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PREFACE

The purpose of this treatment of thermionic vacuum tube
circuits is to develop conventions and methods which may be
used in treating electrical networks and systems containing
trielectrode devices. The topics and the circuits which might
be discussed in a treatise on triode circuits are almost endless
in number, and this book does not aim to cover them all. While
most of the fundamental topics are covered, the main aim of the
book is to impart to the reader a knowledge of fundamental
theory and a familiarity with methods of attacking problems so
that he can investigate systems and circuit' arrangements other
than those discussed in the book. It naturally follows then that
the circuits and topics which are treated are those which best
illustrate and fix in the mind of the reader the methods and con-
ventions used in arriving at the performance of triode circuits.

The plan is to take the characteristic curves of the triode as a
starting point and to develop the methods by which it is possible
to predict from these curves the performance of the device in an
electrical network. The book introduces four fundamental triode
constants to treat those situations in which operation takes place
over portions of the characteristic curves which are essentially
straight lines. Two of these four constants were originally
introduced into the discussion of triode circuit equations by
Prof. Edward Bennett of the University of Wisconsin. One of
these constants, the controlled grid conductance, is the ratio of
the change in grid current to the change in plate voltage when the
grid voltage is maintained constant. This ratio is relatively
small and in many cases equal to zero for modern vacuum tubes
which have a high vacuum. In an investigation, however,
carried on in 1917 by Professor Bennett at the University of
Wisconsin on the properties of open-air amplifiers, using the
corona formation as a source of ions, this ratio was a relatively
important one and it is therefore introduced for the sake of
completeness of treatment.

The author follows the system of nomenclature for constants
adopted by Professor Bennett. In this system of nomenclature
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vi PREFACE

the ratio of the change in plate current to the resulting change in
grid voltage when the plate voltage remains constant is called
the controlled conductance of the plate by the grid, or briefly
the controlled plate conductance. It is common practice else-
where to call this constant the mutual conductance. This name
is rejected because this quantity is in no accepted sense of the
word a mutual one. If it were, it should equal the controlled
grid conductance defined above. We have enough misnamed
quantities in electrical engineering theory now without deliber-
ately adding another to the list. o

The third chapter introduces the idea of describing certain
triode circuit phenomena as resistance neutralization. This idea
is then used as a unifying thread to tie together the material
presented in Chaps. II, IV, V, VI, and VIII. This method of
presentation is a powerful aid in the establishing of a unity of
viewpoint for the treatment of diverse phenomena.

I wish to express my indebtedness to Prof. Edward Bennett for
the helpful suggestions which he has given during the writing of
this book and also to Glenn Koehler for the experimental data
which he furnished in connection with the calculations of the
performance of amplifier circuits.

Leo JAMEs PETERs.
MapisoN, WISCONSIN,
July, 1927.
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THEORY OF THERMIONIC
VACUUM TUBE CIRCUITS

CHAPTER 1
ELEMENTARY THERMIONIC THEORY

1. Introduction.

The thermionic vacuum tube is a device which may be
used to control the motion of charges in an electric circuit
or system. In mechanical systems a device used to control
motions is called a valve, and the thermionic vacuum tube
might appropriately be called the thermionic valve. This
is the name generally used in England. The three-
electrode thermionic vacuum tube or triode belongs to a
class of valves in which the expenditure of a small amount
of power on the control, or trigger, or power input element
controls the flow of a large amount of power from a local
source in the output element. The triode has the addi-
tional feature of effecting this control with inappreciable
time lag. It is these two properties which give the triode
a unique position among all other valves.

By suitable connections between the elements, the control
of motions can be made such that the power available in
the output element may be utilized in the following ways:

1. The power output may all be expended in the output
element to accomplish some desired purpose; this is the case
of simple amplification.

2. A part of the power output may be diverted back to
the control element to supplement the power received from
the external or original actuating agency in such a way as to
increase the power-amplifying ratio; this is the case of regen-

erative amplification.
1



2 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

3. A portion of the power output may be diverted to the
external system which supplies the power to the control
element in such a manner as to cause the driving forces in
the external system to deliver more pqwer to the external
system. The local source of power associated with the
valve supplies a part only of the increased power which is
expended in the external system. In the mathematical
treatment of the system the valve constants enter the equa-
tious for the external circuit in the form of terms which sub-
tract from the frictional or resistance terms. The valve
when thus associated with the external agency is said to
have the properties of a negative resistance; this is the case
of resistance neutralization.

4. The power may be so diverted to the external system
that any disturbance which is set up in the system may
result in sustained oscillations (reciprocating motion) in a
system in which the only driving force is the unidirectional
force of the power source associated with the valve; this is
the case of the generation of sustained oscillations.

Besides these four cases, the triode may be used to control
the motion of charges in such a way as to accomplish three
other important results:

1. The control of the motion of charges may be such as to
produce low-frequency variations in the amplitude of a
high-frequency current; this is the case of modulation.

2. The control of the motion of the charges may be such
that a high-frequency current having an amplitude which
varies at lower frequencies is modified in such a way that
only the lower frequencies remain; this is the case of
demodulation.

3. The control of the motion of charges may be such that
an alternating motion of charges is converted into a pulsat-
ing or unidirectional one; this is the case of rectification.

The triode consists of a cathode, a plate or anode, and a
metallic grid placed between the cathode and anode.
These three elements may be mounted in the air, in a gas at
atmospheric pressure, in a rarefied gas, or in a high vacuum.
The cathode may be a heated metallic filament or other hot
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body capable of emitting ions, a wire maintained at high
potential in a gas so that corona forms around it, or any
other source of ions. The anode generally consists of a
metallic plate surrounding the cathode. It is charged in
such a way as to attract to it the ions emitted by the cathode,
thus causing the passage of an electric current between
these elements. The grid, as the name signifies, consists of
a wire mesh mounted between the cathode and the anode.
It is charged in such a way as to control the motion of the
ions from the cathode to the anode.

The discussion of triode theory naturally divides into two
parts. The first part deals with the properties of circuits
containing trielectrode devices, and the second part deals
with the properties of the trielectrode device itself. In the
first part, no inquiry is made into the nature of the processes
by which conduction occurs in the space between the ele-
ments or into the why of the characteristic curves. The
characteristic curves of the device are experimentaily deter-
mined, and from these curves the conductances between
plate and cathode or grid and cathode are computed. The
properties of circuits into which such a device is connected
are then analytically determined. This part of the discus-
sion discloses the characteristics which are desirable and
therefore should naturally come first. The second part
deals with the why of the characteristic curves. It is an
inquiry into the nature of the current flow from plate to
cathode or grid to cathode, an inquiry into the manner in
which the characteristics are affected by such variables as
the nature and temperature of the filament, the gas pres-
sure, and the applied potentials. This second part of the
discussion discloses the principles by which trielectrode
devices may be designed to have specified characteristics.

This book is primarily devoted to the first part of the
discussion; that is, the book has for its object the develop-
ment of methods and conventions which may be used to
predict the behavior of the trielectrode device in an electric
circuit or system when the characteristic curves are given.
It is only incidentally concerned with those phenomena
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inside the device which give rise to these characteristic
curves.
la. Some Types of Trielectrode Devices.

In the preceding section some of the forms which a trielec-
trode device may take were briefly pointed out. A more
detailed description of a few of these devices will aid the
reader in going over the theory presented in the following
sections.

‘Figure 1 shows a schematic diagram of an experimental
corona amplifier. W represents a wire about 6 feet long
strung along the axis of a cylindrical wire grid G. The grid
is about 1 inch in diameter. It isin turn
surrounded by a metallic cylinder P,
which will be called the plate. The plate
is about 6 inches in diameter. These
three elements are insulated from each
P other and immersed in a gas which may

be air at atmospheric pressure. The grid
is charged by the generator D, to a
\[/ potential of about 8,000 volts above the
o wire W. The high electric intensity in
Fra. 1.—Corona  the vicinity of the wire causes the air to
amplifier.  * jonize. This ionization of the air in the
vicinity of the wire is called a corona discharge. A posi-
tive charge is placed on the plate P by means of the gen-
erator D;. The magnitude of this charge is such as to raise
the potential of the plate to about 30,000 volts above that
of the wire. The charges on the plate and grid set up an
electric field which causes the negative ions to move away
from the corona wire. Most of the moving charges pass
through the openings in the grid and go to the plate,
thereby establishing a current between the plate and wire.
This current may be read on the ammeter A;. The charges
attracted to the grid return to the corona wire through the
ammeter A;. The current which flows between the plate
and wire may be controlled by changing the charge on
the grid. The grid is the control element in the corona
valve.
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In order to give some idea of the magnitude of the cur-
rents which may be obtained in a corona amplifier, the
following representative values are written down:

Potential of grid above wire.............. 7,400 volts
Potential of plate above wire............. 28,000 volts
Plate-to-wire current.................. .. 2 milliamperes
Grid to wire current.................... 1 milliampere

When the potential of the grid is increased by 500 volts,
the plate-to-wire current is increased by 1.25 milliamperes
and the grid-to-wire current is increased by 0.75 milli-
ampere. The changes in power in the plate-to-wire circuit
is (28,000)(0.00125) = 35 watts. The change in power in
the grid-to-wire circuit necessary to cause this change in

I TR
i —
Zal A

By A

F16. la.—Glower oscillator.

N\

power in the plate-to-wire circuit is (7.9)(1.75) — (7.4)(1)
= 6.43 watts. The power changes calculated above are
given to illustrate the control action of the grid element.
Figure la is a schematic diagram of a glower oscillator.
F represents a Nernst oxide glower about 2 inches long. A
heating current may be passed through this glower by
means of the battery B,. G represents a wire grid placed
about !¢ inch on either side of the glower. The grid can be
maintained at a given potential above the glower by charg-
ing it from the battery B,. P represents two metallic
plates spaced about 14 inch from the grid. The plates can
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be maintained at a given potential above the glower by
means of the battery B,. This device operates in air at
atmospheric pressure.

The operation of the glower oscillator is as follows: The
heated oxides which make up the glower element give off
electrons. These electrons are attracted by the positive
charges on the plate and grid, and a current is established
between the plate and the glower and between the grid and
the glower. Most of the charges pass through the openings
in the grid and go to the plate, so that the current between
the plate and the glower is larger than the current between
the grid and the glower. The current between the plate
and the glower can be controlled by changing the charge on
the grid. The grid is the control element in the glower
valve.

