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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 ecircuits.

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. 11, 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.

1 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 ecircuits.

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 ecathode 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
Fre. 1.—Corona  the viecinity 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.




ELEMENTARY THERMIONIC THEORY 5

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

G
P _=<
f =By
P
| /
I VTH
—_Zy‘
R = %
By 4, I,

Fig. la.—Glower oscillator.

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 10~7 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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The corona amplifier and the glower oscillator were inves-
tigated at the University of Wisconsin by Prof. Edward
Bennett in 1917. The corona amplifier could be made to
function as an amplifier but would not oscillate. The possi-
bilities of the device, however, when immersed in gases other
than air, were not investigated. The open-air glower oscil-
lator will function either as an amplifier or as an oscillator.

The three-electrode vacuum tube is by far the most
important of the triode valves. It consists of a metallic
filament similar to the filament in an ordi-
nary incandescent lamp, a metallic plate
which surrounds or partly surrounds the
filament, and a wire grid interposed be-
tween the filament and plate. Figure 1b
is a picture of a 5-watt-power tube with
the glass container broken away. The
three elements of the tube are visible in
this picture. Figure 1c is the picture of
a modern 250-watt-power tube.

Figure 1d is the picture of an early two-
element tube used for a detector of radio
signals. The tube pictured on the left in
Fig. 1e is an early De Forest three-element
tube, and the one pictured on the right is
a tube which was in general use in radio Pia oFlve
receiving sets about 1920. These three watt power tube

i i x 3 with’glass container
pictures are given because of their his- removed.
torical interest.

In the three-element vacuum tube, the filament is heated
to incandescence by passing an electric current through it.
This heated filament emits electrons, and the motion of
these electrons is controlled by placing charges on the plate
and grid. A discussion of the emission of electrons by the
filament and the control of the motion of these electrons is
given in the following sections.
1b. The Emission of Electrons from Hot Bodies.

In all of the trielectrode valves described in the preceding
section, the conduction of electricity in the valve itself takes
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Fr1a. 1¢.—250 watt power tube,
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place through mediums which, under normal conditions,
are very good insulators. In the last two devices the con-
duction takes place because one of the three electrodes sup-
plies the medium charges which may be acted upon by the
electric field set up by the charges on the other two elec-
trodes. In the vacuum tube the element which supplies
the charges to the evacuated space is the heated metallic
filament. It is the purpose of this section to discuss in an
elementary way the main features of
the emission of electrons from heated
metals.

According to the electron theory of
matter, each atom of an element con-
sists of a positively charged attract-
ing center, called the nucleus, about
which revolve one or more negative
charges called electrons. The aggre-
gate charge of the electrons is equal
to the net positive charge of the nu-
cleus. By reason of the interactions
between adjacent atomic systems,
some electrons may temporarily es-
cape from the control of the attracting
nuclei. Such electrons behave like =

. 1. 1ld—Early two ele-
free negatively charged gas corpus- ment tube.
cles in the interstices between the
atoms until they again become attached to some atomic
system. It is estimated that air contains from 1,000 to
5,000 free electrons per cubic centimeter, while the number
of free electrons in copper is thought to be of the order of 10**
per cubic centimeter. Like gas molecules, these free elec-
trons have a random velocity of thermal agitation which is
a function of the temperature of the body.

The free electrons move readily in the interior of a sub-
stance but at the surface of a body they experience a very
large force which tends to keep them within the body. In
Fig. 2, AA represents the surface of a metallic conductor
in a highly evacuated space. The curve C represents the




10 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

variation with distance of the surface force which tends to
keep electrons within the body. This curve is not drawn to
scale. Actually it falls practically to zero in a very short

Fiac. le—Left, early DeForest 3 element tube. Right, receiving tube, 1920.

distance out from the body. The area under this curve out
to any distance b represents the work which must be done
on an electron to move it from the surface of the conductor
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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 p

1imv2=W,,

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% Distonee
area under the curve C represent an amount 'Fie. 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

14me? > W.

,__ Surface Force
a

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 arethesame as
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.

i

| | .
i |
Moetal Elec?ron affinity “ Metal ‘ Elec.tron affinity
in volts ﬁ } in volts
| |
Tungsten. .. ... .. 4.52 Thorium....... } 3.4
Platinum........ 4.4 i Sodium.........] 1.82
Silver............ 4.1 ‘ Potassium....... i 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 coulombs, The mass of an electron is 9 X 10-28



12 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

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-"p2 = 4.5 X 10-3%?

