E, and
the corresponding values of anode potentials Eg. This is the
method which I used several years ago to test the linear stray
field relation (3). The accuracy with which this relation is
obeved is seen from Figures 3 and 5 of my above mentioned
publication.?

The factor p,, which plays a very important part in the theory
of operation of the thermionic amplifier, can be obtained by
taking the slope of the curve giving the relation between Ep
and E, in accordance with equation (18). It can be more easily
determined with the help of equation (19), which gives the rela-
tion between the anode and grid potentials necessary to main-
tain the current at some convenient constant value. TFigure 6
gives results obtained in this manner. The linear relation
obhtained between Eg and E, verifies equation (19).

Another method of determining ., is with the help of equation
(11):

0 1

=" by . (11)
S is the slope of the curve giving the current to the anode as a
function of the grid potential, and @ the slope of the curve which
gives the current as a function of the anode potential. Sinece
both these slopes depend upon the anode and grid potentials
Eg and E., they must be measured for the same values of Eg
and E,. This method gives quite rcliable results but i1s not as
convenient as the one explained above.

s “Yehr. d. D. Phys. Ges.,”” above. For further experimental verifica-
tion of this relation when applied to the case in which the cathode consists
of a hot filament, see H. J. van der Bijl, “Phyz. Rev.”, (2), 12, 184, 1918,
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The most convenient method of measuring the amplification
constant p, is that recently given by Miller.!® The principle of
this method is the same as one that has been frequently used
in this laboratory where it is necessary to determine g, for a
large number of tubes. The circuit shown in Figure 7 is con-
tained in a box with terminals for the ammeter A and batteries
Eg and E,. The tube is plugged into a socket provided for it
in the box. It is seen from the previous paragraph that a voltage
in the grid circuit is equivalent to p,-times that voltage in the
plate circuit. Hence, referring to Figure 7, it is evident that
no change will be produced in the ammeter A on closing the

P S . . .
key K, if —=p,- For convenience in measurement r. is a
T2

fixed value of 10 ohms, and r; consists of three dial rheostats of
1,000, 100, and 10 ohms arranged in steps of 100, 10, and 1 ohm=
each. The rheostats are marked in tenths of the actual re-
sistances, so that the setting of the dials read the g, directly.
The drain of the battery E; is very small because the circuit is
only closed momentarily by the push button K. This battery,
therefore, consists of small dry cells inclosed in the box. Instead

10J. M. Miller, PRocEepING oF THE INsTITUTE OF Rapio Excr-
NEERS, volume 6, page 141, 1918.
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of using a direct current supplied by the battery Ei, an alter-
nating current can be used, in which case the ammeter A must
be replaced by a telephone receiver. The use of an alternating
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F1GURE 7

current has the advantage that it allows a simple determination
of the impedance of the tube according to the method given by
Miller. Figure 8 shows a photograph of the p,-meter with a
tube inserted in its socket. The rheostat R enables the filament
current to be adjusted to the desired value.

In order to test the characteristic equation (6) it is still
necessary to know the value of ¢. This can be obtained by
applying a convenient negative potential to the grid and keep-
ing it constant while observing the current to the anode for
various values of the anode potential. The grid being negative
with respect to the filament, no current could be established in
the filament-grid circuit. There should be no resistance in the
circuit FPE except that of the ammeter, and this should be
small compared with the internal output resistance of the ampli-
fier itself. Under these conditions the voltage of the battery E
is always equal to Ep, the voltage between filament and anode,
so that the observed values of current and voltage give the true
characteristic of the amplifier. From the curve giving the cur-
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FIGURE 8

rent as a function of the anode potential the value of the anode
potential can be determined for which the current is reduced
to zero. This potential, of course, depends upon that of the

grid. By putting I equal to zero in equation (6), and 7= !

Fo
we get e —(%+Ec>'
Once p, and ¢ are known, the current can be plotted against
o 1 2
the expression (ﬁ'! +E, -l-e) (20)
0
Figure 9 shows the results for one particular type of tube.
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In this case the grid had a constant negative potential equal to e.
Hence the current was simply plotted as a function of Eg. The
straight line gives the relation between Eg? and the anode cur-
rent. It is seen that the parabolic relation of the fundamental
equation (6) is obeyed with sufficient accuracy.!

VI. CHARACTERISTIC OF CirculT CONTAINING THERMIONIC
AMPLIFIER AND OuMic RESISTANCE IN SERIES

In discussing the behavior of the thermionic amplifier in an
alternating current circuit, we shall make two assumptions:

First. The alternating current established in the circuit
FPER (Figure 4) is a linear function of the voltage impressed
upon the input circuit F G E.,. This implies that the power
amplification is independent of the input. This is the condition
for an ideal amplifier.

Second. The thermionic amplifier shows no reactance effect.
This implies that if the amplifier be inserted in a non-inductive
circuit, the power amplification produced is independent of the
frequency.

No proof is needed to establish the validity of the second
assumption. The first is, however, not true except under cer-
tain conditions, and it remains to determine these conditions
and operate the amplifier so that they are satisfied. Let the
external resistance of the output circuit FPE (Figure 4) be zero,
and the resistance of the current-measuring device negligibly
small compared with the internal output impedance of the am-
plifier itself. TUnder these circumstances Eg, which denotes the
potential difference between filament and anode, is independent
of the current in the circuit FPE, and always equal to the voltage
E of the battery in the circuit. Hence, if the current be plotted
as a function of E,, the potential difference between filament and
grid, the parabola given by equation (6) and Figure 5 is obtained.
If, now, the potential of the grid be varied about the value E,
equal to ¢f (Figure 5), it is obvious from the curve that the
increase, ab, in current to the anode due to a decrease, oa, in
the negative potential of the grid is greater than the decrease
a’b’ in current caused by an equal increase, oa’, in the negative
grid potential. In this case, the output current consists of the
following parts: Let the alternating input voltage superim-
posed upon E, be esin pt then

I,=u(YEg+E . +<+esinpt)t (8)

" 1 For further results of these experiments, see “Phys. Rev.”, (2), 12, 186,
1918,
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Expanding this we get
I,=« (YER+E . +¢)"+2a (YEg+E.+¢) esinpt

+-‘£2e—2cos (2pz+x)+";. (21)

The first term represents the steady direct current maintained
by the constant voltages Eg and E. when the input voltage e
is zero (equation 6). The second term gives the alternating
output current oscillating about the value of direct current given
by (6). It is in phase with and has the same frequency as the
input voltage. When using the device as an amplifier, this is
the only useful current we need to consider. The first harmonic
represented by the third term is present, as was to be expected
in virtue of the parabolic characteristic. The last term, which
is proportional to the square of the input voltage, represents
the change in the direct current component due to the alternating
input voltage, and is the only effective current when using the
device as a radio wave detector. If a direct current meter
were inserted in the output circuit, it would show a current which
is greater than that given by equation (6) by an amount equal
to aTe , the last term of equation (21). This is the state of
matters when the device works into a negligibly small resistance.
If, on the other hand, the output circuit contains an appre-
ciable resistance,!? R, the voltage Ep between filament and plate
is not constant, but is a function of the ‘current, and an increase
in the current due to an increase in the grid potential sets up a
potential drop in the resistance R, with the result that Eg de-
creases, since the battery voltage E is constant. Ep is now
given by
Eg=E—RI. (22).
In order to obtain the characteristic of the circuit containing
the tube and a resistance R, let us substitute (22) in (8):

I,=a[Y(E—~RI)4+E.+c+esinpt]
and put YE+E.,4:=V. This gives
_1424YR (V+esinpt) =V 1+4uvy R (V+esinpt) ,
I,=-""7"-"="2=3""- - (23)
247 R?

12 The insertion of a suitable resistance in the output circuit to straighten
out the characteristic and so reduce distortion was, I believe, first suggested
by Dr. Arnold, who also showed experimentally that distortion is almost
negligible when the external resistance is equal to the impedance of the tube.




This expression can be expanded into a Fourier series:
<"l+2 27 R V—\/i.-i-‘;la')‘ R V)

207 R?
1,= +<1— ! )‘5 sin pt (24)
V1+4aYRV/YR
+ (_ l)n+l on :(2."_1) avuyn—-l Rr-1 en+lsinn+l pl
ni-_l(l+4 ay RV)2n+i T

From this it is seen that the rate of convergence of the series
increases as R is increased. Actual computations show that
when the tube is made to work into an impedance equal to or
greater than that of the tube the harmonic terms become
negligibly small compared with the second term of (24), which
is the only useful term when using the tube as an amplifier, so
that we can assume that the amplification is independent of the
input voltage.'®

When the tube works into a large external resistance it can
show a blocking or choking effect on the current. This is seen
from the following: The voltage Eg which is effective in draw-
ing electrons thru the grid to the anode is given by equation
(22). If now the current be increased, not by increasing the
electromotive force in the circuit FPR (Figure 5), but by in-
creasing the potential difference between filament and grid, the
current I increases, while E, the electromotive force in the plate
circuit, remains constant, from which it follows that Ep must
decrease while E,, the grid voltage, increases. The result of
this is that more electrons that otherwise would have come
thru the grid to the anode are now drawn to the grid. If the
input voltage becomes large enough the anode circuit FPR may be
‘robbed of so many of its electrons that no further increase in
current in the anode circuit results no matter how much the grid
voltage is increased. Under these conditions equation (24)
does not apply. Itsapplication is limited to the conditions stated
by equations (25) and (26).

Even if the series represented by the last term of equation

13 In this connection I want to point out that altho the parabolic relation
used here represents the characteristic of the tube with sufficient accuracy
when using the tube as an amplifier, and indeed with quite a good degree of
accuracy, as shown by the experimental curves, yet the approximation is not
close enough to represent accurately the second and higher derivatives of the
characteristic, a.udp therefore, too much reliance should not be placed on the
actual values of the several harmonic terms represented by the last term of
equation (24). This equation is merely intended to show, as it does, in a

general way how the insertion of a resistance in the output circuit of the tube
tends to straighten out the characteristic.
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(24) were zero, distortionless transmission can only be obtained
if the input voltage is kept within certain limits.

Let the input voltage, esinpf, be superimposed upon the
negative grid voltage, E. (Figure 5). Theoretically speaking,
one condition of operation is that the grid should never become
so much positive with respect to the filament that it takes appre-
ciable current, for if this happens the current established in the
grid circuit would lower the input voltage, and therefore the
amplification. In actual practice the extent to which the grid
can become positive before taking appreciable current depends
upon the value of the plate voltage and the structure of the tube.
We can therefore state that a condition for distortionless trans-
mission is ¢X| |E’,l+‘g|, where g is the positive voltage which the
grid can acquire without taking enough current to cause dis-
tortion. Another condition is that the input voltage must not
exceed the value given by df (Figure 5); otherwise the negative
peaks of the output current wave will be chopped off. Now cd is
given by YEg+¢. This is obtained by equating the current I
to zero in equation (6). We therefore have the conditions

Ie é.IEcI""lgl) (25)
le <|vEpte|-|E.]|,
or when the tube is working at full capacity—that is, when
operating over the whole curve,

e=|E. |+|g|=|vEg+e|—|E.| (26)

It may be remarked here that when using the tube as an
oscillation generator, these limits are not obeyed. From equa-
tion (12), it is seen that the impedance R, of the tube is inde-
pendent of the input voltage e sin pt. This is, however, true only
as long as the characteristic is parabolic. Referring to Figure 5,
if the input voltage oscillates about the value f, the slope of the
tangent at o is a measure of the impedance, in fact, it is », divided
by the impedance (equation 15). Since the characteristic is
parabolic, it follows that the secant thru bb’ is always parallel
to the tangent at o as long as oa =o0a’ (equal to the input voltage
e). The impedance can, therefore, be obtained by taking the
slope of the secant thru the maximum and minimum current
values. If now the tube works beyond the limits of the para-
bolic characteristic, such as along the curve OAB (Figure 2)
the slope of this secant does not remain constant for all values
of the input voltage, so that the impedance of the tube is not in-
dependent of the strength of the oscillations but increascs with
it, the minimum impedance being obtained when the oscilla-
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tions are infinitely small. This is what happens when the tube
operates as an oscillation generator. Part of the energy in the
output circuit is fed back to the input circuit, thus increasing
the strength of the oscillations in the output until the tube
works beyond the limits of the parabolic characteristic. The
impedance of the tube is thereby increased, and this increase
continues until the impedance acquires the maximum value
capable of sustaining the oscillations, consistent with the degree
of coupling used between the output and input circuits. It is
readily seen that the current obtained in the output is not a
single pure sine wave, but contains a number of harmonics as
well. The extent to which these harmonics influence the cur-
rent values obtained, when the latter is measured simply by the
insertion of a hot wire meter in the output circuit, which, of
course, measures the total current, depends on the degree of
coupling as well as the constants of the output circuit. These
considerations must be borne in mind when dealing with the
alternating current output power obtainable from an oscillation
tube. The only useful power is, of course, that which is due
to the fundamental.