The magnitudes of the currents and voltages used in the
operation of a glower oscillator, which has approximately
the dimensions given above, have the following representa-
tive values:

Potential of grid above glower......... 85 volts
Potential of plate above glower......... 350 volts
Current between plate and glower...... 0.43 milliampere
Current between grid and glower....... 0.04 milliampere

Change in plate-to-glower current per volt

change in plate potential = 1.25 X 10—¢ amperes
Change in plate-to-glower current per volt

change in grid potential = 6.7 X 10-® amperes
Change in grid-to-glower current per volt

change in grid potential 5X 107 amperes

An examination of the above data brings out the follow-
ing important facts relative to the control of the grid over
the plate-to-glower circuit. A unit change in grid potential
produces 5.4 times as much change in plate-to-glower
current as a unit change in plate potential. The change in
plate-to-glower current due to a change of 1 volt in grid
potential is 13 times as great as the change in grid-to-glower
current due to unit change in grid potential.
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to b against the surface forces. Let this work measured in
joules be represented by W,. Let the mass of an electron
in gram-sevens (107 grams) be represented by m and let its
thermal velocity in centimeters per second at the surface A A
be represented by ». Then if

1imv?=W,,

A

the electron will be brought to rest by the
surface forces at a distance b from the con-
ductor and then will be attracted back into
the conductor, provided W, is less than the
total area under the curve C. Let the total 4% Disfance
area under the curve C represent an amount ‘Fic. 2.— Surface
of work equal to W joules. Then if an elec- foree on electrons.
tron is to overcome the surface forces completely, it must
have a thermal velocity at the surface AA such that

1édmo? > W.

___ Surface Force
o

The work which must be performed in order to move 1 cou-
lomb of electrons out through the surface of a metal into
evacuated space against the surface force is called the elec-
tron affinity of the metal. Since this work is measured in
joules, the dimensions of the electron affinity are the sameas
those of electromotive force (joules per coulomb), and elec-
tron affinities are given in volts. The electron affinities of
a few of the pure metals are given below.

Y T

|
. i .
Metal Elec?ron affinity H Metal | Elec?ron affinity
in volts ‘! 1 in volts
I '
| | |
Tungsten........ i 4.52 Thorium....... ) 3.4
Platinum. ... ... ! 4.4 ! Sodium........ .| 1.82
4.1 ‘ Potassium....... \ 1.53

The velocity which an electron must have in order to
escape from a piece of tungsten into evacuated space can
now be calculated. The charge on an electron is 1.591
X 101 ¢oulombs. The mass of an electron is 9 X 10-28
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grams. The velocity must be such that the kinetic energy
of the electron is equal to the electron affinity of the tung-
sten multiplied by the electronic charge in coulombs. The
kinetic energy of an electron in joules is

14(9 X 10-28)10-"p% = 4.5 X 10-3%?
In order to escape from the tungsten, the velocity of the
electron in centimeters per second must be

4.52)(1. —19) 4 ‘
' [( : 4)(51;5<91?)<—3150 J] = 1.26 X 108 centimeters per

second.

The velocity which an electron must have in order to escape
from the thorium into a vacuum is

34
v = [\/:52] 1.26 X 108=1.09 X 108 centimeters per second.

It is thus evident that electrons escape more readily from
thorium than from tungsten, and this accounts in part
for the use of thoriated filaments in modern vacuum
tubes.

At ordinary temperatures but relatively few electrons
have the requisite velocity to escape through the surface of
a metal. When the metal is heated to a high temperature,
however, it would lose electrons at a rapid rate if reactions
did not enter to put a stop to the loss.

After one electron has escaped through the surface,the
metallic body is left with a net positive charge so that the
next electron to escape through the surface must overcome
in addition to the surface force the attraction of the posi-
tively charged body and the repulsion due to the electron
which has already escaped. As electrons continue to escape
from the body, an electrostatic field is built up which ulti-
mately drives electrons back into the body at the same rate
as they leaveit. A heated metallic body is thus surrounded
by an atmosphere of electrons, and a dynamic equilibrium
exists between the body and the atmosphere of electrons such
that electrons leave and reenter the body at the same rate.
If the temperature of the body is raised, the equilibrium is



ELEMENTARY THERMIONIC THEORY 13

destroyed and the density of the atmosphere of electrons
around the body increases until a new equilibrium condition
is reached.

1c. Thermionic Currents through Evacuated Space.

In Fig. 2a, A represents a heated metallic plate in a
vacuum. Let the plate A be maintained at zero potential
by connecting it to ground. This heated plate is sur-

.rounded by an atmosphere of electrons so that close up to
the plate an electron is repelled by this atmosphere towards
the plate. In this same region a positive charge would be
acted on by a force directed away from the plate. If dis-
tances are taken as positive when measured away from the
plate, then the potential gradient close up to the plate must

(o}

)

7

4,

NN

Potential

Potential
~==-=—=-=-=--n

/ Distance 2

Distance

£ e

Fig. 2a.—Potential distribution near Fig. 2b.—Potential distribution be-
heated plate. tween hot plate and charged cold plate.

be negative. Further, the potential at the plate and at
distances far removed from the plate must be zero. The
curve which gives the potential as a function of the distance
must have some such shape as that shown by Fig. 2a.

Let a cold plate be placed adjacent to the hot plate and
let this cold plate be maintained at a potential of £ voltsabove
the hot plate by means of the battery B. The new arrange-
ment is shown schematically in Fig. 2b. If the potential
of the cold plate is not too high, the potential distribution
in the vicinity of the hot plate has the same general
shape as shown in Fig. 2a. In the case under consider-
ation, however, the potential must have the value E at the
cold plate. The potential distribution between the two
plates must have the general shape shown by the curve in
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Fig. 2b. The main feature of interest about this curve is
the negative potential gradient to the left of the plane aa
and the positive potential gradient to the right of the plane
aa. In the region to the left of this plane the electrostatic
force on an electron is directed towards the hot plate while
to the right of this plane the force on an electron is towards
the cold plate. That is, for an electron to reach the cold
plate, it must be emitted from the hot plate with enough
kinetic energy to carry it past the plane aa against the elec-
trostatic forces which are directed towards the hot plate in
the region to the left of this plane.

Let the negative potential of the plane aa be represented
by e, and let the charge on an electron be represented by gq.
Then if an electron is to reach the cold plate, it must be

Fic. 2c.—Mechanical analogue of electrical conditions in Fig. 2b.

emitted from the hot plate with such a velocity that
14 mv,?is at least equal to eg, in which », is the component of
its velocity which is perpendicular to the plate AA. By
velocity of emission is meant the velocity which the elec-
tron has after overcoming the surface forces of the hot metal
plate.

The conditions necessary for an electron to pass from the
hot plate to the cold plate in Fig. 2b are somewhat analogous
to the conditions necessary to slide the block B of Fig. 2¢
over the hill ACD from A to C when friction is neglected.
For the block to reach D it must be started from A with at
least enough velocity to carry it to the top of the hill C.
Upon passing the top of the hill, the force of gravity acts in
such a way as to move the block from C to D. If the ele-
vation of the point C is h centimeters above 4, then the block
must leave A with a kinetic energy at least equal to Amg in
order to reach D,
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Electrons are emitted from the hot plate with velocities
ranging from zero up to high values, but only those elec-
trons having a kinetic energy greater than eq can reach the
cold plate. These negative charges moving from the hot
plate to the cold plate constitute, under our conventions, a
current from the cold plate to the hot plate through the
evacuated space.

If the potential of the anode C is increased, the maximum
negative potential e becomes smaller. There will then be
a greater number of electrons emitted with the requisite
kinetic energy eq to reach the cold plate, and the current
will increase. Similarly, lowering the potential of the
anode causes e to increase and the current to decrease.
When the potential of the anode becomes so low that the
kinetic energy required to reach the plane aa is greater than
that possessed by any of the emitted electrons, the space
current falls to zero. Any further reduction in the anode
potential has no effect upon the space current. When the
anode potential is increased to a value which makes the
minimum potential e between the plates equal to zero, all
of the emitted electrons reach the cold plate, and the
strength of the space current cannot be made larger by
increasing the anode voltage. It can,however, beincreased
by increasing the rate at which the hot plate emits electrons.
The rate of emission of electrons by the hot plate can be
increased by increasing its temperature. The current
which flows when all of the emitted electrons reach the cold
plate is called the saturation current. The saturation cur-
rent is a function of the temperature of the hot plate.

By making use of assumptions and arguments drawn
from the kinetic theory of gases, Richardson has deduced
the following equation for the saturation current between
the heated plate and the cold plate:

J (amperes per square centimeter of hot plate) = ar/T ¢~ ”
in which a and b are constants, characteristic of each metal,
and T is the absolute temperature of the hot plate.

_The rate of emission of electrons from a hot metallic body
is greatly affected by the presence of gas surrounding the
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body and the condition of the emitting surface. Thus oxy-
gen has the effect of greatly reducing the emission from
platinum, and the presence of thorium as an impurity in
tungsten greatly increases its electron emission at a given
temperature.
1d. Energy Relations.

In Fig. 2b the cold plate C is maintained at a potential of
E volts above the hot plate A by means of the battery B.
The statement that C is maintained at a potential of E volts
above A is equivalent to the statement that the forces of
the electric field perform E joules of work on each coulomb
of negative electricity transferred from A to C. If ¢ repre-
sents the negative charge on an electron in coulombs, the
work done by the forces of the electric field upon each elec-
tron as it passes from the hot plate to the cold plate is Eq
joules. In a perfect vacuum, the motion of the electron is
unrestrained and the work Eq must be transformed into
an increase in kinetic energy of the electron. If the veloc-
ity of emission is neglected, then on reaching the cold plate
the electron must have a velocity such as to satisfy the
equation

lemv? = Eq

The velocity which an electron has acquired when it reaches
the cold plate then is

. 2E
v(centimeters per second) = \/7(1

Now the ratio of charge to mass for an electron is 1.768 X
10'® coulombs per gram-seven. Therefore the velocity
which an electron has when it reaches the cold plate, neglect-
ing the velocity of emission, is

v(centimeters per second) = 5.95 X 10’E*

If the potential of the cold plate above the hot plate is 1,000
volts, an electron reaches the cold plate with a velocity of
1.87 X 10° centimeters per second.