In order to escape from the tungsten, the velocity of the
electron in centimeters per second must be

B [(4.52)(1.59 X 10-19)
v= 4.5 X 10-%

14
] = 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 = [\/%] 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 leave it. 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
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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

|

70
7
%

47
7

4,

Potential

Potential
R ]

/Distance

Distance

£ e

Fig. 2a.—Potential distribution near Fic. 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 E 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 q.
Then if an electron is to reach the cold plate, it must be

¢
L2

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

emitted from the hot plate with such a velocity that
14 mv,2is 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 4 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 A, then the block
must leave A with a kinetic energy at least equal to hmg 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 ¢ 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, be increased
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) = a+/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 g 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 Egq 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
27y

v(centimeters per second) = pou

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 107E*

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

I
t
i
+
]
1
i

]

Z

Plate Potential
Frg. 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 A4,;. 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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Filament Temperature
F1a. 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 T, 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', 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 charae-
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-

, Fre. 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 madé 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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Fi1g. 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 K,.
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With this ecircuit, 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(lwa + 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 @, 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

]

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:
., de = d
1 = -+ dt or qg =+ |dt

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 ecircuit 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 — Rz,

or in complex notation — RI.

10. The e.m.f. of self-inductance in the arrow direction
. Ld_i
s —L4
11. The e.m.f. of mutual inductance in the arrow direc-

» or in complex notation —jwLL

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 = — Zly idt, or in complex notation — J—ja=;%

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 italie type.
4a. Definition of Triode Constants. ipt

Consider the circuit of Fig. 8. Let the [wit%amy
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 0. That Fre. 0. |
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 10-3
amperes. The plate space current as a function of the
time is given by the equation

I,, (amperes) = 40 X 10-3 1)

Ipp

Time

o, Plate Current
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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

¢, ='10 sin «f (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

T pte
The variable part of the plate current is

1, (amperes) = 10 X 102 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 = - =45~ =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 ¢, be applied to the grid. Let the plate
potential be constant. The potential e, may be any funec-
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,

ILP

=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

Gep (mhos) = 7 (a’(rgfli’;‘;s); (es = 0) (8)

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 G,) 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

G, (mhos) = e’f (a(“‘,‘glet’:;s); (e = 0) ©)

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

o ere;
Gup (mhos) = 2 TP (o —0)  (10)

The grid conductance (symbol @,) 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 ‘

b =0

In the defining Eqs. (8), (9), (10), and (11) 1,, 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 e, = 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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TasLE I.—TriopE CONSTANTS

Peak
Conductances in micro- N alternat-
mhos Continuous voltages ing N
Type voltages
G.p
Gep G, Gy G, By, By E, | E, >
GP
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 0 101.25 8
0 0 60 (¢} 10i1.25{ 7.3
0 0 60 0 10,1.00] 6.25
0 4 50 0| 10/1.25] 6.0
+1 75 400 0| 50/ 10 8.75
Corona amplifier |2.48 | 0.076,—-0.032) 0.152) 2.8 X 104 7.4 X 10%. 32.6
Corona amplifier 4/ 0.6 |—0.013 0.617| 2.1 X 104 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 Gy, Gcp, Gy, and G, for the following conditions:

D-cgridvoltage. ..., 20
D-cplate voltage.............oovivn... 500
Acgridvoltage............oovvviiinet. 10 (peak value)
A-cplate voltage..............coooiiiint, 100 (peak value)

GC
Determine the ratios - -
G,

‘What conclusions can you draw from this ratio?
VN =

| | / 2 ] J [ 2
e =

v

(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
e 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 A, 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 4+ 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:

Fic. 10.

cd
cd = (Tdad (1)

30



ELEMENTARY AMPLIFIER THEORY 31

cd
Now (Td

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

is the slope of the 200-plate volt eurve through the
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A is used to denote an increment in the quantity following
it, Eq. (1) may be written as

Al = G,AE, (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

Al e

Al = 3q,

AE, (3)
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The ratio of Al to AE, is the slope of the characteristic
surface measured in a plane for which the grid voltage is
constant. Itisequal to the plate conductance of the triode.
Equation (3) may then be written as follows:

Al = GAE, (3a)

The total increment in plate current due to both potentiom-

eters is
Al, =ag = dc+ ¢f
Al, = Al + Al = G,AE, + G,AE, (4)
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In Eq. (4) G., is calculated at the point a of Fig. 11, and
G, is calculated at the point ¢. 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. Bj 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 ot 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 4 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- e —
rent is represented by the curve _ff;,,=_/§',,-nw:
marked 7,,. In Fig. 13a, the vari- i
able component of the grid poten-
tial is represented by the sine wave Tl
labeled ¢,. The variable compon- e: A
ent of the plate current is repre- %k
sented by the curve marked 7,:.
The ratio of 7, to e, is, by defini-
tion, equal to the controlled plate
conductance; so we may write

Tp1 = Gope, = G,10 sin ' (5) Fie. 13a.

Time

Current

Time

Potential
3

2gr 19 Jeg2
Time

Current

Now let the alternator in the grid circuit be stopped and
let the alternator in the plate ecircuit 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 k to e, 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
ime. 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

1p2 = Gpe, = G,100 sin wt (6)

Now let the alternator in the grid circuit deliver a ter-
minal e.m.f. equal to 10 sin t, 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 ¢,.. 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 ¢, is the sum of the
sine curves i,3and ¢,5. We, therefore, may writethe equation

Ty = o1+ T2 = €Gep + €0 (7)

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 4, because, in general, the grid
current decreases when the plate potential increases; that
is, G, 1s generally a negative number. The curve marked
1, represents the total eurrent 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 ¢, is, by defini-
tion, equal to the grid conductance. We may, therefore,
write the equation

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

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

192 = (e, = (,100 sin wt 9)

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

7:0 = Uy, + 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.

—t e
¢pz'i\}\ :X

/ R Time
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Fic. 13b. F1a. 13¢c.—Variable components of plate potential,

grid potential and plate current. Gcp = 4Gj.

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

11 = Gopty (10a)

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

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. 13¢ 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

7:92 = Gpep ) (10b)

This current is represented in Fig. 13¢ by the curve marked
V2.

Now let the variable potential e, 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

7:p = ipl + i})2 = chey + Gpep (11)

This current is represented by the curve marked ¢, in Fig.
13¢. The curve 7, is obtained by adding the curve %, to
Tp2e

The variable grid current is given approximately by the
equation :

?:g = Ggeg + Gcgep (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 R, 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 [ |» ¢
maximum amplification?

4. What is the expression for the 4
voltage amplification? zyT Ry 14 Ry

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

6. What is the expression for the == T 2
maximum voltage amplification? —I-

In asking these questions we have Fic. 14.—Simple amplifier
introduced the two new terms, power ciroutt.
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 /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 B,. The variable component of the
plate potential is given by the relation

€ = _Rpip (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
V4 ZchE
b= T T R.G, sin wt (16)

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

_— . V2G..E
z,,,—I,,p—}—zp—I,,p—i—l_*_RGfsm wt (17)

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

T T
IR A | (2v/2R,1,,G..E,
= TfR,,%mdt = TfR,,I dt + 1+ R, G,

0 0 0

T

2Gpr2R

T 1+ R,G )2
G,fE"R

= RBaliy + TR, 0

sin wtdt + sin? widt

(18)

Of the power given by Eq. (18), the amount R,I2, 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

GLER,

T I+ R,G?

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

= v/2G,E, sin wt — G.yi R, (20)

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

1, = [ \{z_fc}’i‘éip&” + \/2E0G,] sin wf  (21)

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

G..G.,R,E}
= B, — =g
P; = EG, Tt RB.C, (21a)
The power amplification is given by the ratio
2
P, G:R, (22)

P. - (1 + RpGp) (Ga + GaGpRrp - G;GcaRpj

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) =

23
G \/1 — ,G”’Gfﬂ ( )

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 =

@,
oL r (@4
o1 -]

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

c ch . .
the term (%—”)( G > can in 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) = . (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

€p = — Rpip
WV 2E,G.,R,
1+ R,G,
The alternator voltage is of course given by Eq. (13); so
the voltage amplification is

sin ot - 27

. . _ ei’ _ chRp —_ ch
Voltage amplification = e TERG 1
R, T G

(28)