VII. AMmpLIFIcCATION EQUATIONS OF THE THERMIONIC AMPLIFIER

On the strength of the two assumptions discussed in the
previous paragraph, namely, that the amplification is independ-
ent of the input and the frequency, it is possible to derive the
equations of amplification in a very simple way. Referring
to Figure 4, let the current in the external resistance R be varied
by variations produced in the grid potential, E,. Then, as was
shown in the last paragraph, Ep is also a variable depending on
the current 7, as shown by

Eg=E—RI, (22)
where E is the constant voltage of the battery in the output
circuit FPER. Hence

I1=9 (EBr Ec)y
from which

dl _ 81 dBy 31

dE. 3Eg dE.' JE.
This gives the variation of current in R as a function of the
variation in the grid voltage.

Substituting from (9) and (10),

daI _ d(E—RI)
dE‘—2a(7EB+Ec+e)<~/ dE. +1),
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that is,
al _ 2a (YEp+E.+¢) .
dE; 14-2a7 R(YE+E:.+¢)
Multiplying thruout by R, and putting 'Y="l we obtain by a

0

simple transformation

dI _ o R .
dE. R+EB+"‘;(f'c+5) (27)

Now, R-dI is the voltage change set up in the resistance R,
and d E, is the change in the input voltage. Hence equation
(27) gives the voltage amplification produced by the device, which
we shall call . Furthermore, it follows from paragraph IV.
that the output impedance of the amplifier is given by

_Eptr, (Ecte),
R,="PTF (13)
Hence the voltage amplification p is given by
_ R
“=R+r. (28)

From this equation it is seen that the voltage amplification
asymptotically approaches a finite value w,, which is attained
when the external resistance R becomes infinitely large com-
pared with the output impedance of the amplifier.

In order to find the power amplification it is necessary to
know the input impedance of the amplifier; that is, the imped-
ance of the circuit FGE, (Figure 4). Now, the amplifier is
operated, as was stated above, under such conditions that no
current is established in the circuit F G E.. The impedance of
this circuit is, therefore, infinite, and the power developed in it
is indeterminate.

In order to give the input circuit a definite constant resis-
tance, Mr. Arnold suggested shunting the filament and grid
with a high resistance. This can be considered as the input
resistance R;, of the amplifier. The input voltage is that de-
veloped between the ends of this shunt resistance.

If, now, e and e¢; represent the voltages established between
the ends of the output and input resistances R and R; respectively,
the power developed in R and R;is ;—; and %2. . Hence the
power amplification is

2 R
==, =p,2—1—$,




which, with the help of (28), becomes
MR R
T (R R @)
The amplification is, therefore, a maximum when R is equal
to R,.14
The power developed in R is
R
p= i8R 30
(R+Ro)* (30)
from which it follows, as was to be expected, that the power
in R is a maximum when the external output resistance R is

equal to the output impedance R, of the tube.
It is readily seen that the current amplification is given by

E= @)

from which it follows that the current amplification asymptoti-
cally approaches zero as R is increased, the maximum current
amplification being obtained when R becomes infinitely small
compared with R,.

Putting R=R, in (29) and R=0 in (31) and remembering
that the slope of the curve giving the relation between plate
current and grid voltage is given by

= ;‘3 ) (15)
we get for the maximum power amplification
7= "°4R‘ - (29a)
and for the maximum current amplification
£=R;-S. : (31a)

These equations show the important part played by the slope S
of the curve giving the plate current as a function of the grid
voltage. The factor S is equally important in the operation
of tube as an oscillation generator and detector. The slope
S is what was called by Hazeltine the “mutual conductance”
of the tube.!®

" The amplification equations are derived on the assumption that the

external output circuit of the tube contains only pure resistance. When the
circuit is reactive, as is common in practloe we can, to a first a| prommatxoni

substitute the effective mpedance for R in the equations. athematical
%oof for this is given by J. R. Carson, PROCEEDINGS OF THE INSTITUTE OoF
ADIO ENGINEERS, volume 7, number 2, April, 1919.

161, A. Hazeltine, PROCEEDINGS OF THE INsTITUTE oF Rapio ENai-
NEERS, volume 6, page 63, 1918.
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It is seen here that this quantity can be expressed in terms
of the two most important and easily determined constants of
the tube, namely, the amplification constant g, and the impe-
dance R,.

While the amplification constant depends only upon the
structure of the tube, the impedance, besides being a function
of the structure, depends also upon the values of the applied
voltages between filament and grid and filament and plate,
as is readily seen from the above equation. If the impedance
is determined as a function of the plate voltage, the grid voltage
being, let us say, zero, a curve is obtained somewhat like that
shown in Figure 10. If now it is desired to operate the tube

TuBR IMPEDANCE Ro

PLATE VoLTAGE B4
Ficure_ 10

with a definite plate voltage Ep and a grid voltage E, other than
zero, the impedance under these conditions can be obtained
from such a curve by adding &+ #, E, to Eg and reading off the
impedance from the curve at a value of the plate voltage equal
to Egtp, E,.
In designing a tube, the structural parameters are so chosen
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that the tube constants have definite values depending upon
the purpose for which the tube is to be used. Suppose it is
desired to design a two-stage amplifier set. Since the tube is a
potential-operated device, the voltage impressed on the input
of the tube must be made as high as possible, irrespective of
the value of the current in the input circuit. This is usually
done by stepping up the incoming voltage by means of a trans-
former, the secondary of which is wound to have as high an
impedance as possible. For the same reason when the output
current of one tube is to be amplified by another, the first tube
is made to work into an impedance or resistance which is large
compared with its internal output impedance. Such an arrange-
ment allows of a large voltage amplification being obtained from
the first tube. This follows from equation (28) which also shows
that when used as a voltage amplifier, the tube must have a
large amplification constant #,. Referring to equation (26),
however, it is seen that the larger g, is, the smaller is the input
voltage e that can be impressed on the tube without producing
distortion, provided that Ejg is fixed. When it is necessary to
use a two- or three-stage amplifier set, the incoming voltage is
generally so small that p, for the first tube can be quite large
and the plate voltage still not excessively high. But then the
voltage impressed on the second tube is much larger than that -
impressed on the first, and the second tube must be so designed
as to be capable of handling this voltage. If the first tube, forex-
ample, has an amplification constant equal to 40 and works into
a resistance four times its own impedance, the voltage on the
second tube is 32 times that impressed on the first. It is seen,
therefore, that unless the plate voltage on the second tube he
made very much higher than that on the first, the two tubes
must have entirely different structural parameters, if equation
(26) is to be satisfied in both cases. Such considerations show
that unless the tubes be properly designed and the plate voltages
correctly chosen to satisfy equation (26), there is a practical
limit to the number of stages of amplification that can be used.
If the limitations imposed by equation (26) are not taken regard
of, the process of amplification can result in a considerable
amount of distortion, which is a serious matter when using the
device for amplifying telephonic currents. When using it for
telegraph purposes, such as the amplification of radio telegraph
signals at the receiving station, the distortion produced results
in & waste of energy in harmonics.
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VIII. EXPERIMENTAL VERIFICATION OF AMPLIFICATION
EquaTioNns
The circuit shown in Figure 11 is not of the type customarily
used in practice, but was designed to test the equations devel-
oped in the previous paragraph. This type of circuit was
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Figure 11

necessitated by the following reasons. Referring to equation
(24), it is seen that if the input voltage esin pt is zero, the cur-
rent thru the tube is given by the first term of the equation,
which is larger than the alternating current term. For finite
values of esinpt, the resulting alternating current established
in the output circuit, which is to be measured, can not be sep-
arated in the usual way from this direct current with the help
of appropriate inductances and capacities, since then the meas-
ured amplification would be largely determined by the con-
stants of the circuit. On the other hand, it is not possible to
make the amplifier work simply into a straight non-inductive
resistance alone, since the direct current that would flow thru
the galvanometer is in most cases large compared with the out-
put alternating current, so that a galvanometer which would
be capable of carrying the direct current would not be sensitive
enough to measure the output alternating current with any
degree of accuracy. This was overcome by using a balancing
circuit shown in Figure 11. R and R,’ are two non-inductive
resistances stretched upon a board. Parallel to R, was shunted
a sensitive alternating current galvanometer, Gz, and a balancing
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battery B;. This battery was so adjusted that when no alter-
nating current input was applied to the tube, the current thru
the galvanometer was zero, that is, the direct current in the
output circuit went thru the resistance R;. This resistance
was large compared with that of the galvanometer; hence prac-
tically all the alternating current established in the output when
the input voltage was impressed, went thru the galvanometer
G:. The effective resistance into which the tube worked was,
of course, given by R. The input was varied with the help
of the resistances r; and r,.” The whole system was carefully
shielded and care was taken to avoid any effects due to shunt
. and mutual capacity of the leads and resistances. The input
voltage was varied from a few hundredths of a volt to several
volts and the frequency from 200 to 350,000 cycles per second.

Some of the results are shown in the following figures. Figure
12 shows the output voltage (that is, the voltage across the
external resistance R) as a function of the input voltage for a
frequency of 1,000 cycles per second. The linear relation indi-
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cates that the voltage amplification is independent of the input
voltage; hence also the power amplification is independent of
the input power. _
Figure 13 shows the results obtained when the voltage ampli-
fication was measured as a function of the external resistance R.
The circles show the observed values, while the curves were
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calculated from equation (28). It is seen that the agreement is
quite good. In this case the input voltage was 0.45 volt and the
value of m, for this tube, as measured by the direct current
method explained in paragraph V. was 10.2.

s //41‘/”

[ ] &

] 2 @ 4 5
Figure 13
#,=10.2, input=0.45 volt

In another experiment, the output power was determined
as a function of the external resistance. According to equation
(30) this should be a maximum when the external resistance R
is equal to the impedance R, of the tube. In this case the input
voltage e, was 3.55 volts, and p,=10.2. The impedance of the
tube was kept constant at 14,800 ohms. This was done by
always adjusting the plate voltage so that when the external
resistance was changed the current thru the tube was kept con-
stant. From the results given in Figure 14 it is seen that the
maximum occurs at R=15,000, which is very nearly equal to
the impedance of the tube. This result is in accordance with
equation (30). Furthermore, the maximum power computed
from equation (30) is 22.2 10~ watt, which is sufficiently close
to the observed value, 23 1073 watt, to verify equation (30).
This equation does not give the maximum power that can be
handled by the tube but merely the power developed in the
external resistance R for a given value of the input voltage e;.
The maximum power is obtained when the input voltage has the
value given by equation (26).
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The circuit shown in Figure 11 was used merely to test the equa-
tion derived in this paper. It is not suitable for practical pur-
poses where it is necessary to test a large number of tubes with the
speed and facility called forin practice. If the tube is to be used
as a voltage amplifier all that is necessary is a determination of
the amplification constant p,. The actual voltage amplification
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obtainable in any particular circuit can then be deduced from
equation (28). When the tube is to be used as a power amplifier,
a transmission test is used which is common in telephone prac-
tice. If it is desired to operate the tube as power amplifier in
a certain circuit, its amplification is tested in an equivalent
circuit which is arranged so that a note of, say, 800 cycles can
be transmitted either straight to a telephone receiver or, by
throwing a switch, to the receiver thru the tube and an artificial
telephone line, the attenuation of which can be adjusted until
the note heard in the receiver is of the same intensity for both
positions of the switch. When this is the case the amplification
given by the tube is equal to the attenuation produced by the
line. The attenuation can be computed from the constants of
the line and is usually expressed in terms of miles length of
cable of specified constants. This method of measuring and
expressing the amplification is convenient in practice. But it
must be remembered that this notation has very little meaning
and is apt to lead to confusion unless the constants of the cable
are definitely specified or previously agreed upon. It simply
means that the amplification is equivalent to the attenuation
which would be produced by so many miles of a certain sort
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of cable having a certain definite attenuation constant. Thus,
the current amplification produced by the tube can be expressed
in terms of length, d, of cable by the following equation:

d= K logy 2-
U

where K is determined by the attenuation of that cable. When
dealing with power amplification K must be divided by 2. .If
we adopt as standard the so-called “standard number 19 gauge
cable’” used by the Western Electric Company, the length, d,
is expressed in miles when the constant, K, has the value
K=21.13. The fact that this constant is already finding its way
into common vacuum practice would suggest its general adop-
tion when speaking of the amplification of a tube. On the other
hand, since the unit of measurement is not a cable but a con-
stant, it might have been more desirable to adopt for K the
simple value 20, which would have simplified computations.
However, the main point is that it is very important to have a
common agreement on the value of K.

The foregoing considerations show that the structural para-
meters play a very important part in the operation of the tube.
On them depend the constants 1, and R, which appear in the
amplification equations and which are involved explicitly and
implicitly in the fundamental equation of the characteristic
(equation 6). Proper structural design manifests many latent
possibilities of this type of device, and enables us to meet the
many conditions that must be complied with in order to obtain
satisfactory operation in its ever-increasing number of applica-
tions. By proper choice of the structural parameters, tubes have
been designed to have voltage and power amplification cover-
ing a wide range. A power amplification of 3,000-fold was found
possible with a single tube using a plate voltage of only 100 volts.
It is not difficult to obtain a voltage amplification of several
hundred fold, but in building tubes of such high voltage ampli-
fication regard must be taken of the increase in impedance with
increase in p,, as shown by equations (12) and (13).