Upon reaching the cold plate, the electron shares its
kinetic energy with the molecules and electrons of the cold
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plate; that is, the work done on the electron by the electrical
forces in the region between the plates is converted into heat
energy at the cold plate.
. In power tubes the electron bombardment is sufficiently
great to heat the plate to incandescence. Tubes which
handle large quantities of power are built so that the plate
forms part of the container. This allows the plate to be
cooled by immersing it in water.
2. Characteristic Curves of the Two-element Vacuum Tube.
A circuit which may be used for studying the manner in
which the current through a vacuum between a heated

Plate Space Current

|
|
t
1
'
]
1
1

[

g,

Plate Potentiat

Fig. 3.— Connections for obtaining Fig. 3a.—Characteristic curves of two
characteristics. element tube.

metallic filament and a cold plate varies with changesin cold-
plate potential and filament temperature is shown in Fig. 3.
F represents a metallic filament which may be heated to a
~ high temperature by passing a current through it by means
of the battery B,. This heating current will be called the
filament current. Its magnitude may be read on the
ammeter A,. P represents the cold plate. It may be
maintained at any desired potential (between limits) higher
or lower than that of one end of the heated filament by
means of the battery B; and the potentiometer D. The plate
potential, that is, the potential of the plate relative to one
end of the filament, may be read on the voltmeter V. The
plate current, that is, the current which flows from the plate
to the filament, may be read on the ammeter 4,.
If the filament temperature is maintained constant, at a
value T'y, the plate current is given as a function of the plate
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potential by a curve such as abc of Fig. 3a. This curve
shows that the plate space current increases with increases
in plate potential until the voltage E, is reached. Poten-
* tials in excess of this produce substantially no further
increase in plate current. If the filament temperature is
increased from T'; to T, the plate current is given as a func-
tion of the plate voltage by the curve ade. For a filament
temperature T';, which is still greater than T, the current
voltage curve is adf. These curves all have the same gen-
eral shape. At the higher filament temperatures the satura-
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o
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Filament Temperature

F16. 4.—Characteristic curves of two element tube.

tion current has higher values and is reached at higher
values of plate potential.

The curves given in Fig. 3a indicate that there is a range
of plate potentials for which the plate space current is prac-
tically the same for the three temperatures 71, T, and T's.
The curves of Fig. 4 give the plate current as a function of
the filament temperature for three plate potentials. For
temperatures less than 7'y, the current is substantially the
same for the three plate potentials considered. Over the
portion AB of the curve OAB, the plate current is prac-
tically independent of the filament temperature. The
curves for the other plate potentials show the same charac-
teristic flattening out at the higher filament temperature.
The general features of the conduction of currents in the
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two-element vacuum tube as shown by the curves of Figs.
3a and 4 are in agreement with those given in the theoretical
discussion of Secs. 1d and le.

3. Characteristic Curves of the Three-element Vacuum

Tube.

It was pointed out in Sec. 1c¢ that the présence of elec-
trons in the region between the cold plate and the hot plate
shown in Fig. 2b cause the potential to take on a maximum
negative value in the vicinity of the hot plate. Due to the
fact that electrons are emitted from the hot plate with a
large range of velocities, the current between the two plates
depends upon the maximum value of this negative poten-

, F1g. 5.—Circuit for obtaining characteristics.

tial. Now the value of this maximum negative potential
may be controlled by placing a wire grid between the two
plates and controlling the magnitude of a charge placed on
this grid. Since the grid is closer to the hot plate than is
the cold plate, a given potential impressed on the grid will
have more effect upon the potential in the vicinity of the
hot plate than will an equal potential impressed on the cold
plate. Since the area of the wires comprising the grid can
be made small compared to the area of the cold plate, the
electrons can pass readily through its meshes to the cold
plate. This grid may be used to control the current which
flows between the two plates.

The circuit shown in Fig. 5 may be used to study the rela-
tion between the potentials applied to the grid and plate
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and the resulting plate and grid currents. In the circuit of
Fig. 5, F represents a metallic filament which can be heated
by passing a current through it. The grid is represented by

G. It can be maintained at potentials above or below the

potential of one end of the filament by means of the bat-
tery B, and_the potentiometer P,. The current which flows
from the grid to the filament and plate can be read on the
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F1G. 6.—Characteristic curves for a 100 watt power tube.

ammeter A,. This current will be called the grid current.
The potential of the grid above that of one end of the fila-

ment can be read on the voltmeter E,. This potential will .

be called the grid potential. P represents the cold plate.
The plate current, that is, the current which flows from the
plate to the filament and grid can be read on the ammeter
A,. The plate can be maintained at potentials above that
of one end of the filament by means of the battery B; and
the potentiometer P,. The plate potential can be read on
the voltmeter E,.
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F1a. 7.—Characteristic curves of 100 watt power tube.
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With this circuit, data for the following sets of character-
istic curves can be obtained. The first set consists of curves
which give the plate current as a function of the grid poten-
tial for specified values of plate potential. Figure 6 gives
such a set of curves for a 100-watt-power tube. The second
set of curves gives the grid current as a function of the grid
potential for specified values of plate potential. Such a set
of curves for a 100-watt-power tube is given by Fig. 7. A
third set of curves which sometimes is very useful is a set
showing the plate current as a function of the plate poten-
tial for given values of the grid potential.

An examination of Figs. 6 and 7 brings out the following
facts: The grid current is much smaller than the plate
current; it may be reduced to zero by applying a negative
potential to the grid. The change in plate current for a
given change in grid potential is much larger than the
change in plate current due to an equal change in plate
potential. These properties give the triode its important
amplifying characteristics.

In order graphically to represent the plate current as a
function of the plate and grid potentials when the filament
temperature remains constant, a three-dimensional domain
must be used. In this three-dimensional domain the plot
of the functional relation between the plate current and the
plate and grid potentials would give a surface called the
characteristic surface of the triode for the given filament
temperature. The equation of this surface cannot be writ-
ten down, but Van der Bijl has shown that it has the form

1= f(l-‘va + v,)
4. Conventions.

Before we proceed to a quantitative treatment of triode
circuits, it is essential that a set of conventions be adopted
so that an interpretation can be placed upon the analytical
work. The conventions to be used in this treatment of
triode circuits are given below.

The elements of the thermionic vacuum tube or triode
now under consideration are a heated cathode F, an anode
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or plate P, and a third electrode G, interposed between the
cathode and the anode. In most of the circuitsto be dealt
with, these three elements are connected through auxiliary
apparatus to a common point or bus. Therefore all cir-
cuits will be represented in a manner similar to the one
shown by Fig. 8. All potentials of tube elements will be
expressed relative to the common bus.

By the grid current we shall mean the current flowing
through the evacuated space from the grid to the filament
and plate. By the plate current we shall mean the current

F G

i

Fic. 8.

flowing through the evacuated space from the plate to the
filament and grid.

In the consideration of circuits the following conventions
will be adopted:

1. For convenience in specifying directions an arrow will
be drawn in an arbitrarily selected direction along each
branch of the network. The direction indicated by the
arrow will be called the arrow direction in that branch.

2. Any symbol placed on the diagram to represent the
current in a given branch will be understood to represent the
algebraic value of the current in the arrow direction along
the branch. (This convention is nothing but a rapid and
precise method of defining the symbol.)

3. Any symbol placed on the diagram to represent the
electromotive force of specified forces in a given branch will
be understood to represent the algebraic value of the elec-
tromotive force in the arrow direction along that branch,
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(The known electromotive forces of batteries or generators
are usually indicated by writing the numerical value on the
diagram with separate polarity marks to indicate directions.)

4. Any symbol, as ¢, placed on the diagram to represent
the charge in a condenser will be understood to represent
the algebraic value of the charge on that electrode which
receives positive charge when the current in the arrow direc-
tion along the branch is positive. In other words the sym-
bol ¢ is so defined that the following relation exists between
g and 7, when 7 represents the current in the arrow direction

along the branch:
., dq _ %
7 = + dat or q =+ |t

5. The magnetic flux-linkage of a given circuit will be
represented by the symbol (4+A). A positive numerical
value will be assigned to (A) if the linkage of the circuit is
the same in direction as that which would be caused by the
flow of current in the arrow direction in that circuit.

6. The mutual inductance between two circuits will be
represented by the symbol (4+M). A positive numerical
value will be assigned to M if a current in the arrow direction
in circuit 1 gives rise to a flux-linkage in circuit 2 which is
in the same direction as the flux-linkage which would be
caused by a current in the arrow direction in circuit 2.

7. The mutual elastance between the condensers in two
circuits will be represented by the symbol (4+S.). A posi-
tive numerical value will be assigned to S, if the segrega-
tion of charge resulting from the flow of current in the arrow
direction in circuit 1 gives rise to a potential difference
between the plates of the condenser in circuit 2 of the same
sign as that which would be caused by the segregation
resulting from the flow of a current in the arrow direction in
circuit 2.

8. The arrow direction in the grid and plate spaces will
always be taken so that the arrow points from the
grid to the filament and from the plate to the filament,

respectively.
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9. The e.m.f. of resistance in the arrow direction is — R,

or in complex notation — RI.

10. The e.m.f. of self-inductance in the arrow direction
) Ld_i
T
11. The e.m.f. of mutual inductance in the arrow direc-

» or in complex notation —jwLI.

tion is —M%’ or in the notation of the complex algebra

—jwMI. The sign of M is to be determined from conven-

tion 6.

12. The e.m.f. of capacitance in the arrow direction is
——g -1 idt, or in complex notation — J—w%=;‘%

13. Complex quantities will be designated by boldface
Roman capital letters. The absolute value of these com-
plex quantities will be designated by the same letter
in italic capitals.

14. The instantaneous value of quantities which vary
with the time will be represented by symbols printed in
lower-case italic type.
4a. Definition of Triode Constants. ipt

Consider the circuit of Fig. 8. Let the [wioawp
tube in this circuit have the characteristic
curves given in Figs. 6 and 7. Let the poten-
tials of the battery in the grid circuit and the
generator in the plate circuit be adjusted so
that operating conditions are represented on
the curves of Fig. 6 by the point o. That Fro. 9. ]
is, the generator D maintains the plate at a
potential of 600 volts above the negative end of the fila-
ment, and the battery in the grid circuit maintains the grid
at a potential of 20 volts above the negative end of the fila-
ment. There is a continuous current of 40 milliamperes
flowing in the plate circuit. This current is represented
in Fig. 9 by the horizontal straight line marked 40 X 103
amperes. The plate space current as a function of the
time is given by the equation

I,, (amperes) = 40 X 103 (1)

Jpp

4
Time

o, Plote Current




26 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

The point o will be called the operating point on the char-

acteristic surface of the tube, or for short, the operating

point.

- Now let the alternator A in the grid circuit be started.
Let this alternator deliver a terminal voltage given by the

equation

e, = 10 sin wt (2)
The total grid potential is then given by the equation
‘ e, = 20 4+ 10 sin ot 3)

That is, the grid potential varies from 10 to 30 volts, while
the plate potential remains constant at a value of 600 volts.

From the curves of Fig. 6 it is found that the plate cur-
rent has a value of 30 milliamperes when the grid poten-
tial equals 10 volts. It has a value of 50 milliamperes
when the grid potential is 30 volts and the plate potential
is 600 volts. That is, the plate current varies from 30
to 50 milliamperes.