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

Maximum voltage amplification = %c—p (29)

p
When the conditions for maximum power amplification
are satisfied, K, 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 =

Gep

2, (30)
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

_ch
p = Gp

31)
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That is, u 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 @"’ and _sz should be as large as possible. The
» 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 u 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,, _ (26a)
If G, is taken equal to zero, the expression for the power
amplification takes the form

t = e = o (Y s
PTG+ RGY) T GG+ k)2 4Gqu> 1+ k)z)
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By the use of Eq. (26), this becomes
-4k
» = {0+ k)

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

" Values of "K' or RpGp

\P"I
4k

|

Avm (1+k)

m (1+k)2
&

4p
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Ay

Fig. 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 amplifieation (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 eritical

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

1
from the maximum value. For a 201-A tube, G =
¥4

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

kE \Go»w [ k
Av = <1_-1Tlc>€ = (1 —l-_7€>Avm (28(1)

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
1tk 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. Thesealternatingcurrents
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,+3iX, (32)
Then the alternating plate voltage is ‘
E, = —-ZI, . (33)
The alternating plate space current is
I, =G.,E — LZG, (34)
Ed.,
L=1%zq, (35)
The alternating power expended in the utilization device is
202
Po = R,I2 E*Gep Ry 36)

~ (1 +R,G,)* + X6}

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
o Gols (39)

P; T Gl(1 4 R,G,)* + X6
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, = (40)
»

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 R,. Upon carrying out these opera-
tions, we find that for maximum power amplification, R,
should have the value

Ro=Xi4 g (41)
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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 E,, equate
this derivative to zero, and solve for R,. The best value
for R, is found to be

R, 1

T GV F P

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

(42)

Gor______(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.,
B =ivza, (44)
The voltage amplification is
E, _ G,Z _ Gy
E 141G, 1 L@ (45)
Z k4

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

Maximum voltage amplification = (é”' = pu (46)
¥4
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

&y

Fi1e. 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 —
+ GaZ

Zpl= 1

Z
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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 S 47
‘Tl ¥ 2,6, (47)
The voltage on the second grid is
Egg = EA1 (4:8)
The impedance in the plate circuit of the second tube is
Zpy = ~1‘1* (49)
Z + Gg3
The voltage amplification through the second tube is
chZZpZ
A, = 1 F Z,.0.r (50)
The voltage on the third grid is
Egg = AzEﬂ = AlAZE (51)
The power expended in the third grid space is
Py = EgaGas = (A1A2E)2Ga3 (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. (562) 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-

G02 p3R3

A = Gl RG)* + XI03] &%
The power expended in the utilization device is
Py = PiA; = E?A2ALAG,; (54)
The power furnished by the alternator is
P; = E*G, (55)
The power amplification through the system is
o= AZAZAgg (56)
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The maximum amplification is obtained in this system

1
when Z1, Gy, Z2, and G5 are such that 7 is small compared
P
1.
t0o G 1, and 7,18 small compared to G,», and when X3 = 0and
P

1 .
R; = 5. Under these conditions,
Gp3 .

2
¢cp3

M2 A3 = IGgasz

A, = #1;A2 =

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

p . 2

—F:’ (maximum) = plul IG:;();; (57
_ GinGinGim
= 1GGG G (58)

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

Fia. 16.—Transformer circuit. FiG. 17.—Equivalent generator circuit.

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

E - RI —3XiI, —jX.I.=0 (59)
From the secondary circuit we obtain
—jXnIi — (R + R)I, — j(X + X3)I, = 0 (60)

_ iX L
L= ~®+r) +iXF X0 (61
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Substituting Eq. (61) in Eq. (59) there results

Xn(R + Ry)
B LRt (g e 4 (X 5 X
‘ Xn(X + Xo)

X - mmﬁ;ﬁX17ﬁ}]= 0 (62)

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

XH(R + Ry)
BBt myiry+x+xp
X0 X + Xo)
(B + Ry)* + (X + X»)?