Altho the simple theory of operation given in this paper
applies specifically to the case in which the tube is used as an
amplifier, it has also been of considerable help in designing
and developing vacuum tube oscillation generators and de-
tectors. The design of a good detector tube depends very
much upon operating conditions. The detecting qualities of
a tube can easily be increased by designing it to operate on
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comparatively high voltages. This is sometimes desirable in
radio stations where high voltages are available and it is desired
to use the heterodyne method of reception. On the other hand,
it is often important to use tubes of such design that they can
operate efficiently on low voltages and with small power con-
sumption. In this connection it may be said that detectors
have been designed to give satisfactory operation with two
volts on the filament and a plate voltage of 6 volts and less.
In the absence of any satisfactory way of expressing the efficiency
of a detector, it is unfortunately not possible to say just how
good such a detector is. The problem of measuring the detect-
ing efficiency will be reserved for a future paper.

The indebtedness of the writer is due to Mr. E. H. Colpitts
and Mr. H. D. Arnold for valuable advice and kind interest
which greatly facilitated the work; and to Mr. H. W. Everitt
for able assistance in carrying out the experiments.

SUMMARY: The theory of operation of the three-electrode thermionic
vacuum tube given in this paper is based on the fundamental equation of
the family of characteristic curves for various plate and grid voltages. This
equation, which may be written

I=a( 1 -ZE+ 3E.+ e)’

where E, and E, are the plate and grid voltages respectively, and @, #, and &
are the structural parameters of the device, is obtained empirically with the
help of the relation previously discovered by the author, which states that
the voltage between filament and plate bears a linear relation to the effec-
tive voltage produced by it between the filament and a plane coincident with
that of the grid. From this it follows that an electromotive force e impressed
upon the grid circuit produces an electromotive force i,e in the plate cir-
cuit. With the help of these fundamental relations the amplification equa-
tions of the tube are derived in terms of the structural parameters of the
tube and the constants of the circuit.

Methods are given for experimentally determining the constants of the
tube, the two most important of which are the amplification constant %, and
the internal output impedance.

Experiments are described which were performed to test these equations,
and they indicate that the first order approximation made give results suf-
ficiently accurate for amplification purposes.
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THE OPERATIONAL CHARACTERISTICS OF THER-
MIONIC AMPLIFIERS*

By
STUART BALLANTINE

(RApIO ENGINEER, NAVY DEPARTMENT)
INTRODUCTION

Remarkable strides have been made in the past few years
in connection with the definition and measurement of the opera-
tional constants of three electrode vacuum tubes. This has
given great impetus to the transition of the device from the
domain of the scientist to that of the engineer, with the
result that it is now possible to design intelligently vacuum
tubes for quite a variety of purposes. With the definition
of the tube constants well in mind, and with the aid of ap-
propriate methods for measuring them, we may proceed to
accumulate by careful research, data connecting the variation
of physical dimensions with the constants so defined, which will
serve adequately as a basis for later design work. For this
purpose, a very interesting course of procedure would consist
in holding the plate-filament distance constant and varying the
grid-filament space in small steps, plotting the constants against
the latter distance as an independent variable with the plate-
filament distance taken as a parameter. The information
accruing from an investigation of this sort is of the greatest
engineering value. Its accumulation has been made possible
by the definitions and methods of measurement that have been
developed by such workers as Hazeltine,! Langmuir,®2 Miller,?

* Received by the Editor, November 29, 1918. Presented before THE
INsTITUTE OF RADIO ENGINEERS, New York, December 11, 1918.

1Harzeltine, L. A., “Oscillating Audion Circuits,” PROCEEDINGS oF THE
INSTITUTE OF RADIO ENGINEERS, volume 6, page 63, 1918

*Langmuir, I., “The Pure Electron Discharge and Its Applications in
Radio Telegraphy and Telephony,” Proceepings oF THE INSTITUTE oF
Rapio ENGINEERS, volume 3, number 3, page 261, 1915.

3 Miller, J. M., “A Dynamic Method for Determining the Characteristics
of Three-Electrode Vacuum Tubes,”” PROCEEDINGS OF THE INSTITUTE OF
Rapio ENGINEERS, volume 6, page 141, 1918.
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Vallauri,® and van der Bijl.# The object of the present paper
is to display the general character of the variation of tube con-
stants with the variation of grid or controlling potential, and also
to describe additional methods for the measurement of three
very important constants.

CoNsTANTS OF VacuuM TUBEs

It may be of interest at the outset to enumerate briefly and
define the most important tube constants. This data is con-
tained in tabular form in Table I, the symbols and dimensions
being given together with the names of the persons to whom
their definition is due.

TABLE 1
Factor Defined by |Symbol] Dimensions

. . .. dE
Voltage Amplification van der Bijl M E_ETP
[

. dE
k T5p

Miller dE,

.. dE

Internal Impedance van der Bijl R, ‘—171’
14

Mutual Conductance Hazeltine g al,
dE,

. dl,

van der Bijl s dE,

- al,

(This Paper) [ dE,

. . . “ « d:1
Detection (without grid condenser) D 4 EJ;
. 0

. . 1] “ d_z_lﬂ. . tﬂl’
Detection (grid condenser) a dE;  dE,

4Van der Bijl

Thermionic Ampfiﬁer,” PROCEEDING8 OF

GINEERS, volume 7, number 2, April, 1919,

8 Vallauri, Professor G., “Sul Funzionamento dei tubi a vuoto a tre elle-
trodi audion, usati nella radiotelegrafia,” ‘“Estratto dal Giornale I’Elettro-
tecnica,” January 25, number 3, and February 5, number 4, 1917.
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COEFFICIENT OF VOLTAGE AMPLIFICATION.—This very im-
portant factor is an index of the relative effects on the plate
current, of the grid and plate potentials. Specifically it is the

ratio, g”. In Langmuir’s equation for the thermionic current
g9
in the plate circuit
I,=A (E,+k E,)"? (1)

it occupies a prominent place, the k being used as a coefficient
to the term E,, representing the grid or control potential. Dr.
H. J. van der Bi{l3 has represented the plate current by another
expression, as follows:

7

\:I' I,=a (YE,+E,+¢)* (2)

In this case,X is the coefficient of his extremely useful con-
ception of theMstray field” and it is obvious that its reciprocal
is of the same nature as the ¥ in Langmuir’s equation. The
value of the voltage amplification constant depends upon the
geometry of the tube, increasing as the ratio of the plate-filament,
grid-filament distances and inversely as the spacing between
grid wires. It is also dependent, as will be shown later, upon
the region of the characteristic surface in which operation takes
place. This latter relation would seem to make the utilization
of the term factor preferable to that of constant. The manner
in which the definition of this factor may be deduced from
Vallauri’s equation has already been indicated by Miller.

A method of measuring the amplification factor by means
of direct currents is outlined in Dr. van der Bijl’s paper; also
a very useful method has been described by Dr. Miller.?

INTERNAL IMPEDANCE.—The value of the amplification con-
stant being known, the hypothetical voltage operating in the
plate circuit may be calculated as a function of the controlling
potential on the grid. If there are no extraneous constants
in the plate circuit, the plate current may be calculated by
dividing this hypothetical emf. by a factor called the internal
impedance of the tube. If in the plate circuit other constants
are connected, the current may be calculated by the aid of a
simplifying theorem suggested by Miller which reduces the plate
circuit to a simple series circuit containing the plate resistance
tnternal impedance, the added constants in the output circuit,
and an operating emf. of value, E,=p E,. This simplification
is of great value since it places the design possibilities of the
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vacuum tube circuit on an equal basis with other branches of
electrical and radio engineering. It is at all times desirable
to design the circuit to fit the characteristics of the tube to be
used.

The internal impedance is of the nature of a pure resistance
at low frequencies. At radio frequencies, the plate-to-filament
capacity of the electrodes, partially subordinates the effect of
the internal impedance by acting across it as a branch circuit.
This is of particular moment in the design of resistance-coupled
amplifiers for short wave length ranges. Since the methods
of measurement generally used in determining the magnitude
of this factor are based upon audio frequency supply, it will
not be necessary to take this into consideration at this time.

The measurement of the internal impedance has been cov-
ered by the methods of van der Bijl amd Miller. The first of
these methods is based upon the fact that the internal impedance
is the slope, F‘I:P of the d.c. characteristic. It may, therefore,

»
be measured graphically from a plot of this relation, or by means
of direct currents. Miller’s method is a dynamic one, and is
swifter and more accurate. The equation for the computation
of R, from the adjustments, however, involves the factor a4 in
a very important place, which means that the precision obtain-
able depends upon the measurement of ». This is unde-
sirable, not only for this reason, but also because a direct meas-
urement of R, only cannot be made without first determining
the value of p by a separate balance. These objections are
not of a-serious nature, but are nevertheless to be considered in
the selection of methods for an extended research on vacuum
tube problems.

The writer has employed a dynamic null method for the
measurement of the internal impedance, which partially over-
comes the above objections and gives much better minima in
the indicating telephones. The circuital arrangement of appa-
ratus is shown in Figure 1.

This is virtually a Wheatstone bridge connection. The
audio frequency alternating current is introduced at the ter-
minals of the slide wire, B, R.. The resistance, R, may be made
adjustable if desired and for maximum sensitiveness should
be approximately equal to the internal impedance of the tube
under measurement. The internal impedance of vacuum tubes
may range from 5,000 to 500,000 ohms, and particularly at the
higher values it may be advantageous to employ resistances
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at R made by a spluttered film process. Specially wound
Curtis coils may also be used and may be depended upon to
be practically free from inductance. This matter becomes of
importance only for the higher audio frequencies. The method
of indicating the null point is of interest. In the writer’s set-up

” N

+

Ry

FiGure 1

a small resistance of known value was inserted in the balance
lead, the drop of potential being amplified by a two-stage vacuum
tube system. It was found that this arrangement gave audi-
bilities equal to those obtained with telephones inserted directly
into the circuit, and possessed the additional advantage of re-
ducing the extraneous inductance and resistance in the circuit to a
minimum. The effect of the telephones in the measurements
to be described was of the order of several per cent; for this
reason the complication seems justified.

The theory of the arrangement shown is very simple. The
alternating voltage, E, operating across the terminals of the
slide wire, causes two branch currents to flow, I, and I; as marked
in the figure. For the condition of silence in the telephones,
e and the current in the balance circuit containing the indicating
apparatus must be zero. This means that:

Re Il = R ]1 (3)
but '
E, _ E
I,= Rl and I.= RiR (4)
Substituting into (3) gives:
R. _ R
RitB: EAR ®)
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from which

-_— Rl
R~ 'R )

The computation of the internal impedance, R,, from this rela-
tion is very simple and involves nothing but the ratio % and
2
the resistance, R. The main advantage, as mentioned above,
of this method is the ability to obtain perfect null points. With
ordinary care in the distribution of conductors it is readily
possible to obtain balance points of a degree of ambiguity not
exceeding 0.2 of one per cent. The measurement under these
conditions becomes a matter of some precision.

Mvutvar CoNpucTANCE.—The ratio between the plate cur-
rent and the corresponding grid or control potential is of great
importance in determining the figure of merit of the device as
an amplifier and oscillation generator. As pointed out by
Hazeltine, it is of the dimensions of a conductance, and was
therefore termed the mutual conductance, and represented by the
symbol g. It seems to the present writer that the use of a symbol
of this sort, having general engineering utility is undesirable and
leads to confusion, and suggests the use of the Greek letter
“rho” (p) for this purpose. The mutual conductance is evi-
dently related to the other tube constants just defined by the
expression:

I
=% | (8)
and may, therefore, be computed from a knowledge of the fac-
tors involved. It is the slope of the ‘static’”’ characteristic of
the tube, plotted on the basis of I, versus E, (plate current
versus control potential). It may be evaluated graphically by
taking the slope of the tangent at any point on this curve. Since
this method is laborious and may easily lead to considerable
error, it may be better to measure the amplification constant
and internal impedance separately and compute the value of p
from the relation (5) above. While this is the better of the two
methods available, it is still an indirect one, and it is regrettable
that the measurement of this most important tube constant
should be accompanied by so much labor.

The writer has developed a dynamic method for measur-
ing p which retains the recognized advantages of null meth-
ods and possesses the additional one of giving the value
of the mutual conductance directly. The method becomes
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particularly simple if the slide wire, R, is calibrated directly in
terms of the mutual conductance represented.

DyNAMIC METHOD FOR THE DETERMINATION OF THE MUTUAL
CONDUCTANCE

The circuital arrangement of apparatus is shown in Figure 2.

FiGURE 2

The alternating current for the measurement is supplied to
the slide wire, R thru the primary, P;, of the transformer. This
may be of any frequency and may be supplied from an alternator,
vacuum tube or buzzer source of the type shown in the figure.
If the buzzer arrangement i¢® employed, it is usually necessary
to shunt the contacts with a large condenser in order to suppress
undesirable harmonics tending to distort the secondary current
from the true sine form. The leads to the apparatus from the
generator should also be covered with metal sheathing and
thoroly grounded, and also arranged so that the induction into
the grid circuit will be at a minimum. The core of the trans-
former and the filament circuit of the tube are inter-connected
and grounded in order to minimize residual sound at the balance
point.