Over the range of variable grid potentials under considera-
tion a straight-line relation exists between the grid potential
and the plate current. If the capacitances between the
tube electrcdes are neglected (the effects of these capaci-
tances are treated in detail in Chap. VIII), experience has
shown that changes in plate current follow changes in grid
potential without appreciable time lag. It follows, there-
fore, that the plate current is given by the equation

1, (amperes) = (40 4+ 10 sin »t)10-3 (4)

This current is represented in Fig. 9 by the curve marked

1 pt.
The variable part of the plate current is

1, (amperes) = 10 X 10-3 sin wt (5)
This current is represented in Fig. 9 by the curve marked 7,,.

The ratio of the variable plate current to the variable
grid potential is

Gp= > =—"35— =107° (6)
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That is, the ratio of the variable plate current to the vari-
able grid voltage is a constant. It is equal to the slope of
the 600-plate volt curve of Fig. 9 at the operating point o.

Let the triode under consideration be any triode. Let
the operating point be so chosen that the characteristic
surface in its vicinity is substantially a plane. Let a
variable potential e, be applied to the grid. Let the plate
potential be constant. The potential e, may be any func-
tion of the time, but its maximum value must be such that
* the plate space current varies only over the portion of the
characteristic surface which is substantially a plane. The
ratio of the variable plate current to the variable grid poten-
tial is a constant independent of the time. That is,

7’1-’

2= G, ™
The constant G,, is the slope of the characteristic surface
at the operating point measured in a plane for which the
plate potential is constant. On a set of characteristic
curves such as the ones given in Fig. 6, G., is the slope of the
curve of constant plate potential which passes through
the operating point. The slope is to be measured at the
operating point.

Since the constant represented by G., is the ratio of a
current to a potential, it has the dimensions of a conduct-
ance. It will be called the controlled conductance of
the plate by the grid, or, for short, the controlled plate
conductance.

That is to say, the controlled plate conductance (symbol
G.,) is defined to be equal to the ratio of the variable com-
ponent of the plate current to the variable component of
the grid potential when the plate potential remains constant.
The defining equation of the controlled plate conductance is

Guy (mhos) = 2 W), = ) ®)

From considerations analogous to those used in defining
the controlled plate conductance, let the following defini-
tions be made:
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The plate conductance (symbol @,) is defined to be equal
to the ratio of variable component of the plate current to
the variable component of the plate potential when the grid
potential remains constant. The defining equation of the
plate conductance is

@, (mhos) = 2 (amperes)

€y (volts) ’ (€, = 0) (9)

The controlled conductance of the grid by the plate, or,
for short, the controlled grid conductance (symbol G.,)
is defined to be equal to the ratio of the variable component
of the grid current to the variable component of the plate
potential when the grid potential remains constant. The
defining equation of the controlled grid conductance is

., (amperes)
:_,, a(Volts) ; (e = 0) (10)

The grid conductance (symbol G,) is defined to be equal
to the ratio of the variable component of the grid current
to the variable component of the grid potential when the
plate potential remains constant. The defining equation of
the grid conductance is ’

G, (mhos) = 22 PR, (o, = ) (1

In the defining Egs. (8), (9), (10), and (11) 7,, e,, ¢,, and
e, represent the variable components of the plate current,
the plate potential, the grid current, and the grid potential,
respectively. Thus the condition that the plate potential
remain constant at the value which it has at the operating
point is expressed by the relation ¢, = 0.

It should be realized that G, and G, are not truly con-
stants because, in general, a linear relation does not exist
between the grid current, the plate potential, and the grid
potential. In many cases operating points for triodes
are chosen so that both of these constants are equal to zero.

Table I gives the constants of a number of vacuum tubes
and also the constants of a typical corona amplifier and an

open-air glower oscillator.

G, (mhos) =
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TasBLE I.—TrRioDE CONSTANTS

Peak
Conductances in micro- ) alternat-
mhos Continuous voltages ing n
Type voltages

G.p

Gep G, Gep G, E,, E,p E, | E, Py

GD

5-watt VT 2..... 1,700 250 0 16 200 0 50 5/ 6.8

100-watt  high-
vacuum tube |1,225 80| —0.39 [34.5 500 +40 | 100{ 10| 15.3
250-watt  high-

vacuum tube (3,650 170{+1.05 240 -+ 600 +20 | 100 10| 21.5
0 0 20 —4 10 2 .93
0| 2.6 20 0 10 2 6

0 0 40 0 10 2| 7.3
0 0 90 0 10,1.25 8

0 0 60 0 10{1.25{ 7.3
0 0 60 0 10,1.00| 6.25

0 4 50 0 101.25 6.0
+1 75 400 0| 50/ 10 8.75

Corona amplifier 2.48 | 0.076 —0.032) 0.152] 2.8 X 10% 7.4 X 103. 32.6
Corona amplifier 4/ 0.6 |—0.013 0.617| 2.1 X 10¢ 7 X 103;. 6.66
Open-air glower.. 6.7 1.25 ——0.045|’ 0.5 350 85 |. 5.35

Problems

1. From the characteristic curves given by Figs. 6 and 7 determine the
constants G, Gcp, Gy, and G, for the following conditions:

D-cgridvoltage. ....................... 20
D-c plate voltage................oiini, 500
Acgridvoltage.................ooontn. 10 (peak value)
A-cplate voltage................. ...t 100 (peak value)

GE
Determine the ratios - -
P

What conclusions can you draw from this ratio?
LAV o =
! ! / 2 )] l [3
I
T £
(a) (b)
Fia. 23.

2. In Fig. 23a, is M positive or negative and in Fig. 23b, is the capacity
coupling positive or negative? Give complete reasons for your answers
based on the conventions of Chap. I,



CHAPTER 11
ELEMENTARY AMPLIFIER THEORY

6. The Use of Triode Constants.

In the preceding chapter, four fundamental triode con-
stants were introduced and defined. The present chapter
is essentially an introduction to the methods of applying
these constants to arrive at the properties of triode circuits.

Consider the triode circuit shown in Fig. 10. 4, and 4.,
are two potentiometers. Let the characteristic curves for
the tube in the circuit be the straight lines given in Fig. 11.
Let the battery B, have a terminal e.m.f. of 5 volts and the
battery B; have a terminal e.m.f. of 200 volts. The point
a in Fig. 11 is located on the char-
acteristic curves so that the grid
potential is 5 volts and the plate
potential is 200 volts. This point is
the operating point. When the po-
tential across the potentiometers is
zero ,the plate current is given by the
ordinate ab = 15 milliamperes. Let
the potentiometer A, be kept at the
zero setting, and let the potential across 4, be increased to
10 volts. The new conditions in the circuit are that the
grid potential is 5 4+ 10 = 15 volts, the plate potential is
200 + 0 = 200 volts, and conditions in the circuit are repre-
sented in Fig. 11 by the point ¢. The plate current has
increased from 15 to 25 milliamperes. The increment in
plate current is cd = 10 milliamperes. The following rela-
tion may be written down:

F1G. 10.

cd
cd = &Ead (1)

30
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d .
Now (ch is the slope of the 200-plate volt curve through the

operating point and is therefore equal to the controlled
plate conductance G.,. The term cd is the increment in
plate current and ad is the increment in grid potential. If

25 r
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25 e
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€ 0Q\C‘ w\lo
5 Y d
5 &
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1
a 10 e
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0 m b
-10 S Is 20 25

0 5 10
Grid Potential in Volts
Fic. 11.

A is used to denote an increment in the quantity following
it, Eq. (1) may be written as

AI,,l = chAEg ' (2)

Now let the potential of the potentiometer in the plate cir-
cuit be increased from 0 to 100 volts. The grid potential
is 15 volts and the plate potential is 300 volts. The plate
current has gone up from ¢ to f, or from 25 to 30
milliamperes. For this case we may write the relations

Y o

AIp2 = EAE;; (3)
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The ratio of AI,; to AE, is the slope of the characteristic
surface measured in a plane for which the grid voltage is
constant. It isequal to the plate conductance of the triode.
Equation (3) may then be written as follows:

Al = G,AR, (3a)

The total increment in plate current due to both potentiom-

eters Is
Al, =ag =dc + ¢f
Al, = Al,, + A, = G,AE, + G,AE, (4)

N E};,; =200voffs

R ) volt:
it //00:;«) fs
P \/__| 4

[«

]
B
c
£
aly ?
Y I ‘pt2| ¢ {lpp/Smilliamps
s A5
- N . /0
L
s ‘ot d— ¥
4, 4, e
180 =+Svolts
%
. . . . 10volts
= = = igt1 | tgt 1t
= | =5 =3 ioulist | N
= lop
itz Time
Fic. 12. ) F1e. 13.

In Eq. (4) G., is calculated at the point a of Fig. 11, and
@G, is calculated at the point c¢. If the characteristic curves
are straight lines, however, these two conductances are
independent of the points where the calculations are made
and G, and G, may be calculated at the operating point a.

Now replace the potentiometers shown in Fig. 10- by
alternators so that the circuit under consideration is the
one shown in Fig. 12. Let the characteristic curves of the
tube in the circuit of Fig. 12 be the straight lines shown
in Fig. 11. B, delivers a terminal e.m.f. of 5 volts and B,
delivers a terminal e.m.f. of 200 volts so that a is again the
operating point. Let the terminal e.m.f. of the alternator
in the grid circuit be equal to 10 sin wf volts, and let the
terminal e.m.f. of the alternator in the plate circuit be
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zero. Under the conditions stated above, the plate poten-
tial has a constant value of 200 volts while the grid potential
varies periodically from —5 to 415 volts. That is, opera-
tion takes place along the 200-plate volt curve from 2 to c.
The plate current is composed of two parts, a continuous
current of 15 milliamperes and a sine current having a
peak value of ac = 10 milliamperes. In Fig. 13, the
steady grid potential is represented as a function of the
time by the line marked E,,. The total grid potential is
represented by the eurve marked e,. The steady com-
ponent of the plate current is represented by the line

marked I,,. The total plate cur- S—
. '1P~{531nar{
rent is represented by the curve (L opnet
N[ tpz=Ssnew Time

Current

marked 7,,. In Fig. 13a, the vari-
able component of the grid poten-
tial is represented by the sine wave Tl
labeled e,. The variable compon- ; cobiet
ent of the plate current is repre- %g
sented by the curve marked 7,:.
The ratio of 7, to e, is, by defini-

Time

Potential
S

tion, equal to the controlled plate ] A% -
conductance; so we may write 3
ipl = che,, = Gc,,IO sin wt (5) Fi6. 13a.