Xe=X1 - (64)

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
kX1 Xo (B + By)
+ Ry)? + (X + X)?
_ RXA XX + X

(R + Ry + (X + Xz)2

Re = Rl + (R (66)

X. =X, (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
Egs. (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 B and that of the primary winding is small

compared to ..
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.==,;R=%R (68)

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

X=X -"xyxy
_ XX + 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 £,. The alternator 4 will
deliver maximum power to the system when the apparent
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resistance across its terminals is equal to RB,. 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

X
ﬁ=R£ﬂ (70)
_A% %Xe IXJ% o ?ﬁo
oo LoD L
I T 5

Fic. 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 =—; so we write
Go1

1 _X1
G~ X,Cp
X' _ G
= (1)

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

1
er = ’G’; (72)

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

POI G%pl

Py T 4G,.Gn
The power output of the first tube is all expended in actu-

ating the second grid so the power input to the second tube is
2

= p,, el
Pi "“Ptl 4G01Gp1
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The amplification through the second tube is
P02 sz

Pi2 - 4G02Gp2

The total amplification is

P; " \4G, G 1 )\4G ;.G s
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 Eqgs. (71) and (72) is
P
p. = A0y . . . (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.f.

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, = Ipp (75)
er = Eyp (76)

The power delivered by the plate battery is
Ppr = gty = Epplpy (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

1, = I, + V/2I, sin wt (78)
e, = E,p — A/2E, sin wt (79)
A~
\
N
row N
/ ; \ Plate Voltage Epp
7
\ /
A /
\ -t
g //\\//\
2 b Plate Current Ipp
s NN
H N
- XN x
=1 7R
A AN Grid Voltage Egp
3 Ay 4
(o] \ //
. N
- T~ ” Gred Corrent Igp
— —
oo ~—— .
& Ixme

Fig. 19.—Potentials and currents in ;in;ﬁle amplifier circuit.

The power expended in heating the plate now is

Py = eip = Epplyy — V/2E,I,, sin ot
+ A/2E,,I, sin ot — 2E,I, sin? ot (80)

The average power consumed in heating the plate is
1% .
Py = TJ; eyt = Epplyy — E,I, (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 hasthevalue E,,. 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

generator D? .

We consider here only the alternating % T{q s,
components of the currents and volt-
ages. These will be treated by the use B
of complex algebra. 9 ?

Take the grid voltage as the reference é l
vector. No matter in what manner = =,
this voltage arises, its representation in T !
complex notation is E,, as it is the refer- —
ence vector. No matter what gives o
rise to the plate voltage, it may be represented as

E, - E, + jE, (82)

The alternating plate current then is
I, =EG., +EG,
= 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., + E,G,) + (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 E, must
be negative and

EEG., > (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

Fig. 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 £ ,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
funections 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 Antorna
EA2Gp < EAIGCP %

B B (6o ) 7 ¢
(i = 52) < (67 = ») @0 iy
As approximate conditions for l P / \ z,
a triode to function as a genera- i y
tor we lay down the following: |__|_ .
1. The plate and grid voltages ;-

1E

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. 1If the circuit is highly oscillatory so that I is
large compared to any other currents present, we have
approximately

el

—— Groumd

Fia. 22.

E, = —jol,I

E, = —juMI
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, “jeLJ "L, <@, (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 wt
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, T3, and T's and the value of the resistance B, so that maximum
power will be delivered to E,. What js the value of the power amplification
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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 féed 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.

L
NG




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

, Ll f

&, 4 L}’I / | // I ?(
/}C’{Iﬂ /{_ ﬁ;bj T /t
IPT Rp — J_
3 . =

M =

AU ?? Cg] T

Fig. 25.

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 dxscussmn of
some triode eircuit 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

. L. |
E — R, — joLd; + j—(;l — oML, = 0 (1)

The alternating plate voltage is

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

The alternating grid voltage is
E, = —joM,1, 3)

The alternating plate current is
» = BGep + E G, 4

Upon substituting Egs. (2) and (3) in Eq. (4), we obtain
I, = j""[_MachII - (MPII + LpIp)Gp] - RpGpIp (5)
jw[ _MaGw — Mszr]

L =" 1+ R,G, + j“’LpGp ©
Let D represent
1+ R,G, @)
and X, represent
1
le - O.Tch (8)

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

=0 (9)

. M, (—M,G., — M,G
E_II{RIJ”XI_w p(D+Jw£G }

Upon rationalizing Eq. (9), we obtain
E—1L{R — 2t
YT D 4 W2GE
L Goh ]
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Where h represents

Mp(_Mach - MpGP) (11)

Equation (10) is of the form
E-IZ =090
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 R1— D* T &G

and its steady-state reactance from

3L,Goh
Xl to Xl +- Dzw_l_ioz‘i_gég

It is evident that the effective resistance of the circuit
will be lowered if A is a positive quantity. Now & is a posi-
tive quantity if M, and M, have opposite signs and if
|M,G.,| is greater than M »@,. 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), £,
= —joM,I, and E, = —jwoM,I,. These voltages will be
180 degrees out of phase if M, and M, have opposite signs.