In the circuit shown, the input and output circuits of the
tube are coupled by means of the toroidal core transformer,
P, P, 8, to a tertiary circuit containing the indicating apparatus.
The theory of the arrangement is very simple.
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If the leakage in the transformer is negligible, as will be the
case if the core is a torus of the form shown in Figure 2, the
induction into the tertiary circuit from the grid circuit primary
will be:

E'=kt,1 (6)

where k is a constant of little interest. Similarly from the plate
circuit we have the induction:

E"=kt1, ()
If now, the windings are so connected that the two emfs. are
vectorially opposed, the resulting emf. operating in the circuit
will be:

E'—E'"=k(It,—-1,4) (8)

The indication being taken as the condition of silence in the
telephones (or amplifier) connected in this circuit, this state
of affairs leads to:

I tl=I P t‘l (9)
The value of the plate current depends upon the grid voltage
as indicated by the relation, I,=pE,, and

I,=PE,=pRI (10)
so that
and finally
-
=R (12)

which defines the value of the mutual conductance, p, in terms
of the resistance, R, across the-grid circuit. For practical
reasons, it is well to keep the value of R required for normal
measurements, at a low value of the order of 100-1,000 ohms.
This matter may be adjusted nicely by selecting a suitable
ratio ¢,/t;, such as, for instance, 10:500. If the ratio is kept
at a constant value, the relation becomes very simple, permitting
the calibration of the slide wire, R, directly in terms of p. The
method then becomes both swift and accurate and should be
particularly useful in connection with acceptance tests of vacuum
tubes intended for use as amplifiers and oscillators where a high
value of p is desirable. The latitude of tolerance may be marked
directly upon the slide wire thus reducing the mental labor of
such tests considerably. The whole matter then becomes a
mechanical proposition, and may be safely intrusted to inex-
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perienced opérators. Measurements on certain tubes by this
method will be described in a later paragraph.

DETECTOR CoNsTANTS.—In addition to its use as an amplifier
and oscillator, the vacuum tube has a distinct field of utility as
a detector of radio frequency oscillations. When used for this
purpose, two methods of operation are possible: (a) without
grid condenser but with biasing battery in the grid-filament
circuit, and (b) with grid condenser. The phenomena attending
the latter mode of functioning have been well described in the
classic paper by Armstrong® as well as in numerous other publi-
cations. ~

In general, when the grid condenser is omitted, operation
takes place upon a region on the characteristic surface

I,=¢ (Em Ep)

which is curved or bent, the indication in the telephones being
the result of a variation in the mean value of the plate current
due to the superposition of the radio frequency oscillations.
Two regions of operation are possible, as shown by the static
characteristic curves of Figure 5. It will be observed that the
second derivative of I, with respect to E, which determines
the curvature, becomes appreciable at two points. One of
these represents saturation and involves considerable space
current, the other occurs when the curve is leaving the axis,
I,=0. The latter region is usually the best operating point
on account of greater curvature.

The curvature of the static characteristic curve at either
of these points is a direct index of the detecting merit of the
tube. The truth of this proposition may be readily established
as follows:

Assume that the curve shown in Figure 3 represents the plate
current as a function of the grid or controlling potential, this
being the graph of some function:

I p=¢ (Ev) (13)
The operation is to be performed around some point on this
curve, such as E, marked in the figure. An increment equal
to Ae, is given the control potential, followed by an equal one
of opposite sign. We have then:

I,+AI,=¢ (E,+A¢,) (14)
In_A2Ip=¢ (Ea_Aeo)

¢ PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS, volume 3, num-
ber 3, September, 1915.

137



The response in the telephones is proportional to the variation
of the mean value of the change in plate current, or

AT, -AT,
—t—t (15)

FI1GTRE 3

from the steady state value, I,. For a given stimulus, Ae,
the rectification index is: ‘
AT,—A 1,
2AE, (16)

or is proportional to the difference in the slopes of the curve
at the points corresponding to the constraints of operation.
The function being continuous, assuming the increments to be
infinitesimal and going to the limit this ratio becomes:

a1

D=- "2 7

dE}? (17)
or for small variations of E, the rectification depends upon the
second derivative of the plate current with respect to the grid
potential. This, it will be remembered, is also the derivative
of the mutual conductance with respect to E,. The value of
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this differential is fundamental in determining the merit of the
device as a detector without grid condenser, and may be. called
the detector constant without grid condenser, and denoted by the
symbol, D. It may be readily determined graphically from
the curve of mutual conductance as a function of the controlling
potential, or computed from measurements of the internal
impedance and amplification constant at two points as close
together as possible. These methods are open to the objection
of being indirect, but a suitable direct method does not seem
to be available.

(b) OrErATION WITH GRID CONDENSER.—AS is well known,
operation of the tube with a series condenser in the grid circuit
involves the rectification of the impressed oscillating emf. on the
grid to produce a charging current thru the condenser which
is uni-directional and hence charges the grid condenser con-
tinuously to produce an increasing negative potential on the grid.
The radio frequent voltage is super-imposed upon the changing
mean potential of the grid, and the point of operation instead of
remaining fixed upon the static characteristic curve, slides down
along the curve and produces a variation of the mean plate
current upon which is superposed the radio frequent changes.
On this basic theory we are obviously interested in two changes;
first, the rectification in the grid circuit, and second, upon the
slope of the éﬂ curve. A definition of the merit of the tube

9
used in this manner must contain both of these factors. The
first effect, in the light of the previous discussion, we may ex-
pect to be dependent upon the second derivative of the grid
current-grid potential curve. The second is obviously deter-
mined by the value of p. Superimposing these effects, an appro-
priate definition of the detecting action would seem to be:

_al, &1, |
T=4E, dEp (18)

In some tubes, the region of maximum curvature in the grid
current-voltage curve may correspond to working points involv-
ing finite positive values of grid potential, in which case it is
desirable to use a ‘“‘grid-leak’ resistance in order to place the
starting point at the proper place on the characteristic curve.
This does not effect the definition, however, and is of very little
interest here. It is also to be noted that as the oscillation per-
sists and the charging of the grid condenser continues, the
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region of operation shifts, producing simultaneously a change
in the curvature of the é" curve so that the above definition
g
cannot be regarded as complete except when the stimulus is
weak and of short duration or a grid leak is used and the equation
of the grid current as a function of the impressed grid emf. may
be placed in constant exponential form. Otherwise, the rectifi-
cation is no longer a function of the curvature of the character-
istic alone, but also depends upon the magnitude of the initial
oscillatory pulse. In short, the precise nature of the phenomena
attending the operation with the grid condenser being complex
and imperfectly understood it may be well to bear in mind the
possibility of discounting the value of the above definition. Its
main value lies, however, in its usefulness in indicating the gen-
eral possibilities of the tube as a detector used in this connection.
The value of the detecting constant with grid condenser,
denoted by the symbol (¢) may be determined by the aid of
a dynamic method similar to that used for the measurement
of the internal impedance. The circuital arrangement is shown
in Figure 4.

R “i/ =
) =
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For the condition of silence, as in the previous case, we have
for the effective resistance of the grid circuit of the tube:

R‘,=g—:R- (19)

The reciprocal of this quantity, represents a conductance and
determines the slope of the grid current-voltage curve. If two
measurements are made at points not widely separated, of the
reciprocal (g), substitution in the expression:

g-9" _ R"-R/S (20)

eal _eg" Ra’ Rg" (eg, _evll)
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yields an approximate value of the second derivative, which
when multiplied by the value of p corresponding to the mean
value of the grid potential taken in the preceding measurements,
will give the approximate experimental value of the detecting
constant. The value obtained in this manner, while not theoreti-
cally accurate, is nevertheless of more value from a practical
viewpoint since operation never takes place over a region which
is theoretically infinitesimal. The method is perfectly simple
and straightforward, but for the reasons cited above, the value
of the result as a final index of the operation is questionable.

EXPERIMENTAL INVESTIGATION OF THE GENERAL RELATION
BETWEEN TUBE PARAMETERS

The summarization of definitions and methods of measure-
ment contained in the preceding paragraphs may be advan-
tageously applied to an investigation of the general character
of the relations between the constants of vacuum tubes. In the
following paragraphs will be reproduced some curves which
have been experimentally obtained with the methods described
above and which have been made upon a typical, widely used
form of thermionic amplifier. Dr. Miller in illustrating the use
of his methods, has already published some curves connecting
the amplification coefficient and internal impedance with the
plate voltage. The use of this independent variable gives a
result, however, which is only a very small part of the whole
story. Information of much greater value may be obtained
by plotting the variation of the tube parameters in parallel with
the static characteristic, or against E, taken as the independent
variable with E, as parameter. A complete investigation for
a given tube would involve the repetition of this process for
various values of filament temperature. This introduces a
total of three independent variables and involves considerable
experimental labor, but this would be compensated for by the
completeness of the study and fertility in deductions made
possible. A complete and logical research might be planned
upon this course of procedure with each tube, by varying the
geometry of the electrode system, that is to say, by varying
the grid-filament spacing with plate-filament spacing being re-
garded as a parameter. It is unnecessary to observe that a com-
plete investigation undertaken along these lines, while involving
considerable time and experimental labor, would permit of a
correlation of structural methods and results which would be
of the greatest value in the future design of vacuum tubes.
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The general character of the variation of the tube constants
defined above with the grid or controlling potential (£, being
taken as a parameter), is of primary interest in the study of a
certain type of tube. In order to obviate the necessity for re-
peating this work with different values of filament temperature,
one temperature should be selected for the work which is opti-
mum, and represents the maximum value of the product of life
and desirability, the latter being defined by the increase in the
_ important constants. In the curves to be displayed, an inves-
tigation having previously been made on this point, a filament
current was used which was considered to be an optimum value.

The family of static characteristic curves in Figure 5 are
representative of the tube used.
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In this figure, two of the grid currents have been represented
by the dotted curves. The free grid potentials or the potential
which must be applied to the grid in order that the plate current
may have a value identical with that which is obtained when the
grid is disconnected, are represented by the dashed curve marked
“locus of free grid potentials.” This is a matter of secondary
interest, but is sometimes helpful in making deductions con-
cerning the operation of the tube.

The amplification coefficients were measured with the same
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values of plate potential and with the same independent variable,
E,. Miller’'s method proved very useful for this purpose.
Great care is necessary in the arrangement of apparatus to reduce
electrostatic induction effects which tend to obscure the true
balance point. The value of such initial care in the set-up
of the apparatus is well shown by the agreement between the
final smoothed curve and the observation points. The results
are depicted in Figure 6.

VOLTAGE AMPLIFICATION COEFFICIEN?

-----
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The salient feature of these curves lies in the fact that the
amplification factor is not constant, as has been intimated from
measurements with direct currents by Dr. van der Bijl, but
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depends greatly upon the grid potential in the region in which
operation takes place. The falling off for positive values of
grid potential and smaller plate voltages is particularly notice-
able. The reason for this is not apparent, a priori, from the
theory, since the relation between the effects of stray field and
the grid potential would seem to be constant and independent
of any value that the grid potential might assume. However,
the equation upon which the theory rests represents conditions
only within limited constraints on the characteristic surface,
particularly in the region where the plate current is small and
the grid potential is negative or near zero. After the point of
inflection on the curve is passed, the expressions of Langmuir
and van der Bijl are not even correct in form, so that a wide
discrepancy between theory and the results is not seriously
disturbing. The following explanation of the effect in ques-
tion has suggested itself to the writer.

If the exact exponential variation of the plate current with
respect to the inter-electrodic forces is assumed to be arbitrary,
and the concept of the relative effects of the plate and grid
potentials only is retained, we may represent the plate current
as some function of these forces as follows:

I,=f (Ep+l“' Ea) (21)

The only matter of interest in this connection is the relative
effects upon the plate current, of the grid and plate forces, since
this determines the amplification of voltage in the tube. As-
sume that the distribution of forces and scalar potentials may be
approximately represented by the diagram of Figure 7.