Now let the alternator in the grid circuit be stopped and
let the alternator in the plate circuit deliver a terminal
e.m.f. equal to 100 sin ot volts. The grid potential remains
constant at +5 volts while the plate potential varies
periodically from 100 to 300 volts. In Fig. 11, operation
takes place from & to ¢, and the plate current varies from 10
to 20 milliamperes. In Fig. 13 the continuous plate poten-
tial is represented by the line marked E,,. The total
plate potential is represented by the curve labeled e,.
The total plate current is represented by the curve marked
ix2. In Fig. 13a, the variable component of the plate
potential is portrayed by the sine wave marked e, and the
variable component of the plate current is given by the
sine curve labeled 7,;. The ratio of 7,: to e, is, by definition,
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equal to the plate conductance. We may, therefore,
write the equation

1,2 = Gpe, = G100 sin wt (6)

Now let the alternator in the grid circuit deliver a ter-
minal e.m.f. equal to 10 sin ot, and let the alternator in the
plate circuit deliver a terminal e.m.f. equal to 100 sin wt.
When the grid potential has a value of —5 volts, the plate
potential is equal to 100 volts, and when the grid potential
has a value of +15 volts, the plate potential is equal to
300 volts. On the curves of Fig. 11, operation takes place
from m to f and the plate current varies periodically from
0 to 30 milliamperes. The total plate current is repre-
sented in Fig. 13 by the curve marked 7,.. In Fig. 13a the
variable component of the plate current is represented by
the sine wave marked 7,. Because the characteristic curves
of the triode are straight lines, the curve 7, is the sum of the
sine curves i,and ¢,;. We, therefore, may write the equation

T = tp1 T U = €0y + G, )

In Fig. 13, I,, represents the steady grid current at the
operating point, and %, represents the total grid current
when the grid alternator is running and the plate alternator
is stopped. The curve marked 7, represents the total grid
current when the grid alternator is stopped and the plate
alternator is running. The current curve ¢, is shown 180
degrees out of phase with 7, because, in general, the grid
current decreases when the plate potential increases; that
is, G, is generally a negative number. The curve marked
1,. represents the total current when both alternators are
running. In Fig. 13a, the curve marked 7,, represents the
variable component of the grid current when the plate
alternator is not running. The ratio of 7,, to e, is, by defini-
tion, equal to the grid conductance. We may, therefore,
write the equation

iy = Gye, = G,10 sin wt (8)

The curve marked 7,, represents the variable grid current
when the grid alternator is not running. The ratio of i,
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to e, is by definition, equal to the controlled grid conduct-
ance. We may, therefore, write the equation

192 = Gep, = G.,100 sin wt 9)

The variable component of the grid current when both
alternators are running is given by the equation

’L.a = Gy6 + Gcaep (10)

Equations (7) and (10) apply rigorously only when the
characteristic curves of the tube under consideration are
straight lines. Operating points can generally be chosen
so that Eq. (7) applies very closely. Equation (10),
however, gives only an approximation to the actual vari-
able grid current.

tpz-ﬁ-\‘\ —
i

Current .

] ~N—
3
s /] Timg
i — g ~
Fic. 13b. F1a. 13c.—Variable components of plate potential,

grid potential and plate current. Gcp = 4Gp.

Let the e.m.f. of the batteries B, and B; of Fig. 13b be
adjusted so that the operating point lies in a region A
of the characteristic surface over which a linear relation
exists between the variable components of the plate cur-
rent, the grid potential, and the plate potential. Let a
variable potential e, be applied to the grid while the plate
potential is kept constant. This variable grid potential
may be any function of the time provided only that its
maximum variation is limited so that operation takes place
only over the plane region A of the characteristic surface.
The variable component of the grid potential is represented
by the curve marked ¢, in Fig. 13c.
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Because of the manner in which the controlled plate con-
ductance was defined, the variable component of the plate
current is given by the relation

1p1 = Geply (10a)

This current is represented in Fig. 13¢ by the curve marked
1p1.

Now, let the grid potential be maintained constant but
let a variable potential represented by e, be applied to the
plate. This variable plate potential may be any function of
the time provided only that its maximum variation is limited
so that operation takes place only over the plane region A
of the characteristic surface. The variable component of
the plate potential is represented in Fig. 13c by the curve
marked e¢,. Because of the manner in which the plate con-
ductance was defined, the variable component of the plate
current is given by the relation

lp2 = Gpep ) (IOb)

This current is represented in Fig. 13¢c by the curve marked
1p2.

Now let the variable potential ¢, be applied to the grid
and the variable potential e, be applied to the plate.
Because linear relations exist between the plate current, the
grid potential, and the plate potential over the region of
the characteristic surface to which operation is confined, the
variable plate current is given by the equation

'I:p = ipl + 7:1)2 = chea + Gnep (11)

This current is represented by the curve marked :, in Fig.
13¢. The curve 7, is obtained by adding the curve 7, to
Tp2e
The variable grid current is given approximately by the
equation :
1, = Goe, + Gl (12)

Equations (11) and (12) are fundamental to the whole
theory of triode circuits. Their application will be illus-
trated in the sections which follow.
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6. The Simple Amplifier.

The elements of the simple amplifier circuit are shown
by Fig. 14. The device supplying the power to be ampli-
fied is represented by the alternator A. Thedevice in which
the amplified power is to be utilized is represented by the
resistance B, in the platecircuit. Thebatteries D;and D;are
adjusted so as to bring the tube to a desirable operating
point. The questions to which we seek the answers are
these:

1. What is the expression for the power amplification?

2.- Under what condition do we obtain maximum power
amplification?

3. What is the expression for the [ |» &g
maximum amplification?

4. What is the expression for the 4
voltage amplification? zyT Ry ’/’T Ry

5. Under what conditions do we ob-
tain maximum voltage amplification? | | .

6. What is the expression for the = T L= _
maximum voltage amplification? —I- T

In asking these questions we have Fie. 14.—Simple amplifier
introduced the two new terms, power cirouit.
amplification and voltage amplification.

By power amplification is meant the ratio of that part
of the power expended in the output element R, which is
controlled by the alternator A to the power supplied by the
alternator.

By voltage amplification is meant the ratio of the alter-
nating voltage across the output element R, to the voltage
of the alternator.

Before we can apply the theory developed in Sec. 5 to
answer these questions, we must fix conditions so’.that
operation takes place over characteristic curves which are
essentially straight lines. Let the plate current-grid volt-
age characteristics be given by the curves of Fig. 6. Then
if we choose some such point as o for an operating point
and limit the variations in grid and plate potentials so that
operation is confined to the space inclosed by the dotted
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line abcde, we may use Eq. (11) to obtain the variable plate
current. Let the grid current-grid voltage characteristic
curves be given by Fig. 7. The operating point already
chosen is 420 volts on the grid and 4500 volts on the plate.
Except for very small variations in potentials the curves
are not straight lines in the vicinity of this point. We can
remedy this condition in two ways: first, we can change the
operating point so that the grid potential always remains
negative, second, we can insert a resistance (R,, Fig. 14)
across the alternator terminals. The conductance of this
resistance should be about ten times the grid conductance.
It should be noted that the grid conductance and the resist-
ance R, are in parallel with respect to the alternator A.

We have now cleared the way so that the questions asked
at the beginning of this section can be answered. In the
treatment of amplifiers given in this chapter, the capaci-
tances between triode elements are neglected. These
capacitances are taken into account in the treatment of
amplifiers given in Chap VIII, and the degree of approxi-
mation of the equations developed in the present chapter
are discussed there. It can be pointed out, however, that
if the external impedances are much smaller than the inter-
nal capacity reactances of the triode, then the equations
about to be developed give a close approximation to actual
conditions.

Let the terminal e.m.f. of the alternator be v/2E, sin «t.
Then the variable component of the grid potential is given
by the relation

e, = V2E, sin ot (13)

The only variation which can take place in the plate
potential is that due to the variable plate current flowing
through the resistance RB,. The variable component of the
plate potential is given by the relation

€ = _Rp'ip (14)

Upon substituting Eqgs. (13) and (14) in Eq. (11), we
obtain for the variable component of the plate current

1, = V2G.,E, sin ot — G,R,i, (15)
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Solving for 7,, we obtain
V' 2G’c,,E
Sl T RG, sin wt (16)

Let the continuous plate current be represented by I,,.
Then the total plate current is

_— . V26 E
z,,,—I,,,,—i—z,,—I,,,,—i—l_*_RGfsm wt 17)

Since this current must flow through the resistance E,, the
total average power expended in this resistance is

T T
11 (2V/2R,1,,G..F,
—TfR,,z,,Ldt—TfR,,I dt+ D

0 0 0

T

262, ER,

T d + R.G.?
G ER,

= Bl + 71 R,G

sin wtdt + sin? widt

(18)

Of the power given by Eq. (18), the amount R,IZ, is
expended whether or not the alternator is present. The
second term of Eq. (18) must therefore give the power
expended in the output resistance due to the presence of
the alternator in the grid circuit. The power output may

then be written as
p, = . Geliolls
(14 R,Gy)?
With the resistance around the grid alternator, the con-
ductance between alternator terminals is equal to the actual
grid conductance plus the conductance around the alterna-
tor. In the work which follows, G, will represent the total
conductance of the two parallel paths with respect to the
alternator unless the contrary use of G, is specifically stated

to be used.

Upon substituting Eqgs. (13) and (14) in Eq. (12), we
obtain for the variable component of the grid current

= v/2G,E, sin ot — G.yi,R, (20)

(19)
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Substituting Eq. (16) in Eq. (20) there results

. _ [ _'\/QchEngGcg
e = 1 + R,G,

From the usual alternating-current theory, the power
supplied by the alternator is equal to one-half of the product
of the peak value of the current by the peak value of the
potential. That is, the power input supplied by the alter-
nator is given by the equation

+ \/2E‘,G,,} sin wt  (21)

GG E]
_ 2 TcpTegll
P, = EG, — 17 R.G, (21a)
The power amplification is given by the ratio
2
Ii’ GCPR” (22)

P- - (1 + RpGp) (Gv + GaGpRrp - G;chRpj

The value which the resistance R, in the plate circuit
must have in order to lead to maximum 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 E,. The
value which R, must have in order that the power amplifica-
tion may be a maximum is found to be
R, (For maximum power amplification) =

1

G;’Gw (23)
G \/ -6 aq

Upon substituting the value of R, as given by Eq. (23)
in Eq. (22), we obtain the expression for maximum power
amplification.

Maximum power amplification =

¢,
2 (24
GG[I—{—\/I G”’%"] (24)

If we examine the table of triode constants, we find that

2\ Ceo . .
the term (%1><F> can 1n most cases be neglected in com-
P g
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parison with unity. Under these conditions the following
very close approximations may be written:

. 1
R, (For maximum power amplification) = e (25)
p
. . . . G,
Maximum power amplification = GG, (26)

The voltage across the output resistance due to the pres-
ence of the alternator in the grid circuit is

e, = — R,
yéEch,Rp
~ 1+ R,G,

The alternator voltage is of course given by Eq. (13); so
the voltage amplification is
€p G..R, Gep

¢, 1+ RG, 1
Rp +Gp

sin wt - (27)

Voltage amplification = (28)

By inspection we see that maximum voltage amplifica-
tion occurs when R, = «. The value of this maximum
voltage amplification is

Maximum voltage amplification = %3’ (29)
p

When the conditions for maximum power amplification
are satisfied, B, has the value given by Eq. (25). Sub-
stituting this value in Eq. (28), we find that the voltage
amplification at maximum power amplification is

Voltage amplification at maximum power amplification =

Ge»

oG, G0
That is, it is just one-half the maximum possible value.
The maximum voltage amplification of a tube is represented
by the symbol x. This symbol is called the amplification
constant of the tube. In our notation

_GCP
u = Gp

31)
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That is, x is the value of the voltage amplification with
infinite impedance in the plate circuit.