Also

£,
B,

_ M,
=i

MG.,| > MG,

b

and if

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 friode 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 — @) + X2
Ri1—-B2h

+ (CIBEM n gz) sin M}—T, L (2)

i

cos (wt — 7 — \) + [I,i cos gt

The counter electromotive force of the condenser C, is
= E cos(wt+7r—r—>\)
wCI\/ (Rl - w2h)2 + Xf, 2

Ri1—8%
+ [Ecd cos Bt — <E;;a + ﬁIfB) sin 6t]e_ 2_L‘19 t(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.

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

X,
. _ -1 __ -7
impressed e.m.f, = tan— R — o*h
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X, is the net reactance = oL, — % + LGk
1

Id=Io—lchos(r+>\)

_ _EX. T
Eq.=E, 7 cos (r + A 2)
Z is the net impedance = +/(R; — «®h)? + X2
1
Xe =20,
Q,- = —Li
\/LICI
g=a. Pl
DL, + R.\L,G,
a = _Rl — ﬁzh

2L,

These equations are identical in form with the equations
for the start of an alternating current in the circuit with the
neutralizer omitted. The only difference is that for the
cireuit without the neutralizer, B must be substituted for
R, — w?h and R, — B%, X, substituted for X., and B%x
written for C18. This latter substitution is legitimate if 8
differs little from Q..

12. Conditions Necessary for Resistance Neutralization.

Consider the series circuit shown by Fig. 26. Let B
represent a device feeding power into the circuit. B may
have any voltage characteristic whatsoever. Let A be
a device which introduces into the circuit a voltage which
is directly proportional to and in phase with the current in
the circuit (¢, = Ni;; N > 0). Then the device A produces
an effect which will be called pure resistance neutraliza-
tion. The effect is termed pure resistance neutralization
because if the resistance R; and the device 4 were enclosed
in a box D with two terminals e and f brought out, the box
would act in all respects like a resistance of magnitude
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Ry — N. The truth of this proposition is indicated by the
following general argument. When a current flows through
R4, a voltage arises across R; which is directly proportional
to the current but in phase opposition to it. A introduces
into the circuit a voltage proportional to the current but
in phase with it. A thus acts just the opposite of Rj,
and the box D should act as a resistance of magnitude
R, — N.

The proof of the proposition is ity '
very simple. It consists of the
comparison of the differential equa- I
tion of the circuit of Fig. 26 with -~
the differential equation of the
same circuit with A not present. -] ICF L
If the voltage of A is given by the
relation

es = Niy (14)

then Kirchoff’s voltage law applied to the circuit of Fig.
26 gives the equation
eB—L%—iI(RI—N)—qé:o (15)

When A is not present in the circuit, the differential equa-
tion is
%il — iR — % =0 (16)

Equation (15) is sufficient to portray the relations in
the circuit of Fig. 26 under all conditions, and Eq. (16)
is sufficient to portray the relations in this same circuit
when A is not present. Now Eq. (15) is the same as Eq.
(16) if we replace R, in Eq. (16) by By — N. That is,
any solution of Eq. (16) becomes a solution of Eq. (15) if
R, is replaced by B, — N. Therefore under all conditions
and for all types of applied voltages, the box D of Fig.
26 acts as a resistanee of magnitude B; — N.
13. Power Relations.