In this figure the inter-electrodic distances are repregented
by the abscissas, the ordinates representing the value of the
scalar potentials, V. F is the emitting surface, and the dashed
line represents the grid electrode. The positive potential is
applied to the plate (P in the figure) and when the tube is cold
the scalar potential may be represented by the straight line AB.
In this case the grid is not connected. When the grid is con-
nected (the practical case) the only field existing at G is that
due to the plate potential acting thru the grid wires as pointed
out by Dr. van der Bijl. This he has very appropriately termed
the stray field. It is represented in the figure by the dotted
line Ab. When the tube is hot and the surface F is emitting
electrons, AB and Ab become roughly, as shown in the figure,
the curves marked AB’ and Ab’, respectively. The curvature
is due to the effect of the electronic atmosphere, which consti-

144



FILAMENT

Ficure 7

tutes a negative cloud. At the operating filament temperature
the slope of the curve at the filament is finite and the satura-
tion effect of the space charge is not reached when the grid
is disconnected. When the grid is connected, however, space
charge saturation between grid and filament is undoubtedly
attained and the slope of this curve at the emitting surface
is zero. The emission velocities at the surface of the filament
are ignored as being inappreciable at a temperature of 1,300
degrees Kelvin, the point of operation. The reason for the
slope of the potential function attaining a zero value when the
emission is copious has been well brought out by Richardson,’
with the aid of Poisson’s equation. This is the initial state of
affairs when the grid potential is zero. When a positive poten-
tial is placed upon the grid, the potential curves probably assume
“the general form shown in the figure by the dot and dash curves.
In this case the vector potential,V - V, the force acting upon the
?Richardson, O. W., “The Emission of Electricity from Hot Bodies,”
Longmans, Green and Co., London, 1916.
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electron is greater in the region between the grid and filament
than in the plate-grid space, this increasing as the plate poten-
tial is decreased. There being now, more electrons in the plate
grid space than before, the effect of space charge is beginning
to be felt and the curve in this region sags slightly as shown.
The force tending to overcome this condition is that due to the
plate and for small plate voltages it seems readily possible for
the slope of the potential curve at the grid to be zero. This
means, of course, that there is no force operating upon the
electron. The plate contributes nothing. This effect disap-
pears at higher values of plate potential and the curve straightens
out.

From the above statement of the condition of affairs in the
inter-electrodic space, it would appear that when the potential
on the grid is in the neighborhood of zero, and the grid-filament
is enjoying the effects of space charge, the field intensity be-
tween plate and filament being high enough to attract strongly
any electrons that manage to escape the congestion, we may
expect the grid potential to have a greater effect upon the clec-
tronic flow than that of the plate. This carries with it the idea
of a large value of p from the relation (21) above. Also when
the grid potential becomes positive with respect to the filament,
the space charge effect mentioned is broken up and the con-
duction is increased. This is accompanied by a shift of the space
charge from the filament-grid region to the plate-grid region,
and, as noted above, the curve between the plate and grid
electrodes sags to correspond. In this case there are plenty
of electrons available at the grid plane, but the reactive force
is the space charge. A slight increment in the plate force re-
sults in a partial neutralization of this effect by taking some of
the electrons out of the space, so that now the plate potential
becomes the predominating force since any increase in grid
potential will obviously only increase the tendency to space
charge. This results, of course, in a lower value of g, which
effect increases as the ratio 1—;—” decreases. The gist of the

I 4
whole matter is that the space charge, with its accompanying
saturation, shifts from one region to the other and changes to
correspond, the relative effects of the grid and plate potentials
and thus the value of p.

The variation in the internal impedance is well shown by
the curves of Figure 8.

The measurements represented were made with the aid of the
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bridge arrangement described in this paper, the minima obtained
with Miller’s method being ill defined. The results are homo-
genous and very satisfactory. The salient feature of the curves
is that the resistance of the tube undergoes extreme variation,
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the minima representing roughly the points of inflection on the
static characteristic curves.

The factor of prime importance in connection with the use
of the tube as an amplifier or oscillator is the mutual conductance.
This may be computed from the values of » and R, measured
above from the relation (§) or it may be directly determined by
the writer’s method previously described. In Figure 9, the solid
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curves represent the results of computation from the amplifica-
tion constant and the internal resistance, while the observed
points, using the method in question, are represented by
the small circles. The agreement between the two meth-
ods seems to be satisfactory and the results are very interest-
ing.
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It will be noted that none of the maxima are very broad which
shows that amplification at these points will be accompanied
by distortion if an extended operating region is involved. Also
when using the tube for amplification purposes in connection
with radio receiving, the point of operation should be carefully
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selected by means of a biasing potential of suitable value applied
to the grid. In selecting the operating region for this purpose,
other considerations are pertinent. ' For instance, the maxima
are not equally desirablé since their magnitudes are different,
hence the optimum value of plate potential should also be selected.
This should also be preferably situated on the left hand side of
the zero center line, so that the grid or input circuit offers no
conductance when connected across the terminals of the condenser
or the output circuit of the preceding tube. Having determined
by intelligent methods upon the proper point for the operation
of the tube, we may now proceed to design the connecting link
between the tubes which will introduce the optimum impedance
into the output circuit and give the maximum voltage output
across the input circuit of the next tube. In this very practical
matter, we are aided considerably by a knowledge of the internal
resistance of the tube. The design of amplifiers is a matter of
some engineering importance and will be considered at length
in another paper.

The detecting constant, D, for operation without grid con-
denser may be evaluated by taking the slope of the tangent to
the p curve at any point. This is not an entirely accurate pro-
cedure but is the best method at present available. The results
of this method applied to the tube used in this work are repre-
sented in Figure 10.

The truth of the belief that the better operating point cor-
responds to low values of plate current is well brought out by
these curves. Also it will be noted that low plate voltages are
favorable to such operation. From the point of view of plate
battery economy this is an important point. In general tubes
operate better as detectors with grid condensers, and in special
cases, with grid-leak resistances in addition.

The statement just made concerning the operation of the
tube with grid condenser emphasizes the importance of study-
ing detector constants under these conditions. This is some-
what of a tedious process but the results are interesting. The
Wheatstone bridge arrangement described may be used to
measure the effective resistance of the grid filament circuit at
various grid potentials. The reciprocal of this quantity is the
grid conductance, llf In Figure 11 this conductance has

[
been plotted against positive values of grid potential.

There is no conduction for negative values of E, if the emis-

sion is pure (that is, there is no positive emission) and the tube
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has been well evacuated, so that negative values of E, have no
interest. The slope of the conductance curve is evidently the
second derivative of the grid current function with respect to
the applied potential. This is one of the quantities entering
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into the definition of the detecting constant with grid condenser.
The dashed curves in Figure 11, represent the magnitude of
the second derivative and have been derived from the conduc-
tance curves by taking the tangent at various points. It is
interesting to note that the larger values correspond to the
lower plate potentials. The complete definition of the detecting
factor involves in addition to the grid rectification index, the
slope of the éﬂ curve, or . The curves in Figure 12 repre-
9

sent the addition of this factor and exhibit completely the de-
tecting action of the tube.

Several practical deductions may be immediately made from
these results. In the first place, when the tube is to be em-
ployed as a detector (with grid condenser), a grid leak is desirable,
especially when strong signals are to be impressed upon the
system. This leak resistance should be placed between. the
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grid and the positive leg of the filament and should have a value
necessary to place the starting point of the grid potential at a
point on or above the maxima on the curves in Figure 12. A
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plate voltage of 20 or possibly less (this point not having been
investigated) should be used, since this gives the greatest value
of . In the case of weak signals, whether or not a grid leak
should be employed is problematic, since theoretically when the
grid current-voltage curve intersects the axis, I,=0 the curvature
is infinite, and a singular point condition is obtained. The de-
tecting factor is then infinite also, and the rectification is perfect.
This will only be the case for very weak signals and for general
purposes, it may be well to sacrifice if necessary, the response
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for weak signals to gain efficiency on the stronger signals by em-
ploying a grid leak resistance. In the region between the zero
grid voltage and the voltage corresponding to maximum values
of o, the change in o is great. Similarly after the maxima have
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6
-
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(POSITIVE) GRID POTENTIAL
Figure 12

been passed, but in this case, the irregularity is not serious since
the grid potential will shift to the negative when the charging
starts, passing thru the maximum value and being augmented
in the process. As a matter of fact, this consideration leads to
the question as to whether or not it may be advantageous, in
order to cover all possibilities in the matter of signal strength,
deliberately to place the initial working point upon positive
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values of E, beyond the maxima. Just how far this may be
carried out without sacrificing to too great an extent, the re-
sponse on small stimuli, will be largely a matter of experiment.

Philadelphia, Pennsylvania,
November 24, 1918.

SUMMARY : After giving the definitions of various tube constants for am-
plification and detection and the methods of measuring them, the author dis-
cusses certain special questions.

Among these are grid condensers and grid condenser leaks, and the
variation of the various tube parameters with tube construction and operating
conditions.

ADDENDUM I*

In the paper a method for measuring the mutual con-
ductance was described which involved the use of a toroidal
core balancing transformer. Since this was written an alter-
native arrangement has been devised which may be used for
this purpose with equal success, and which does not require
the special transformer of the original arrangement. This
method should therefore be more popular with those who do
not care to undertake the somewhat tedious task of construct-
ing a transformer with a winding of five hundred turns on an
iron torus.

The circuital arrangement is shown in Figure A:

"‘v‘v."v‘v‘v‘v /L, N
R! S

R =
~ =

RS w»

—Cﬂo

.

F

AMPLIFIER
F1Gure A

* Received by the Editor, January 15, 1919.
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Here, as will be noted, the transformer primaries, P, P, have
been replaced by the resistances, R, and R,. The large resistance
R’ has been inserted into the supply circuit in order that the main
current may not be greatly affected by the variation of R; in
series. The resistance R; is variable and a part of the plate
circuit, however, but being of the order of from 70 to 100 ohms
with a possible variation of 30 ohms, its effect on the mutual
conductance is quite ignorable. The resistance, R, across which
the grid is connected is fixed at about 1,000 ohms, this value
being chosen for the simplification of numerical computations
of p from the settings.

The position of the sliding contact, S, is found for which the
emf. across the terminals of the slide wire is zero and there is no
indication in the telephones connected to the amplifier system.
In order that this condition may be attained the emf. across
the resistance R, must be equal in magnitude and opposite in
sign to that across R,.. The proper phase relationship is pro-
vided by the mode of connection. The satisfaction of the other
conditien may be identified with the expression:

IR =I,R; (a)
But, by definition,
I,=pE,=PRI (b)
which, substituted in (a), leads to _
IR, =pRIR, (c)
and .
1 R
== .1 d
=% R (d)
Also, since R is purposely set at 1,000 ohms, we have finally
p=.001 %‘ amps/volt (e)
2

which is a very simple relation and therefore one particularly
suited to the rapid execution of a large number of measurements.

The terminals of the slide wire, RiR; are connected to the
first tube of an audio frequency vacuum tube amplifier in the
manner shown. It is rather important that the biasing battery,
C, be connected in series with the grid circuit in order that the
resistance of this circuit shall be infinite and there will be no
tendency for the currents in the slide wire to flow thru the grid
circuit, which would happen if the grid were allowed to assume
a positive potential at the operating point. Under these condi-
tions, if care has been taken in the arrangement of the wiring,
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the minima will be well defined. The resistance of the slide
wire may well be of the order of 100 ohms so that the potential
drops may be greater and a better indication may be had with
a minimum of amplification. In the writer's set-up this slide
wire consisted of the slide wire portion of the “Student’s Po-
tentiometer” manufactured by the Leeds-Northrup Company,
which had a total resistance of 116 ohms, and which proved to
be very well suited to the work having a scale graduated in 0.5
divisions from 0 to 100.

ADDENDUM I1}

As an illustration of the great ease and simplicity with which
problems relating to vacuum tube circuits may be handled with
the aid of the fundamental plate circuit theorem and the con-
ceptions of the voltage amplification factor and internal impe-
dance, we may profitably consider the oscillation circuit depicted
in Figure B, which has previously been treated by Hazeltine.!

——

4

—hinielt—

This circuit is extensively used for receiving purposes in con-
nection with the autodyne method of reception of continuous
wave signals. It also enjoys extensive application in trans-
mitting, but when used for this purpose, the entire characteristic
curve is utilized, and the grid potential may vary over widely
separated limits rendering the rigorous analysis of the operation
difficult, if not impossible. In order to construct the differential
equations for the potentials, it would be necessary first to form-
ulate the dependence of the amplification factor and internal

1 Received by the Editor, January 15, 1919,

1 Hazeltine, previous citation, page 79.
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impedance upon the instantaneous value of the grid potential,
¢,. This could be done, possibly, with the aid of empirical
expressions covering the variation of # and R, as experimentally
determined, but it is doubtful if a simple integration of the
equations so formed could be effected. For this reason and for
the sake also of simplicity, in the present discussion it will be
assumed that operation involves only a very small part of the
characteristic surface, and that in the region considered the
values of #, and R, are fixed. This is not so bold an approxima-
tion as it would at first seem, since the most favorable part of
the static characteristic curve is at the point of inflection and
in this region the amplification factor and internal impedance are
practically constant. This is shown by the experimental curves
displayed in the paper. After the oscillation has started, of
course, the operating region expands until the slope of the curve
_decreases below the minimum possible value of p determined by
the coeflicients of the circuit. The problem consists in formulat-
ing the relation between the tube parameters and the circuital
coefficients which will render sustained oscillation of the system
possible. As mentioned above, this matter has been discussed
by Hazeltine in a very valuable paper covering various types
of oscillation circuits. In his discussion, the assumption is
made that the plate current is a simple function of the grid
voltage, the relation being ¢,=pPe,. Any reaction existing be-
tween the two circuits is thereby not considered, a result being
obtained, which, while very simple and useful, cannot be re-
garded as a complete definition of the criterion for the oscillation
in actual systems. The following mode of treatment is more
fundamental and the effect of reaction is completely deter-
mined.