We are now in a position to see what properties a triode
should possess in order to be a good amplifier. From Eq.
(26) we see that in order to obtain large amplification the

ratios @w and -é—p should be as large as possible. The
y4 g

latter of these two ratios can usually be made large by
operating the tube with such a large negative potential
that the variations in grid potential never cause the grid
to become positive. Therefore, the magnitude of the
amplification constant x is a good criterion of the value of a
tube as a power and as a voltage amplifier. ‘

In most communication work it is essential that the out-
put of an amplifier be an exact magnification of the
input. In the analytical work above, we have assumed
the characteristic curves to be straight lines and we have
found that a sine wave of input voltage gives a sine wave
of current and voltage in the output circuit. Now any
impressed wave form can be broken up into a series of sine
and cosine terms and, if the triode has straight lines for
characteristic curves, then each sine and cosine term in the
input circuit would lead to a magnified sine or cosine term
in the output circuit. The output would then be an exact
magnification of the input. Thus for distortionless ampli-
fication a tube should have characteristic curves which are
essentially straight lines over the operating region. Operat-
ing points for straight amplifiers should always be chosen
so as to fulfil as nearly as possible this condition.

In order to obtain a curve for the power amplification of
a triode which holds for all tubes as a function of the output
resistance, let us set

1
R, = kGT,, _
If G, is taken equal to zero, the expression for the power
amplification takes the form

(26a)

A= Gl Gk <_G°2L (J’L_.
PG+ RG) T GG(L+ k) 4G,,G,,> 1+ k)2>
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By the use of Eq. (26), this becomes
_ 4k
» = (0 + ke

In the equation 4 ,. stands for the maximum power ampli-
fication of the triode. Curve 1 of Fig. 14a shows the

\

A Apm (26b)

1- Power Amplification
2-Voltage Amplification

\b”l
4

< «%—-‘b[
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™~
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2
Values of "k"or RPGP
Fi6. 14a.—Amplification curves for simple amplifier.
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manner in which the power amplification varies with the
output resistance. The ratio of power amplification to
maximum power amplification (4, to 4 ,.) has been plotted
as ordinates, and values of k£ have been plotted as abscissas.
This curve shows that as we increase the output resistance,
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the power amplification rises rapidly to a maximum. This
maximum occurs when the output resistance is equal to the
reciprocal of the plate conductance. As the output resist-
ance is increased beyond this point, the power amplifica-
tion falls slowly to zero. The adjustment of the output
resistance for maximum power amplification is not a critical

1 2 .
one, as R, may vary from (0.5)Gf to a without causing
P P
the power amplification to vary by more than 11 per cent

1
from the maximum value. For a 201-A tube, G =
p

10,800 ohms. The output resistance may therefore vary
from 5,400 ohms to 21,600 ohms without causing the power
amplification to differ by more than 11 per cent from the
maximum value.

If R, is again represented by Eq. (26a) and this value is
substitued in Eq. (28), we obtain for voltage amplification
the equation

k \G»n [ k
4= (i) = (rgae om0

Curve 2 of Fig. 14a shows the manner in which the volt-
age amplification varies with the value of the output resist-
ance. The voltage amplification approaches its maximum
value asymptotically as the value of the output resistance
is increased. If the voltage amplification is to be within 10
per cent of its maximum value, then

k
1+ must equal 0.9

or k must equal 9; that is, the output resistance must equal
nine times the reciprocal of the plate conductance. For
the radiotron 201-A, R, must equal 9 X 10,800 = 97,200 ohms
if the voltage amplification is to be within 10 per cent of
the maximum obtainable value. It is very seldom feasible
to obtain values of voltage amplification much greater than
0.9 of the maximum possible value with a pure resistance in
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the output because of the high voltage which this necessi-
tates for the plate or B battery. The plate space current
of the 201-A tube at the usual operating point (70 volts on
plate) is about 3 milliamperes. The drop through a resist-
ance of 97,200 ohms would be 292 volts so that to maintain
70 volts on the plate would require a battery voltage of 362
volts. To obtain a voltage amplification equal to 0.95 of

the maximum value, R, would have to be 19 X é This
p

would be a resistance of 19 X 10,800 = 205,000 ohms for a
201-A tube. To maintain 70 volts on the plate of the tube
would require that the B battery voltage equal (205,000)
(0.003) + 70 = 685 volts. In practice it is common to
use about 100,000 ohms in the plate circuit of voltage ampli-
fiers and to use a 130-volt B battery. This reduces the
plate potential of a 201-A tube to about 36 volts.

7. Straight Amplifier Circuit in Which the Utilization Device

is Not a Pure Resistance.

In many cases the utilization device, that is, the power
receiving device in the plate circuit, contains both resistance
and reactance. We therefore proceed to discuss the case in
which the impedance in the output circuit has both resist-
ance and reactance. The circuit under consideration is
the same as the one shown by Fig. 14 with the one excep-
tion that R, is replaced by a device having a resistance R,
and a reactance X ,.

Here, as in the case considered before, the potentials and
currents consist of steady components upon which are
superimposed sine waves of potential and current. The
steady components and the alternating components can be
treated separately and the final results obtained by super-
position. Since we are primarily interested in the alternat-
ing components of potentials, currents, and powers, these
components only willbetreated. Thesealternating currents
and potentials will be treated in the usual way by means of
the complex algebra.

Let the terminal e.m.f. of the alternator in the grid cir-
cuit be taken as a reference vector. Let its r.m.s. vector
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value be represented by E. Let the impedance in the plate
circuit be represented by Z. That is,

: Z=R,+ jXp (32)
Then the alternating plate voltage is ‘
E, = —-ZI, . (33)
The alternating plate space current is
I, =G.,E — 1,ZG, (34)
EG.,
L=1+76, (35)
The alternating power expended in the utilization device is
202
Po = R,I? EXGep Ry (36)

T (I +R,G,)* + X262
If the controlled conductance of the grid by the plate is
neglected, the expression for the grid current becomes

I, = EG, (37)
The power furnished by the alternator is
P; = E°G, (38)
The expression for the power amplification then is
2
‘?0 GCpRP (39)

P; T G[(1+ R,Gy)* + X;367)
Upon inspecting Eq. (39) and making use of the informa-
tion gained in our study of the amplifier with a pure resist-
ance in the output circuit, we see that the amplification will

be a maximum when

X,=0;R, = g (40)
p

When the reactance X, is fixed at some value, the best
value for R, is found by taking the partial derivative of
Eq. (39) with respect to R,, equating this derivative to
zero and solving for B,. Upon carrying out these opera-
tions, we find that for maximum power amplification, R,
should have the value

_‘—1 )
Ro=yXi+ g (41)



ELEMENTARY AMPLIFIER THEORY 47

One important case arises in which the utilization device
can be designed so as to have a constant ratio of effective
resistance to reactance. For this case X, = pR,. To
find the value of R, which will make the power amplifica-
tion a maximum, we set X, = pR, in Eq. (39) and take the
partial derivative of Eq. (39) with respect to R,, equate
this derivative to zero, and solve for R,. The best value
for R, is found to be

R, 1

N G,NV1 + p?

Upon substituting Eq. (42) in Eq. (39), we obtain for the
maximum power amplification:

(42)

Go______(43)
2G,G,[1 + /1 + p?

When there is reactance in the output circuit, the volt-
age amplification is found as follows: Substitute Eq. (35) in
Eq. (33) and obtain the expression for the plate alternating
voltage.

Maximum power amplification =

_ EZG.,
» =1+ ZaG, (44)
The voltage amplification is
E, _ G,Z _ G,
E 1+ZG, 1 L@ (45)
Z 14

The voltage amplification is seen to be a maximum when
Z = o, The maximum value of voltage amplification is
again found to be

Maximum voltage amplification = (é”’ = pu (46)

b4
8. Multistage Amplification.
When the amplification which can be secured with one
triode is not great enough to accomplish the desired
magnification of the input power, the output of one tube is
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connected to the input of a second and the output of the
second to the input of a third and so on until as many
tubes are used as is feasible. This is called multistage
amplification.

There are a number of ways of connecting triodes so as
to obtain multistage amplification. Most of these, how-
ever, are based upon two fundamental methods. We will
proceed to discuss briefly these two methods. The first
method may be called direct impedance coupling. A three-
stage amplifier employing this coupling is shown schemati-
cally by Fig. 15. The power to be amplified is supplied by

a

F16. 15.—Impedance coupled amplifier.

the alternator A; Z, and Z, are impedances built up in any
manner whatsoever with the one requirement that they
permit the passage of a direct current through them.
Z; represents the impedance of the utilization device.
It, also, must permit the passage of a direct current through
it. The various batteries must be adjusted so that each
tube comes to a desirable operating point. The amplifica-
tion through the system is easily obtained from the equa-

tion developed in preceding sections.
The impedance in the first plate circuit is the impedance
of Z, and the second grid conductance in parallel; that is,

1
z TG

Zpl =
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The voltage amplification through the first tube is
obtained from Eq. (45). Let this voltage amplification
be represented by A;; that is,
chlzpl

A P 47
YT 1 ¥ 2,60 (47)
The voltage on the second grid is
E,,g = EA1 (48)
The impedance in the plate circuit of the second tube is
Z,s = ~1‘1— (49)
Z + Gg3
The voltage amplification through the second tube is
chZZpZ
A; = 1+ Z,.0.0 (50)
The voltage on the third grid is
Egs = A2Eg2 = AIAZE (51)
The power expended in the third grid space is
Pi; = E§3G03 = (A1A2E)2Gos (52)

It should be recognized that the A, and A, defined by Egs.
(47) and (50) are complex numbers and that the A, and A,
appearing in Eq. (52) and in all of the following power equa-
tions are the absolute values of the voltage amplifications
as defined by Eqgs. (47) and (50). From Eq. (39) the power
amplification through the third tube is-

GEPKR-?