In the circuit of Fig. 26 let the device B represent an
alternator delivering a sine electromotive force whose root-

ez — L
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mean-square value is #. ILet X, represent the net react-
ance of the circuit. Then, in the steady state, the current
flowing in the circuit is

(R Nw+(d> M)

E
= ——nn—— 18
VE =N+ X a®
If ¢ represents the phase angle between the alternator
voltage and the current in the circuit, then the power deliv-
ered by the alternator B is

(17)

P, = EI cos ¢ (19)
R - N
S 8 = == ——— 20
cos VR - N L X (20)
__ ®R-NE
P g (1)
If the voltage of the neutralizer is E, = NI, then since

this voltage is in phase with the current the power fur-
nished by the neutralizer is

P,=EJ=NI? (22)

Equation (22) is the general equation for the power which
must be furnished by a device which lowers the resistance
of a circuit by the amount N. Upon substituting the value
of I from Eq. (18) in Eq. (22), we obtain for the power
furnished by the neutralizer

NE?

RS R 25)
The total power delivered to the resistance is
_ RE?
P, = RI* “ B =Nt X (24)

It will be seen that P, = P, 4+ P, as it should.
If the resistance neutralizer is not present in the circuit,
the power delivered by the alternator is
P, = RE?

RZ + XZ (25)
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Let the regenerative amplification due to a resistance
neutralizer be defined to be the ratio of the total power
delivered to the circuit with the neutralizer present to the
total power delivered to the circuit without the neutralizer.

The regenerative amplification then is seen to be

2 2

regenerative amplification = 11;(‘) = ® _I_B ]\—7{; ji:‘ X (26)

If the circuit is resonant to the frequency of the alternator
voltage, the expression for the regenerative amplification
becomes

. . . P,
regenerative amplification at resonance = p=
0

R2
(R—N)*
. R—N

Let the ratio "B be represented by y (28)
This ratio 4 will be called the reduction factor of the neu-
tralizer when associated with the particular circuit. It is
the factor by which the total resistance of the circuit must
be multiplied in order to obtain the reduced or net resist-
ance. In terms of the reduction factor the regenerative

amplification at resonance is

(27)

2
regenerative amplification at resonance = <—1~> (29)
Y

If the circuit is dissonant to the alternator frequency to
such a degree that X, is large compared to either R or R —
N, then the regenerative amplification becomes

. 2

regenerative amplification off resonance = 7 = 1 (30)

A comparison of Eqgs. (29) and (30) brings out in a striking
way the selective amplification due to a resistance neutral-
izer. This property of a resistance neutralizer has an
important application in radio reception and will be taken
up in detail in connection with the selective properties of
circuits associated with resistance neutralizers.
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Some important power ratios are as follows:

= =1 (31)

B 1 (32)

P,,=<R—N R® 4+ X2 (33)
P, E JR-Nr+ X2

P, N R*+X:

Py,T R(R—N):+ X2 (34)

Po T (R-NP+X:

For the case in which the cireuit is resonant to the alter-
nator frequency, these power ratios reduce to the following
forms. These ratios also apply to the direct-current case.

P, N 1

Po=R_N=, | (36)
IZ;Z:RfN:% (7
s o
)20
r=@e =) 4o

Equation (31) shows that if v is less than 0.5, the neutrali-
zer must furnish more power than the generator, while if v
is greater than 0.5, the generator furnishes more power than
the neutralizer. In good radio eircuits v is always much
less than 0.5. Hence in these circuits the triode furnishes
by far the greater share of the power.

If the circuit is resonant to the impressed frequency, Eq.
(38) shows that the neutralizer causes the generator to
deliver more power than it would if the neutralizer were
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not present. If the circuit is so much detuned that X, is
large compared to R, then Eq. (33) becomes

P, _R-N _
P, (for off resonance) = R = (41)

That is, the neutralizer causes the generator to deliver less
power than it would deliver if the neutralizer were not
present. If Fig. 26 is the antenna circuit of a radio receiv-
ing set, then the voltage of B is the voltage induced in the
antenna by impinging electromagnetic waves, and we see
that the neutralizer causes the waves to deliver more power
at resonance and less power off resonance than these waves
would deliver if the neutralizer were not present. .
14. Departures from Pure Resistance Neutralization.