Referring to Figure B, the circuital constants are denoted
by the conventional symbols, the internal impedance of the plate
circuit being inserted in series with the inductance, L, and an
emf. of value n e, in accordance with the usual method of con-
sidering the plate circuit. The equations for the potentials
may be constructed as follows:

d—?+Ri+1fi-dt+M"—i£=o (1)
L2——P+Ro ,,+M S+ f dt=0 @)
since EHEG= Cfl dt.
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We are interested primarily in the variable, 7, representing the
current in the oscillatory circuit L, C, which may be isolated by
solving (1) for %1;’ and substituting the value found in (2).
After multiplying thru by (—M), differentiating twice with
respect to ¢, and collecting, we have: )
& di  (RR,C+L,—pr M\di
— ) % L (8l Tie—7 M 02
(Lo =) 2 + (RLa+ RoLn) +( C )dt
+%’i=0 (3)

which may be placed in the more convenient form:

&1, A di

2 TR g T H9=0 (4)
This is a linear differential equation of a familiar type with

constant coefficients in the operating region considered of the
form:

g RLitR,L,
LiL.a
R RCHLy—r M
r= LngaC (5)
_ R,
T LiLyaC

where « is the coefficient of leakage of dimensions, 1—k?, and
depends upon the coupling between the grid and plate circuits.
Proceeding as usual with an assumed integral of the form:

i=A e (6)
substitution in (4) yields the cubic auxiliary:
f+Ba+va+d=0 ()]
to be solved for the «’s. The complete solution is:
i=A '+ B 4C et (8)

where A, B, and C are constants of integration to be evaluated,
when amplitudes are of interest, from a-knowledge of the initial
configuration of the system. The solution of the cubic may
be effected by Ferreo’s method, but the expanded result being
practically unmanageable, this method of attack may well be
abandoned. We may obtain some light on the probable nature
of the roots by considering the physical phenomena. In order
that these may be real and periodic, as expected, it will be neces-
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sary for one of the roots to be real and the others complex. On
this basis, we may write:
a,=a,
ay=A+jow 9
=A—jw
A fundamental theorem in the theory of equations permits us
to write also:

a,{-a,+4-a;=—f
a,a,+a,a3+a,a;=1y (10)
a,a,a3=—g
which applied to the present case establishes the relations:
RL:+R, L,
—_—y—2A =" 1 Y01
ay 2 Lnga (ll)
RR,C+Ls—p M
A A2t 2= — o TERT1 W
28 4+A+w YAy (12)
—a (A24w?) = R, (13)
L L;aC

To approximate the roots of (7) we will resort to a very useful
artifice employed by Dr. Fulton Cutting? in connection with
his excellent treatment of the transient phenomena in radio
transformer circuits, which consists essentially in taking the
ratio of the equations (12) and (13)

1 2Aa,\_RR,C+L—rM

al( +A2+wz) - R, (14)
thus obtaining a factor in the left hand member which is quite
ignorable in comparison with unity. This is particularly per-
missible in the present case since, at the radio frequencies we
are dealing with, w is large compared with the damping. Pro-
ceeding with this we obtain:

R,
| T4 RR.CHLi—n M (15)
and from the relation (11) the more important damping term:
R RL:+R,L,
A=-- 0 _u o
2(RE.C+Li—p M) 2L.Lsa (16)

which are excellent approximations. The general solution may
be written in the form:
i=A e—.,t_’_eu (B sj"'-i-Ce_j"‘) (17)

2 Fulton Cutting, PrRocEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS,
volume 4, page 160, 1916.
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Physically, the first term in the above solution is of the nature
of a transient and disappears when the oscillations have reached
their equilibrium state. The second term is of particular in-
terest since it represents the periodic phenomena under investi-
gation. In order that the oscillations may be continuous and
self sustained, it is necessary that the effective damping of the
circuit, represented by A, shall be zero. The satisfaction of
this condition leads to:

Ro = I_'BL2+R_0L1 (18)

RRoC'*'Lg—FM Lnga

as an expression relating the coefficients of the circuit and the
parameters of the tube for the condition of sustained oscilla-
tion. This may be solved for p giving:

r_RC K L LiL:a
_=—= — — 1
P=R.~ M TMR, M (RL.+R.L) (19)
It is interesting to note that when the plate circuit inductance
Ls is ignored, and the induction effect into the grid circuit being
retained thru the concept of a fictitious mutual inductance,

this degenerates into:

CR
-k (20)

which is Hazeltine’s result.
In most practical circuits, the term RL. may be ignored in
comparison to B,L, so that equation (19) may be simplified to:

p=" s (21)

A graphical representation of this expression is shown in
Figure C. In constructing this curve the following circuital
constants were assumed:

L;=60 th.

Ly=180 ph.

C =0.0002 pf.

R=20

R,=15,000 O .
The component curves are shown by dashed lines, their dimen-
sions being designated. The hyperbola is identical with the
result obtained by Hazeltine, while the straight part increasing
with M represents the effect of the reaction between the cir-
cuits. It is evident, from physical considerations, that an
optimum value of M exists which is most favorable to oscilla-
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tion. Differentiating (21) with respect to M and equating to
zero we find this to be:

M=+ RR,L.C (22)

If it is assumed that this value of M is selected, and substituted
in equation (21) we find that the minimum p is:

CR
=2

P=“NL/R, (23)
or is just double its value in the absence of circuital reaction.
Equation (22) may be re-written in terms of the wave length as:

y
Mom= 21—‘“)\/13 R, (24)

In practical systems, a few trial calculations will show that the
point of optimum mutual inductance is seldom found, the cir-
cuit used in the above curves being somewhat of an ultimate
limit. If the inductance in the plate circuit is increased so as
to increase the coupling, an optimum coupling could be obtained
with higher wave lengths and higher resistances in the oscillatory
circuit, were it not for the fact that this brings us to the con-
sideration of the inherent capacity of the plate circuit acting
across the plate inductance. Under these conditions the plate
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and grid circuits may be more or less in resonance and the above
equations are not applicable. This does not decrease in any way
the practical value of (21) since the reaction, no matter how
small, is always effective in reducing the tendency toward
oscillation.

The above equations may be further utilized in the study of
the regenerative operation of the vacuum tube, by impressing
emf.’s of suitable form upon the input circuit of the tube. The
above roots are applicable in the formulation of the free solution,
the forced solution being found in the usual way. This investi-
gation will be undertaken in another paper.

SUMMARY OF ADDENDUMS: In a first addendum, the author shows
a later method of measuring directly the mutual conductance of tubes, which
method is free from certain possible objections of the earlier procedure.

In a second addendum, an autodyne oscillator with inductive coupling
between grid and plate circuits is analytically considered. The condition
for sustained oscillation is derived, a numerical illustration given, and the
value of the optimum mutual inductance between grid and plate circuits for
oscillation is obtained.
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DISCUSSION

H. J. van der Bijl (by letter): Without entering into a full
discussion of Mr. Ballantine’s paper, I wish to call attention to
a few outstanding points.

The method he gives for measuring the mutual conductance
is very interesting and obviously allows of a simple and rapid
determination of this important quantity. It might, however,
be well to point out that the method, as it stands, is only applic-
able to cases in which the output impedance of the tube is large
compared with that of the coil connected in the output circuit.
As long as this is so, the alternating current, ¢,, in the plate cir-
cuit can (for small impressed oscillations) be given by the simple

expression used by Mr. Ballantine, namely: 7, =p ¢, where p= R!i’

. ()
the mutual conductance, and ¢, is the a. c. input voltage. If,on
the other hand, the external impedance, Z, into which the tube
works is not negligibly small, the current is given by

fy= o
P R+Z
which follows directly from the amplification equations I gave

in my paper cited. (» as used here is the same as p, in my
equations.) This then gives

R, ¢ 2
kol B

o

where % is the inverse slope of the static characteristic and

:4 the inverse slope of the dynamic characteristic, or writing p
P
for the true mutual conductance of the tube and p’ for that of
the tube and circuit:

1_1 2

P P .

Mr. Ballantine does not state the impedance of the coil
used in his experiments, but it was undoubtedly small in com-
parison with that of the tube which, at the voltages used, had
a rather high impedance. The second term of the above
equation can, however, become very disturbing when using low
impedance tubes, and tubes having an impedance of a few thou-
sand and even a few hundred ohms are not uncommon. In any
case the external impedance Z must be made negligibly small,
otherwise the necessity of taking it into consideration, thus
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compelling the use of the above equation, instead of the simple
one given by Mr. Ballantine, destroys the usefulness of his
method which aims at being quick and simple.

This consideration shows that the mutual conductance
depends on the constants of the circuit in which the tube is

operated, having a limiting value, i;_’ which obtains when the
()

tube works into a negligibly small impedance, and which can be
characterized as the mutual conductance of the tube itself.
The reason for this becomes readily apparent when considering
that the external impedance tends to straighten out the charac-
teristic. Even if the external impedance were a pure reactance,
the dynamic characteristic would tend to straighten out and have
a smaller slope than the static characteristic which would not be
affected by the reactance. If, for example, the current be in-
creased by increasing the grid potential, the voltage between
filament and plate decreases, due to the increased voltage drop
in the coil. In other words, both E, and E, in the characteristic
equation are variables, E, being always 180° out of phase with
E,. Mr. Ballantine’s method could, of course, be used as it
stands to determine the particular value the mutual conductance
would have in any particular circuit, (say the circuit in which the
tube is to be operated in practice) by choosing an impedance in
the test circuit equal to that to be used in practice. This would,
however, not be so simple as computing the mutual conductance
of the tube itself from p and R, and then determining its value
for any circuit with the help of the above equation. I think
that a determination of p and R, is more important because a
direct determination of the mutual conductance tells nothing
about p or R,, the values of which must be known in order to
determine the operating range of the tube, the impedance to be
used in the output, and so on. On the other hand, a separate
determination of x and R, allows the computation of the mutual
conductarce for any type of circuit. It is very important to
distinguish between the static characteristic of the tube, which
is governed by the fundamental characteristic equation, and the
dynamic characteristic of the tube and circuit, which is gov-
erned by the amplification equations I gave in my paper in
this issue of the PrRocEEDINGs OF THE INSTITUTE or Rabio
ENGINEERS.

The other important point is the limits of operation of the
tube. For example, referring to Figure 6 of his paper, which
gives the amplification constant u as a function of the grid
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voltage, Mr. Ballantine states that ‘“The salient feature of these
curves lies in the fact that the amplification factor is not constant,
as has been intimated from measurements with direct currents,
by Dr. van der Bijl, but depends greatly upon the grid potential
in the region in which operation takes place.”” The amplifica-
tion constant is a function only of the geometry of the tube, and
must therefore be constant. When it is measured by the dy-
namic null method it will be found to be constant provided the
tube is operated within the limits that I specified. These limits
apply only to the grid voltage. (The equations are not by any
means limited to small plate current.) As soon as the grid be-
comes sufficiently positive to take current the effective grid volt-
age is reduced, and unless this reduction is taken into considera-
tion p will come out too small, as can easily be seen by considering
the circuit for the dynamic measurement of p. It is obvious that
this effect increases as the plate voltage is decreased because a
larger plate voltage would have a greater influence in pulling the
electrons thru the grid.

For negative values of the grid potential the limitation is

imposed mainly by %’, and will be more effective the lower the

value of E,. These considerations, I think, explain the variation
in p with grid potential observed by Mr. Ballantine. The tube
with which he obtained his curves has a very small operating
range of grid voltage which, of course, depends on the plate volt-
age used. In a tube of these general constants the value of < in
my characteristic equation becomes an important quantity, as it

always is when E;E-I-E,, becomes small. In fact ¢ depends to a

great extent on the nature and surface condition of the electrodes.
If it is positive the u, E,-curve will drop more readily for positive
values of the grid potential, and if negative the effect will be on
the negative side. I have obtained curves like these with a
Western Electric Company tube of the telephone repeater type
and found that with 150 volts on the plate, p which had a value
of 5.0 remained constant to within 10 per cent over a range of
grid voltage from —20to +20. This is because this type of tube
has a greater operating range and is, therefore, not so easily
overtaxed.
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L. A. Hazeltine*: 1. MutuaL CoNDUCTANCE. The writer
wishes to congratulate Mr. Ballantine on the clever arrange-
ment (Figure 2) that he has devised for directly measuring
the mutual conductance of an amplifier bulb. This method
readily gives the mutual conductance for any combination of
direct-current adjustment (grid potential, plate potential and
heating current), as shown by Mr. Ballantine’s curves. It may
be noted, however, that mutual conductance in general depends
also on certain conditions of the alternating-current circuits, as
follows:

(a) On the frequency. It is conceivable that the mutual con-
ductance obtained by a dynamic method might differ from the
slope of the static characteristic curve obtained with direct cur-
rent; and it is also conceivable that values at radio frequency
might differ from those at audio frequency. While differences
undoubtedly occur between the static and dynamie characteristics
in bulbs showing positive ionization, no such frequency effects
are to be expected in high-vacuum bulbs, nor have any been
found, so far as the writer is aware. If desired, however, Mr.
Ballantine’s method may readily be extended to radio frequen-
cies by substituting for the simple buzzer a buzzer-excited oscil-
lating source and for the audio-frequency balancing transformer
a radio-frequency transformer together with a detector. The
method may also be extended to direct-current operation by
substituting two resistances and a galvanometer for the balancing
transformer and telephone; but some modifications are neces-
sary on account of the normal direct current of the plate.