A = Gal(l + RiG)* + Xi03] (53)
The power expended in the utilization device is
Py = PuA; = E?A3424,G,s (54)
The power furnished by the alternator is
P; = E*G, (55)
The power amplification through the system is
= A 2Agg (56)
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The maximum amplification is obtained in this system

1
when Z1, Gy, Z2, and (43 are such that 7. is small compared
P
1.
toGp1, and 7,18 small compared to ., and when X; = 0and
P

1 ..
R; = 7. Under these conditions,
Gp3 . .

= i = s = g8
g p

The limiting value of the power amplification in a system
such as Fig. 15 then is

P . :

}7:’ (maximum) = plu ZG:;E’; (57
_ GenGenGinm_
= 162,G2G G (58)

The second method of connecting tubes so as to obtain
multistage amplification is by means of impedance correct-

F1e. 16.—Transformer circuit. F16. 17.—Equivalent generator circuit.

ing transformers. Before discussing this case, we will make
a few remarks about the transformers. Consider the eir-
cuit shown by Fig. 16. Upon applying Kirchoff’s law to
the primary circuit we obtain

E—RI —3XiI;, —3X.I. =0 (59)
From the secondary circuit we obtain
—jXnIi = (R + R)L, — j(X + X)I, =0 (60)

_ iX L
L= ~®+r) +iX F X (61)
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Substituting Eq. (61) in Eq. (569) there results

X‘I?I(R + R?)
B[Rt (g pe o (x X0
i X5(X + X,)
IR =S xS B

Now the term within the square brackets of Eq. (62) is
the impedance of the system measured from the generator
terminals 4 and B. So far as the generator is concerned,
the system of Fig. 16 is replaceable by the one of Fig. 17 in
which

X2 (R + Ry
Be=Rit Ry (X + X0 (63)
Xe — Xl _ X?n(X + X2) (64)

R+ R)* + (X + Xo)?

Let the coefficient of magnetic coupling & between pri-
mary and secondary be defined by the equations:

M = k+/L,L,
X, =kvX,X, (65)

Substituting Eq. (65) in Eqgs. (63) and (64), we have
E*X1 X, (R + Ry)
+ Ry)? + (X + X»)?
kXXX + X))
(R+ Ry)*+ (X + X2)2

Re = Rl + (R (66)

Xe = X1 - (67)

Equations (66) and (67) are the general relations giving
the effect on the impedance between a pair of terminals of
inserting the transformers. Thus if we remove the trans-
formers and join the terminals A to C and B to D,
the impedance between the terminals AB is Z = R + jX.
Upon inserting the transformer, the impedance is given by
Eqgs. (66) and (67). We now lay down the following defini-
tion: An ideal transformer is one in which

1. The coefficient of coupling k is substantially equal to
unity.
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2. The open circuit reactance of the secondary winding is
very great compared to any impedance which will ever be
placed across it.

3. The resistance of the secondary winding is very small
compared to R and that of the primary winding is small

compared to R..
When these conditions are fulfilled, Eq. (66) simplifies as

follows:
1. k= 1.
2. The denominator of the fraction becomes substantially

equal to X,.

3. R, can be dropped in comparison to R.

4. R, can be neglected in comparison to the fraction
which follows it.

We then have

R.==7R=%5R (68)

Equation (67) simplifies as follows:
X, Xo(X + X)

X=X =" 1 x0p
_NX + XX, — XX,
- X+ X,
Thus we have very closely
X, = &X (69)

2

The ratio :;% is called the ratio of impedance transforma-
2

tion from the secondary into the primary. It is equal to
the square of the ratio of voltage transformation.

A two-stage transformer coupled multistage amplifier is
shown schematically by Fig. 18. The device supplying the
power to be amplified is the alternator A. This alternator
has a resistance of B, ohmsand deliversa voltage whoser.m.s.
value is E. The problem considered here is that of getting
maximum power expenditure in E,. The alternator 4 will
deliver maximum power to the system when the apparent
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resistance across its terminals is equal to B.. From Eq.
(68) we write
X, 1
e = Ra =5 o
B X, G,
Or the transformer should have an impedance transforma-
tion ratio given by the relation

v = R.Gan (70)

%
T F

L1

3 = =

Iic. 18.—Transformer coupled amplifier.

For maximum power delivery to the second grid we know
that the apparent resistance in the first plate circuit should

1 .
be 7—; so we write
G

1 _X1
Gm - ;ng
X' G

For maximum power amplification through the second
tube we have from Eq. (25)

1

When the conditions of Egs. (71) and (72) are fulfilled, the
power amplification through the first tube is, from Eq. (26)

POI _ G%pl

Pn - 4G01Gp1

The power output of the first tube is all expended in actu-

ating the second grid so the power input to the second tubeis
2

= p., _Jerl
Pi2 "“Psl 4G01Gp‘
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The amplification through the second tube is
P02 G?M

Pi2 - 4Gg2Gp2

The total amplification is

P; — \4G, G )\4G .G,

If there are n tubes in the chain and if their amplifications
are A, . . . An, the amplification through the chain when
designed in accordance with Eqs. (71) and (72) is

P
p. = A . . (4) (74)

The amplification which can be obtained by the use of
ideal or approximately ideal transformers is far in excess of
that which can be obtained by straight impedance coupling.

If many stages of amplification are to be used, great care
must be employed in the wiring, and each stage must
be shielded by inclosing it in a metal-lined box. If this is
not done, some energy from the output gets back into the
input and is reamplified through the system. If the ampli-
fication is great enough, this leads to a sustained oscillation
in the system commonly called singing.

9. Manner in Which Alternating Power Is Derived from

Source of Continuous E.m.{.

In the treatment of amplification which has just been
given, we found that alternating power was delivered to the
utilization device in the plate circuit. Now in the plate or
output circuit there was no source of alternating power;
hence this alternating power must have been derived from
the storage battery in the plate circuit. It is the purpose
of this section to show just how this alternating power is
obtained from the storage battery.

Consider again the simple amplifier circuit shown by Fig.
14. Before the alternator A in the grid circuit is started,
the various currents and voltages are given as functions of
time by the full lines of Fig. 19. The equations of the lines
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representing the plate current and voltage before the alter-
nator is started are

1 = Iy (75)
e, = by (76)

The power delivered by the plate battery is
Ppi = 6,1, = Ep,0 5, (77)

This power is expended in heating the plate.

After the alternator is started, the currents and voltages
are given by the dotted lines of Fig. 19. The equations for
the plate current and voltage now are

%, = I, + \/2I, sin wt (78)
e, = E,, — V/2E, sin ot (79)

\
/ ; \_Plate Voltage Bpp

Plate Current Ipp
NI

N Grid Voltage Egp

Current and Voltage

RS Grid Cyrrent Igp

oy .
E Time

F1G. 19.—Potentials and currents in sin;ble amplifier circuit.

The power expended in heating the plate now is

Py = ey, = Eppl,, — V2E,I,, sin wt
+ V2E,,I, sin ot — 2E,I, sin? wt  (80)

The average power consumed in heating the plate is
17 .
Py = TJ; ep’l,,,dt = Epp[xw - EpIp (81)

Equations (77) and (81) show that the power used in
heating the plate after the alternator is started is less by the
amount E,I, than before the alternator was started, Now
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the average current through the storage battery remains fixed
at the value I,, so the battery furnishes the power E,,I,,
both before and after the starting of thealternator. The
amount of power E,I, is available for use in the output ele-
ment. This is, of course, the amount of alternating power
which we found was delivered to the output resistance R, of
Fig. 14 in our treatment of amplification. We thus see
that the alternating power is drawn from the energy which
would be used in heating the plate if the alternating cur-
rents and voltages were not present. When a large power
tube ceases to deliver alternating power, the plates become
very hot and may even melt unless precautions are taken to
prevent it.

The physical reason why less energy is expended on the
plate after starting the alternator than before, while the
total average power delivered by the plate battery remains
the same is this: The total charge transferred from the
filament to the plate over any complete number of cycles is
the same as the total charge transferred in the same interval
of time before the alternator in the grid circuit was started.
Before the alternator is started, all of this charge is trans-
ferred while the potential difference hasthevalueE,,. Ifthe
total charge is @ the energy expended on the plate before the
alternator is started is QE,,. Now the action of the grid is
such that after the alternator is started, a greater part of @ is
transferred from plate to filament when the potential differ-
ence is lower than normal than is transferred when the poten-
tial differenceis higher thannormal. This, of course, leadsto
less energy expenditure on the plate. Thus the action of the
grid in holding back the charges when the plate potential is
high and permitting the charge to pass when the plate
potential is low accounts for the fact that alternating power
is made available for use in the output or plate circuit.

10. Conditions Which Must Be Fulfilled by Triode Cir-
cuits in Order to Obtain Alternating Power from Sources
of Continuous E.m.f.

Let us now generalize our problem and ask what condi-
tions in general must be fulfilled by triode circuits in order
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that alternating power may be obtained from sources of
continuous e.m.f. Figure 20 shows a general triode circuit.
The box A contains auxiliary circuit elements, such as coils,
condensers, resistances, and generators. The specific ques-
tion asked here is this: What conditions must the appara-
tus in the box A fulfil in order that alternating power may
be fed into it from the storage battery or direct-current

We consider here only the alternating
components of the currents and volt-
ages. These will be treated by the use
of complex algebra. 9

Take the grid voltage as the reference é
vector. No matter in what manner L ‘l’

generator D? _
%T’s 12

A

D,

this voltage arises, its representation in
complex notation is E,, as it is the refer-
ence vector. No matter what gives
rise to the plate voltage, it may be represented as

E, = E, + JE, (82)

[
.

Fic. 20.

The alternating plate current then is
I, =EG., + E,G,
= EG., + E,G, + jE,G, (83)

Now it is to be particularly noted that, under our conven-
tions, the plate voltage is the potential of the plate above
the bus, or it is the potential impressed across the plate-
filament space. Therefore the power product of plate cur-
rent times plate voltage is the power expended in heating
the plate. The alternating power expended in heating the
plate, therefore, is

P, = E,(EG., + EG,) + (E,)G, (84)

Now, assuming straight-line characteristics for the triode,
the power supplied by the battery D is the same whether or
not there are alternating voltages on the plate and grid.
If the battery then is to supply alternating power to the box
A, less power must be expended in heating the plate after
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the application of the alternating potentials than before;
that is, the alternating power expended in heating the plate
must be negative or there must be a power output instead
of a power input. The power, then, as given by Eq. (84)
must be negative. For this power to be negative £, must
be negative and

E.EG., > (E,)G, + (E)G, (85)

The physical meaning of these conditions is best obtained
by referring to Fig. 21. Figure 21 is a general vector dia-
gram for a triode when functioning so as to give an alternat-
ing power output. E, represents the grid voltage. E,
represents the real part of the plate voltage. We found

Ip=EgGcp*EpGp.
. s E
E) EgGep

F1g. 21.—Vector diagram for a triode.

that E, must be negative; that is, it must be opposite in
phase to E, and it is so drawn on the diagram. E, may be
either positive or negative. E,, of course, represents the
total plate voltage. The plate current as usual consists of
two parts, one in phase with the plate voltage E ,G, and one
in phase with the grid voltage E,G.,. The total plate cur-
rent is the vector sum of these two. For the tube to func-
tion as a generator the total plate current must be more
than 90 degrees out of phase with the plate voltage. This
condition is brought about by causing the plate and grid
voltages to have components 180 degrees out of phase and
by adjusting these voltages so that the plate current is
controlled more by the grid than by the plate. We thus
see that, due to the grid control of the plate current, the
plate current can be made to increase while the impressed
plate potential is caused to decrease. The plate space thus
functions as a generator of alternating power.