(b) On the amplitude of oscillation. With a low impressed
alternating voltage, the variations of the grid voltage and plate
current will be over such a short arc of the characteristic curve
that this virtually coincides with its tangent. The slope of the
latter therefore represents the mutual conductance for small
amplitudes of oscillation. For higher impressed voltages the
curvature of the characteristic will become appreciable, and the
mutual conductance will then be rather crudely represented by
the slope of the secant line connecting the extreme points of the
oscillation!. If Mr. Ballantine’s method is to be used for large
amplitude of oscillation, the effect of wave distortion must be

*Revised and amplified from the oral discussion at the Institute meeting,
New York, December 11, 1918. Received by the Editor, January 9, 1919.
For the exact definition of the mutual conductance with large amplitudes
of oscillation, see the writer’s paper, PROCEEDINGS OF THE INSTITUTE OF
. RaDp10 ENGINEERS, volume 6, page 64, foot-note.
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eliminated, either by sharply tuning the telephone circuit to the
supply frequency or by substituting for it a sharply tuned vibra-
tion galvanometer.

(c) On the presence of an alternating plate voltage. If the
plate potential is varied proportionally to the grid potential but
in an opposite sense (as must happen in any use of the bulb in
which power is given out from its plate circuit), the changes in
plate current will be smaller than if the plate potential remained
fixed. The “effective mutual conductance” (see Article 3 of this
discussion) is therefore lowered by the presence of an alternating
plate voltage. Mr. Ballantine’s method can be extended to give
this effective mutual conductance by including part of the re-
sistance R (Figure 2) in the plate circuit.

In calling attention to the possible extensions of Mr. Bal-
lantine’s method, the writer appreciates that the low-amplitude
value of mutual conductance, unmodified by the presence of an
alternating plate voltage, is the most fundamental and most
useful value, and that the simple method of the paper is far more
likely to be of practical value than any of the extensions.

In regard to the symbol for mutual conductance, the writer
still prefers g to p, considering it very desirable to denote quanti-
ties of the same physical dimensions by the same symbol. This
has been found particularly true for mutual conductance, as it
often occurs in formulas similar to those containing other con-
ductances (for example, compare equations (26) and (27) below).
In cases where more than one conductance enters in the same
equation, different subscripts or other distinguishing marks may
be used. The writer suggests denoting mutual conductance by
gm in such cases, and will use this notation in what follows.

2. PraTte REsisTANCE. The term ‘‘internal impedance”
is open to two objections: (a) the bulb has two “internal”’ circuits,
that of the grid as well as that of the plate; and (b) the impedance
has the nature of a pure resistance, as is assumed in all proposed
methods for measuring it, and so for clearness’ sake should be
called a resistance. The proper term for this constant would
seem to be “plate resistance” and the appropriate symbol 7.
The use of the reciprocal, the plate conductance g,, is sometimes
more convenient,

In this connection it might be well to compare the two
methods of viewing the plate circuit, considered as a source of
alternating-current power. According to the first method, the
alternating plate current I, is made up of two terms, one due to
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the alternating grid voltage E, and the other due to the alter-
nating plate voltage E,:

Ip =Ev m _Ep I, . (1)2

where g,, is the mutual conductance and g, is the plate conduct-
ance. Interpreting this equation, we may say that the plate
circuit acts as a generator whose total current generated is E, g,
of which a part E, g, is lost in a shunt path, or “leak,” of con-
ductance g,. To lead to the second method of viewing the action,
we may solve equation (1) for E,:

I
E,=I"p —‘z; 2
N PR ( )
or
E,=pE,~1I,r, 6))
where
Im
po=m 4
. (4)
is the amplification constant, and
1
r,=— 5
P gy ( )

is the plate resistance. Interpreting equation (3), we may say
that the plate circuit acts as a generator the generated or internal
voltage of which is pE, and the internal resistance of which is r,?

These two methods are equivalent and therefore equally
correct. That represented by equation (1) probably corres-
ponds most closely to the physical action, and is most useful in
treating oscillating circuits. That represented by equation (3)
has the advantage that one of the constants (¢) is nearly inde-
pendent of the direct-current adjustments of the bulb, and is
most useful in treating amplifiers and detectors.

3. Use or “ErfEctive MutuaL CONDUCTANCE.” In
many calculations of thermionic oscillators it is found convenient

2This equation was given by the writer, PRocEEDINGS oF THE INsTI-
TUTE OF RADI0 ENGINEERS, volume 6, Bage 67. It is the alternating-current
equivalent of Vallauri’s equation, which in corresponding notation is

t,=€gmte,gptc.

Equations of this form seems to have been first employed b, hg' Latour, “Elec-
trician,” (London), December 1, 1916 (in discussing am tion), and by
Be“t;beno)d “La Lumiére Electnque,” December 16, 1916 (in discussing os-
cillation

3The equivalent of equation (3), its derivation and its interpretation,
were given by Miller, Pnocm:bmos oFr THE INsTITUTE OF Rapio EN-
GINEERS, volume 6, page 143.
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to deal with a single constant, rather than with two independent
constants (g, and g,, or ¢ and r;). That is, the “effective mu-
tual conductance” g,,” is employed instead of the “normal mutual
conductance” g,, and is defined as the quotient of the (r.m.s.)
plate current I, by the (r.m.s.) grid voltage E,, taking into
account the presence of such alternating plate voltage as may
exist under operating conditions:

Effective mutual ! = L, (6)
conductance, E,
Substituting (1),
tm (1_ 9. &)
Om Im <1 Gm Eg ’ (7)
or
m’ =gnl1— ’3) , 8
on'=0a (1" (®)
where
_E,
netr ©

is the ratio of plate voltage to grid voltage as determined by the
circuit conditions. The expression (1— s) thus enters as a

correction factor, which frequently differs from unity by a per-
centage less than the uncertainties in the values of g,, with various
bulbs or various adjustments, and so may then be disregarded.
On the whole, the effective mutual conductance g, is of more
service in the calculation of oscillating-current circuits than the
normal value; it is the value given by the equations for g in the
writer’s Institute of Radio Engineers paper previously referred
to, some of which are included in Figure 2 herewith.

It is interesting to observe that the effective mutual conduc-
tance g, for any chosen value of n may be determined with a
single setting of Dr. Miller’s apparatus, as follows. In Figure 1
herewith® the ratio r./r, is set at the desired value of n, and
R is adjusted for a balance. We then have

1Ty _Bp/R _n
Im —Eg— Eg R (10)

Of coﬁrsc, if n is very small or very near p [which it cannot ex-
ceed according to (8)], the precision will be low.

‘F::gure 1 of Dr. Miller's paper, PROCEEDINGS OF THE INSTITUTE OF
RAD10 ENGINEERS, volume 6, page 144, 1918,
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Certain cases arise where it is necessary to employ the cor-
rection factor (1— ’—':) of equation (8), or to use a value of g,,’

differing considerably from g,,. Three of these will be considered
here.

o

i—|
] + .,
O

Figure 1

(a) Optimum Mutual Inductance. In Figure 2b herewith
(Figure 3b of the writer’s paper) the effective mutual conduct-
ance (denoted simply as g), is

. Cr.
In= 37 (11)
so the normal mutual conductance by (8) is
g — T mCT
M(1_2> M(l_l : M) (12)
® p L

Considering M as variable, it can readily be shown that g, will
be a minimum (or the oscillation will be the strongest) when

M »

L=3 (13)
27
M
twice the effective mutual conductance in (11). In other words,
to maintain a strong oscillation an optimum value of mutual
inductance occurs, as given by (13); and for this value the ef-

fective mutual conductance has fallen to one half the normal
value.b

Substituting in (12), the value of g,, is found to be or just {
|

$The existence of an optimum mutual inductance was first brought to
the writer’s attention by Mr. Ballantine, who has derived an expression for
its value differing in form from equation (13) but equivalent thereto. (This
is found on page 160 of Addendum 2 above.—Editor.)
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(b) Optimum Voltage Division. In Figure 2d herewith the
effective mutual conductance is given as

g’ = CLr _Cr (E!+E22’ (14)
™ L+ M) Lo+ M) T L T EE,
_Cr (1+n)* <
= L . n ( 10)
This is a minimum when n=1; so it has sometimes been thought
that in circuits of this form the oscillation is the strongest when
the total voltage is divided equally between the plate and the
grid. However, introducing the correction factor, we have

_Cr (+n)?
In="7 ( n)’ (16)
n{l—-
I
which is a minimum for
=t (17)

That is, the oscillation will be the strongest when the total volt-
age is divided between the plate and the grid in the ratio
r/(»+2), or about 0.8 for values of p usually found in detector
bulbs. For this case the correction factor becomes

n_pr+1
1- 18
p wt2 (18)
which is usually in the neighborhood of 0.9.
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The above deduction applies also to Figure 2e with fair
accuracy, but to Figure 2f only very roughly, especially when C,
and C,, are small compared with C’ and when C r/L is high. Exact
treatment of the last case requires the complex method, for the
reason that on account of the grid and plate conductances the
voltages across C, and C, may be considerably out of phase with
one another, contrary to the assumptions made in the ‘“loss
method” used in deriving the formulas of Figure 2. (Both
theoretical and experimental results show optimum values of n
varying over a considerable range as the circuit constants are
varied, and sometimes more than one optimum value occurs in
a given circuit.)

(¢) Maximum Oulput. The circuit of Figure 2a herewith
is frequently used in bulb transmitters, for which we wish to
choose the circuit constants to secure the greatest output. The
effective mutual conductance is given as

r_ CLr .
Im = Mo Mp’ (19)
and the voltage ratio is evidently
M,
ne e (20)
Solving for M, and M,
CL CLrn
M, = ‘g;‘,‘;‘: and Mp = E,‘h‘ . (21)

Now the output of the bulbdependsonly on g,,”and n (as far as the
radio-frequency circuit is concerned); so if their optimum values
can be determined M, and M, can be at once computed by (21).

The writer has previously indicated® how the values of n
and g,,’ for greatest output could be determined by trial from the
characteristic curves of the bulb. A more convenient method
would probably be by direct experiment, using any of the circuits
of Figure 2. Thus if Figure 2c is émployed, we may insert a
radio-frequency ammeter in the circuit (C, L) and vary M and C
(or M and r) until a maximum output is obtained, varying also
the direct-current quantities within permissible limits to de-
termine their most desirable adjustments. When the best ar-
rangement has been found, the desired values are

G
In =37 (22)

$ProCEEDINGS OF THE INsTITUTE OF Rap10 ENGINEERS, volume 6,
pages 94 and 95.
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and

L

n=a (23)
4. DETECTOR CONSTANTS. The constants which Mr. Ballan-
tine denotes by D and ¢ and calls variously “detection,” ‘“‘de-
tecting constant,” ‘‘detector constant,” ‘‘detecting action’” and
‘“detection factor,” are open to criticism. Neither is defined
directly in terms of the quantities in which the user of a detector
is interested; and—more unfortunately still—these two con-
stants, ‘‘detection (without grid condenser)” and ‘‘detection
(grid condenser),” are not of the same physical dimensions and
80 are not numerically comparable with one another, as one
might have expected. Several months ago the writer used the
term ‘‘detector constant’ in a private report to represent the
change in plale current per voll square (r.m.s.) tmpressed on the

grid. This definition leads to the following formulas:

Detector constant without grid condenser=; . %’;’, and (24)
()
&,
de?
. d
di, (25)
dey
(where small letters are used, instead of the corresponding capi-
tals of Mr. Ballantine, to represent the instantaneous currents
and voltages, as is customary in alternating-current circuit
equations). The former [equation (24)] agrees with Mr. Bal-

E

Detector constant with grid condenser =

DO
-8
&

lantine’s D except for the factor %; but the latter [equation (25)]
differs from his ¢ not only by the factor é’ but also by the factor

i in the denominator. Mr. Ballantine’s omission of this
€g
factor is distinetly in error; for if two bulbs are alike in all other

respects, that having the lower value of 32’ will be a corres-
g

pondingly better detector—quite irrespective of any of the in-

cidental features of operation which Mr. Ballantine mentions in
connection with the definition of this constant.

Very recently the writer has used the term rectification con-

stant to represent the change in the grid generated (d.c.) voltage

per volt square (r.m.s.) impressed and considers this a more fun-
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damental and more useful constant than the above “detector
constant.”” The formulas for this constant without and with a
grid or stopping condenser are respectively,

Mutual rectification 1 de?

1 dg.
constant, m=5 E 2g9m de,’ and  (26)

Grid rectlﬁcatlonn vt V0= % . ﬁ _ §1_ . Z_g, (27)
constant, di, g de,
de,

The theory of rectification in various forms of detectors and meth-
ods of directly measuring the rectification constants are included
in a paper now in preparation.