As a simple example of the theory presented here, let the
box A contain simply the two alternators as shown by Fig.
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12. If power is to be fed into A;, we must set the
alternators A, and A, so that their voltages are out of phase
with respect to the bus by more than 90 degrees. This ful-
fils the condition that E, should be negative. Now if the
plate current is in phase with the grid voltage, it will be 180
degrees out of phase with the plate voltage, and the triode
will function as a generator. To cause the plate current to
follow the grid voltage rather than the plate voltage, we

must satisfy the inequality Anterna
EAZGp < EAIGCP %

~ 2

E, EA2> (Gc,, ) A8
- = = = 8

(=) <(g =) o ]

As approximate conditions for l Pl i /“‘\

a triode to function as a genera- b S

tor we lay down the following:

1. The plate and grid voltages ;-
el

N

U

must be more than 90 degrees
out of phase.

2. Theratio of the plate alter-
nating voltage to the grid alter-
nating voltage must be less than
the voltage amplification constant of the tube.

These conditions are approximate only in that the
inequality to be satisfied, instead of being as simple as stated
in condition 2 is given by Eq. (85). Equation (85) reduces
to condition 2 when E, = 0, that is, when the grid and plate
voltages are exactly 180 degrees out of phase.

As another example of the use of these generalized power
relations, consider the radio receiving circuit shown by
Fig. 22. If the circuit is highly oscillatory so that I is
large compared to any other currents present, we have
approximately

—— Ground

Fic. 22.

E, = —jul,I

E, = —joMI
For E, to be 180 degrees out of phase with £,, M must be
negative, or the coils must be wound as shown in the figure.
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Also

E, joMI M _G.,
E, " jeLI " L, <G, (87)

Thus for the tube to function as an amplifier, M must be
negative, and the relation in Eq. (87) must be fulfiled.

Problems

3. Suppose that the characteristic curves of the triode in Fig. 12 are given
by Fig. 6. Let the alternator in the grid circuit deliver the voltage 30 sin w?
and let the alternator in the plate circuit deliver the voltage —200 sin wt.
The reference point is as usual the common bus. Let the voltage of the grid
battery be 20 and that of the plate battery be 500. Plot the total plate
voltage and the total grid voltage. From the characteristic curves plot on
the same sheet of paper the total plate current for one complete cycle of the
alternators. Derive the plate current by a point-to-point method from the
curves of the tube.

Does the plate alternator act as a generator or as a motor, and what
power does it give out or absorb? State the arguments by which you arrive
at the answer to the questions.

4. Given a simple amplifier circuit with a pure resistance in the plate
branch such as the one shown by Fig. 14. The triode is a radiotron UV-201,
whose constants are given in the table of triode constants. Plot curves with
values of plate resistance as abscissa and values of power amplification and
of voltage amplification as ordinates. Is the adjustment for maximum
power amplification a very critical one? About what relation must R,

1
bear to G in order that the voltage amplification may be within 5 per cent
P

of the maximum possible value?

6. Given a three-stage impedance-coupled amplifier such as the one
shown by Fig. 15. The tubes are UV-201 radiotrons the constants of which
are given in the table of triode constants. What is the limiting value of the
power amplification as Z;, and Z, are made larger and larger and when Z;
is assigned the best possible value? What is the best possible value of Z;?

6. A two-stage impedance-coupled amplifier is to be designed to amplify a
band of frequencies starting at 200 cycles and ending at 2,000 cycles. The
coupling element consists of a pure reactance having the inductance L.
If the power amplification over the above band of frequencies is not to vary
by more than 2 per cent, what is the minimum value that can be assigned to
L? The tubes are 201 radiotrons. The last tube has a pure resistance in
the plate circuit.

7. Given a three-stage transformer-coupled amplifier such as the one
shown by Fig. 18. The generator delivering the power to be amplified has a
resistance of 2,000 ohms. The tubes are UV-201 radiotrons whose constants
are given in the table of triode constants. Wanted the ratios of the trans-
formers T, T, and T's and the value of the resistance R, so that maximum
power will be delivered to R,. What is the valye of the power amplificatjon
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through the system? How does this value compare with that obtained
with the impedance-coupled amplifier?

8. Draw the circuit of Fig. 24 with the correct direction of plate winding
so that the tube will feed power into the alternator circuit. Show by means

of a vector diagram and the generalized power relations why you have drawn
the winding as you have.

~ F=C




CHAPTER III
RESISTANCE NEUTRALIZATION

11. Introduction to the Notion of Resistance Neutraliza-
tion.

We now proceed to discuss those phenomena in triode
circuits which are most strikingly described and most effec-
tively treated as the phenomena of resistance neutraliza-
tion. That is to say, the unique property of the circuits
about to be studied is that the triode is associated with them
in such a way as to lower the apparent resistance of some
branch or branches of the network. In the mathematical

A

I

I

treatment of these circuits, terms enter the equations which
subtract from the resistance terms, and the resistance term
may be made equal to zero or even may be made negative.

In this chapter the effect of resistance neutralization upon
a simple series circuit will be worked out in detail, and the
conclusions arrived at will then be used in the dlSCUSSlOIl of
some triode circuit phenomena.

Before proceeding to a general treatment of resistance
neutralization, we will first see how naturally we are led to
describe certain triode circuit phenomena by assigning new

62
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constants to a circuit associated with the triode. This will
be done by a preliminary treatment of the circuit shown in
Fig. 25. In treating this circuit it will be assumed that the
grid is operated at such a continuous potential that G,
= @, = 0; that is, we assume that the grid current is negli-
gibly small. Only the alternating components of currents
and voltages will be considered, and these will be repre-
sented in the usual way by means of complex numbers.

Upon applying Kirchoff’s e.m.f. law to circuit 1, we
obtain

. ) .
E—RJV—NLL+j%?—WMﬁp=O (1)

The alternating plate voltage is

E, = _j(prll + wLpIp) - RpIp (2)

The alternating grid voltage is
E, = —juM,]; 3)

The alternating plate current is
I, =EG.,+ E,G, 4)

Upon substituting Egs. (2) and (3) in Eq. (4), we obtain
I, = j“’[_MonpII - (Mle + LpIp)Gp] - RpGpIp (5)
jw[ _MaGw _ MpGp]I

L =1+ R,G, +joL,G, (©6)
Let D represent
1 + R,G, 7
and X, represent
1
le - ;CTI (8)

Upon substituting Eqgs. (6), (7), and (8) in Eq. (1) there
results

. w2Mp(_Mach - Mzsz _
E - II{RI + 5 X, — D+ jioL,,G,, - =0 (9)

Upon rationalizing Eq. (9), we obtain
E-L{R - <"+
| D? + LG}
WL G ph

) ]
J(Xl + DT—i-—c;2L,2,G,2,>I =0 (10)
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Where h represents

Mp(_Mchp - MpGp) (11)

Equation (10) is of the form
E-I1IZ=0
The effective impedance of circuit 1 after it is associated with
the triode is thus seen to be the bracketed term of Eq. (10).
Associating the triode with circuit 1 in the manner shown by
Fig. 25 changes the steady-state resistance from
w?hD
R, to B,— D+ LG

and its steady-state reactance from

3L,GLh
Xl to Xl + D2w+,;)27;;2612;

It is evident that the effective resistance of the circuit
will be lowered if A is a positive quantity. Now 4 is a posi-
tive quantity if M, and M, have opposite signs and if
|M,G.,| is greater than |M,G,|. That'is, the coupling must
be as shown in Fig. 25 and the circuits so proportioned that
\M,G.,| > |M,G,| if the triode is to lower the effective resist-
ance of circuit 1. These conditions are identical with the
conditions laid down in Sec. 10, Chap. II, as necessary for
the triode to feed power into circuit 1. We can see this in
the following way: If the current I, is large compared to the
plate space current, then from Egs. (2) and (3), E,
= —joM,I, and E, = —jwM,I,. These voltages will be
180 degrees out of phase if M, and M, have opposite signs.

Also

£,
B,

M,
=[5z
and if

MG, > MG,
then
E,G.| > |E,G,.

Now we can describe the action of the triode on circuit 1
of Fig. 25 by stating that it lowers the effective resistance
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and changes the reactance by the amounts shown by Eq.
(10) provided we understand just what this change in resist-
ance and reactance means. The effect of a change in react-
ance on a circuit is for the most part familiar, but the effect
of lowering the resistance of a circuit is not so well known.
After discussing the complete solution of the differential
equation for the circuit of Fig. 25, the general theory of
resistance neutralization will be developed so that it may
be used in future discussions of triode circuits.

11a. Complete Equations for Fig. 25b.

It is shown in Appendix B that if the triode circuit
is designed to keep the reactive term low, a very close
complete solution of the differential equations of the system
is given by the following equations:

The current in circuit 1 is

_ E
V(B — oh)? + X:
R1—B2h

+ (CIBEcd + gL:) sin 5‘]6_ Lt (12)

U

cos (wt — 7 — \) + [I,, cos Bt

The counter electromotive force of the condenser C, is

E .
= S — 14 - — 7=
O B — )k X (w Ty )

Ri1—B8%
+ [Ecd cos Bt — <E;;a + 611—'1{—3) sin 6t]e_ 2_[4? ‘' (13)

€c

In these equations the symbols have the following
meaning:

The alternating voltage impressed in circuit 1 is expressed
by the equation ¢ = E cos (vt — 7), in which time is meas-
ured from the instant of switching in the voltage.

r is the interval in radians from the moment of switching
to the first positive peak of the impressed e.m.f.

\ is the angle of lag of the permanent current behind the

X.
. — -1 _ -
impressed e.m.f. = tan— Ri — o*h
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X, is the net reactance = wlL; — % + L, Gh
1

I,,=L,—§cos(r+>\)

_ _ EX. T
E..=E., 7 cos <’r+)\ 2)

Z is the net impedance = +/(R; — w®h)? + X2

1
Xe =20,
Qr = —;
\/LlCl
g=a.l_ DL
DL, + R,L .G,
a = _R1 — ﬂzh
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