The connections of Figure 4 for determining o are also open
to criticism, for they fix the grid potential arbitrarily. Actually
the potential of the grid is fixed by the grid leak resistance (added
or inherent), whose value has a very marked influence on the
value of o. This is because the entire direct current of the grid
circuit must return thru the leak; so the operating point on the
grid characteristic curve will be that for which the quotient of
grid potential by grid current is equal to the resistance of the
leak. In the report referred to above, the writer used connec-
tions similar in principle to Figure 4, but elaborated so as to
determine the actual operating potential of the grid and to
measure the grid conductance at and near this petential. This
method has been used by the writer and by others with satis-
factory results.

In regard to the practical value of such ‘“‘detector constants’
or “rectification constants” as measures of a bulb’s effectiveness
in radio reception, the following may be stated. They do not
tell the whole story; for the bulb affects the circuit in more than
one way. These constants do, however, give definite measures of
certain important features of the bulb; and, together with the
other necessary bulb data, they permit the exact calculations of
the over-all effectiveness of a bulb used in connection with any
given radio receiver. The other independent bulb constants
which affect its detecting action are the amplification constant,
the grid conductance, and the plate conductance (or resistance).
If, for example, we compare the detector action of a bulb without
and with a stopping condenser, we find the rectification constant
several times higher with the stopping ccndenser. On the other
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hand, when we calculate the effect of the high grid conductance
inherent to operation with a stopping condenser, we find that it
greatly reduces the radio-frequency voltage received by the grid
and so may more than compensate for the better rectification.
This agrees with practical experience, especially with grid eir-
cuits having a high quotient of self-inductance by capacity; for
in such cases the grid loss may be several times all other radio-
frequency losses put together, causing a marked diminution in
impressed grid voltage.

V. Bush: Mr. Ballantine’s very interesting paper is of
particular service in gathering together and carefully defining the
various tube constants which have been used by many writers.
It is also a step toward a consistent accepted nomenclature of
the subject, which will prove very necessary if we are to avoid
confusion.

It would be an additional help if Mr. Ballantine could throw
some light upon the following point: It seems to me that there
should be certain standard conditions under which the constants
of a tube are defined. We give the regulation of a generator,
for instance, as the rise in terminal voltage from full load to no
load under normal speed and field excitation. Could we not
similarly more definitely define the internal impedance of a tube
as the slope of the E,, I, curve under analogous standard condi-
tions as regards plate voltage, filament current, and grid po-
tential? Is it not true that the so-called constants of the tube
reviewed in the paper are as yet not constants at all; but that
we must give their values by means of a large number of curves
for various conditions in order to describe completely the elec-
trical operation of a given tube? Much of this is undoubtedly
due to the versatility of the three element tube, so that many
statements are needed to describe its action completely. Thus,
for instance, we have no definite constant as yet for specifying
output capacity. It is to be hoped however that as the art
develops some definite set of constants and curves may be set-
tled upon, as few in number as possible, which will describe briefly
and completely the electrical behavior of a given tube under
any set of conditions usually met with in practice, without adding
a great deal of information which will not be needed.

With the ordinary generator we can of course go much further.
There are various mechanical constants such as peripheral speed.
the constants of the iron, numbers of turns, and so on; and when
these are known we can by means of well known formulas ex-
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press the electrical constants in terms of them. That is, we can
design consistently in order to obtain a generator for any desired
purpose. It is of course too early to hope for such design form-
ulas for thermionic tubes, for they are at present largely empirical.

Mr. Ballantine’s paper will assist, however, toward the time
when we will order a tube for a given service in exactly the same
way that we now specify the behavior of a generator.

Edward Bennett (by letter)*: The use of uniform names
and symbols for the constants of tri-electrode amplifiers is a
matter of such importance that I venture to supplement the com-
pilation of terms and symbols which the paper contains by a
statement of the nomenclature which has been found very useful
in an extended investigation of amplifiers under conditions in
which the grid current cannot be neglected.

This nomenclature is as follows:

The ratio of the grid alternating current to the grid alternating
potential (the plate potential being kept constant) is called the
grid conductance, G,. 1f AI, and AE, represent corresponding
increments in the grid current and grid potential as read off
from the continuous potential characteristics, then

Al is represented by G, (1)
AE,
The ratio of the plate alternating current to the plate alter-
nating potential (the grid potential being kept constant) is called
the plate conductance, G .

A

A ;: is represented by G, (2)
The ratio of the plate alternating current to the grid alter-

nating potential (the plate potential being kept constant) is

called the controlled conductance of the plate by the grid, or briefly

the controlled plate conductance, G, .

A
aly i represented by G., 3)
AE,

The ratio of the grid alternating current to the plate alter-
nating potential (the grid potential being kept constant) is called
the controlled conductance of the grid by the plate, or briefly the
controlled grid conductance, G.,.

Al, .
KE_‘: is represented by G, (4)

* Received by the Editor, January 16, 1919.
175



For the use of the term “conductance” in connection with
the constants of amplifiers we are indebted to Professor Hazeltine.
The quantity which in the above notation is termed the controlled
plate conductance is by Professor Hazeltine termed the mutual
conductance. It seems to me that the term mutual is open to
objection in that the effect is not a mutual effect in the same
sense as in mutual inductance or mutual elastance.

As an illustration of the utility of the constants defined above,
consider their application to the simple case of non-regenerative
power amplification in the circuit of Figure 1. In this figure A
represents the source delivering the power which is to be ampli-
fied. The resistance, R, in the plate circuit represents the ele-
ment to which the amplified power is to be delivered.

&

Fldm 1

Let E represent the r.m.s. value of the alternating voltage
of the source A supplying the power which is to be amplified.

Assuming for the moment that no variation occurs in the
voltage between the plate P and filament F, the voltage E of
the source impressed in the grid circuit will cause the following
currents to flow:

I p1=G¢pE

. 1,1=G0E
The passage of the alternating current of the value I, thru
the resistance R will, however, cause the plate voltage to vary

by the amount,
E,=—-I,R
This variation of the plate voltage will give rise to the follow-
ing plate and grid currents,
" 1,,=(—-I,R)G,
Ia2= ("’Ip R) Gca
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Whence the resultant plate and grid currents are as follows,
1, (=I,,1+I,,2) =G.,E—1I,RG,
or - GpE
=167 (5)
Ig (=Ia1+1,2) =G E—Ip RG‘;,

or RG..G. E
I,=G,E— "= (6)

2
The power expended in the resistance is 1,2 R = (ﬂ;l> R
14+ RG,

The power delivered by the source A is

RG,,G,
2(y _ " cpeg
EI1,=E*G, 1+RG,,E2
The power amplification =
IR _ GLR (7)
EIg (1+Gp R) (G +G ('pR chGra R)

The value which the resistance R in the plate circuit must
have in order to lead to the maximum possible amplification of
the power may be determined by taking the derivative of the
amplification with respect to R, equating the derivative to zero,
and solving the resulting equation for the value of R.

The value of R for maximum power amplification is found
to be,

\/1 _Cic_»& (®)
Gp Gg

Substituting this value of R in equation (3), the expression
for the maximum amplification is found to be,

Maximum power amplification =
G,
[l+\/ chGcg] (9)
a ’p pa
. . . GC” Gcg 1
In most tri-electrode devices, the fraction a\e 18
14

small in comparison with unity because of the small value of

G.,, or of the second fraction in comparison with the first.

Under these conditions the following approximate expressions
may be written for maximum amplification.
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R, should equal 1 (8a)
Gy

2
Maximum power amplification = Gep’ (9a)
1G,G,

The corresponding voltage amplification = gg (6a)
]

The maximum voltage amplification, namely, %’-’, occurs
14

only when the resistance R is made infinitely great; in this
case the power amplification is 0.

Stuart Ballantine (by letter):* Dr. van der Bijl'’s remarks
relative to the presence of inductance in the plate circuit of the
vacuum tube under measurement with its concomitant effect
on the value of the mutual conductance obtained, reflect a popu-
lar view concerning the accuracy of the method which is quite
erroneous. It is true that the output circuit does contain the
winding P, of the balancing transformer, which, in the absence
of the supply voltage, e, will cause the current in this circuit
to assume another value and lag behind the plate voltage by
a small angle which depends upon the internal resistance of the
tube. However, it is to be noted, that in the presence of a cur-
rent in the winding P,, and in particular when a condition of
balance is attained (which is the state of affairs of primary in-
terest), the flux in the core is reduced to zero and there is no
inductive effect in the plate circuit, no magnetic circuit loss and
no serious reaction between the primary and secondary circuits
involved. The circuital reactions that do exist conspire to
preserve the accuracy of the method by their mutual destruction
of inductive effects. Few ignorations are therefore necessary
and the values of p obtained are representative of the tube and
not the circuit.

Looking at the thing from another point of view, it is fairly
evident that the main current I, flowing thru the winding P,
induces an emf. in the plate circuit which is of the proper phase
to react upon the emf. drop due to the inductance of the winding,
P,. When a perfect balance is obtained, as indicated by silence
in the telephones, the neutralization is complete and the plate
circuit acts as tho it was devoid of inductance. This may be
demonstrated mathematically from the circuital solution, but
since space is valuable, reference to the vector diagram of Figure
1 may serve to illustrate the truth of these remarks.

* Received by the Editor, February 18, 1919.
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FiGure 1

In the construction of this diagram no attention has been
paid to the proper representation of magnitudes, the phase
relations being of paramount interest.

The impressed forces E, and E are the plate and supply
voltages respectively. In addition e, is the impressed force in
the plate circuit on the assumption that there is no reaction from
the other primary circuit. When the supply circuit is connected
without the emf., ¢, the flux induces therein the force E’ which
produces the current, I’ and the flux ¢’. This in turn results
in the reactive emf. in the plate circuit, E,”’. The component
due to this reaction when combined with e, gives the final result-
ant impressed force, Ep. The circuit, as is well known, then acts
as if its inductance were reduced and its resistance increased.
Due to the connection of the grid across the resistance R in the
main circuit, the relation between the main current I and the
plate voltage is fixed as shown. The emf. in the main circuit
is E; the current produced is I which induces the force Ep’ in-
the plate circuit. Of particular interest here is the fact that
this induction is opposed to the normal inductance drop in the
plate circuit. This is a crude method of illustrating why the
objections mentioned by Dr. van der Bijl tend to disappear
when the condition of balance and zero flux is attained. With
certain connections, and circuit constants, slight errors due to
other causes do exist, as indicated mathematically, but their
magnitude is of no practical importance. Furthermore, the
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method described makes no pretense at much precision, and
is sufficiently accurate for most purposes.

In connection with the other point brought out in Dr. van
der Bijl’s discussion, I cannot agree with him that the “ampli-
fication constant is a function only of the geometry of the tube.”
It seems to me that the important consideration is the relation
between the electronic flow and the forces produced by the
electrodes, which is not a simple function of their spatial relation,
but depends as has been clearly demonstrated by Richardson,
also upon the distribution and congestion of the particles them-
selves. In constructing the explanation given in the paper
to account for the falling off of p for positive grid potentials
I was greatly influenced by this view. Furthermore, I think
that a few trial computations will indicate that Dr. van der
Bijl’s explanation based entirely upon the conductivity of the
grid circuit, is quite fallacious. Asa matter of fact, this wasalso
the first explanation that occurred to me, suggested probably by
the increase in the effect for decreasing plate potentials. The
RiR,1
Ri+R,
instead of R;I as was assumed in my measurements. The
slide wire used had a total resistance of about 116 ohms; the
resistance of the grid circuit was in no instance lower than 10,000
ohms and in most cases was considerably above this (the exact
values are deducible from Figure 11). After correcting for the
grid conductance I was surprised to find that the resulting curve
was identical with the original one almost within the normal
width of the curve itself. I am convinced, therefore, that the
effect is negligible and that any explanation based solely upon
its consideration is inadequate to account for the pronounced
falling off of # observed. I have but limited faith in the expla-
nation given in the paper to account for this effect and do not
wish to contend that this is the correct and final answer to the
question. It is frankly crude and explains only the falling off
for small plate voltages; the variation for constant plate voltage
and variable grid potential still remains unexplained. Any
theory for this latter effect must indeed be possessed of remark-
able flexibility in order to account for some of the vagaries that
have been observed.

In order to give Dr. van der Bijl's theory a fair test I made
some very careful measurements of ¢ with tubes having cylin-
drical electrodes. This type of constructions gives a relation
between the plate current (/) and the grid potential (Ey) which
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follows most faithfully the relation formulated in Dr. van der
BijlI’s theory. On account of this agreement with the theory,
we should expect the amplification factor to remain constant
as the theory predicts. The results are displayed in Figure 2.

COEFPICIENT OF AMPLIFICATION

-10 -8 0 5 10
GRID POTENTIAL (VOLTS)
FI1GURE 2

The curves “A” and “B” were obtained on tubes with similar
plate dimensions and with similar plate-filament spaces. In
the case of “A,” however, the grid-filament space is greater
(by 0.5 millimeter or 0.02 inch) than in the case of tube “B.”
The falling off of r for low plate voltages is still noticeable altho
not so pronounced as the c