If the device A introduces into the circuit of Fig. 26 a
steady-state voltage given by the relation

Ea = NIl - anIl (42)

then it is evident that, in the steady state, the box D will
act as a resistance of magnitude R, — N in series with a
reactance of magnitude X, All of the equations which
have been developed will still hold if X, is understood to
include X ,. That is, if X, is given by the relation

X, = ol —

ot X (43)

X . may be either a positive or a negative quantity. If the
circuit were resonant to the impressed frequency before the
introduction of the neutralizer, it will have to be retuned
after the introduction of the neutralizer if resonance is still
desired. A great majority of the triode circuits when used
as neutralizers introduce in the circuits voltages as expressed
in Eq. 42. Thus for the circuit of Fig. 25 we see from Eq.
(10) of Sec. 11 that

D

N = Dt ol (44)
3

o o LG )

* = DT LG
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In order to gain some idea of the relative magnitude of
these terms the constants of an experimental set-up assem-
bled from ordinary laboratory coils and condensers will be
given. For this particular set-up which is the circuit of
Fig. 25 the constants were as follows:

R; = 80 ohms

@, = 200 X 10~® mhos

G., = 3,000 X 10—° mhos
R, = 5.13 ohms
L
L
L

o
b=}

3

3,350 X 10— henrys
172 X 10~ henrys
. Ly = 20,320 X 10~° henrys

M, = 3,000 X 10~¢ henrys

M, = 432 X 10~° henrys

C; = 1.4 X 10~° farads (antenna)

w, = 1.875 X 10% radians per second

R, = 1.16 ohms

w = 3.515 X 1010

=

<

Il

For this circuit we then find that
D = 1.00102
wZLf,Gf, = 0.0158
h=2.1X10"°

For this eircuit then D? 4+ «2L3G; may for most purposes
be taken equal to unity. This will be done in the following
equations:

N = w?h = 74 ohms
X. = 0 L,G.h = +9.23 ohms.

16. Conditions Necessary for Triode Circuits to Function
as a Resistance Neutralizer.

Since a resistance neutralizer must furnish an amount
of power equal to NI, it is evident that one set of conditions
which the triode ecircuits must fulfil in order to funection
as a resistance neutralizer is the same as those neces-
sary for power output. These conditions were developed
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and discussed in Sec. 10 of Chap. II. They are restated
here in order to bring together in one section the conditions
necessary for resistance neutralization. The conditions
necessary for the tube to make power available in the
output circuit are as follows:

1. The grid and plate variable potentials must have
components 180 degrees out of phase.

2. If the root-mean-square value of the grid voltage is
E, and if the component of the plate voltage which is 180
degrees out of phase with the grid voltage is E, and the
component of the plate voltage 90 degrees out of phase with
the grid voltage is E//, then

E,EG., must be greater than (E})*G, + (E'))*G, (46)
If, as is generally the case, E’/ is small compared to E,
this condition simplifies to -

B,

z must be less than CCT;”: 47)

These conditions, however, are not sufficient for resistance
neutralization because the power fed into the circuit whose
resistance is to be neutralized must vary directly as the
square of the current in that circuit. For convenience in
reference let the circuit in which resistance is to be neutral-
ized be designated as circuit 1. Now the resistance-neu-
tralizing voltage introduced into circuit 1 by the triode
must be controlled by the plate space current because this
is the current with which the output power of the triode is
associated. Since this resistance-neutralizing voltage must
be proportional to the current in circuit 1, the plate space
current must be controlled by the current in ecircuit 1.
This requires that in the last analysis the grid and plate
alternating potentials shall be controlled by the current in
circuit 1.

Let us put these conditions in mathematical form. Let
the resistance-neutralizing voltage be designated by E..
Then if this voltage is controlled by the plate space current,
we may write

E, = (pl +jp2)Ip (48)
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where p; and p. are scalar constants depending upon the cir-
cuits used. If the grid and plate voltages are controlled
by the current in circuit 1, we may write

E, = (V. +jV)IL (49)
E, = (U, +jU)L (50)

where Vy, V,, U;, and U, are real constants depending upon
the circuits under consideration. But

I, =E(G., + EG,
= LI(V1 + jV2)Go + (U + jU)G (51)

Upon substituting Eq. (51) in Eq. (48), there results

E. = (p1 +jp) (V1 + jV2)Gop + (Ur + jUL)GIL (52)
= Il{[(Zth — p2V2)ch + (p1U1 - szz)Gp]
+ Jl(P1Ve + P V1)Gep + (01Us + p2UNGE (53)

Equation (53) is the same form as Eq. (42), and upon
comparing these two equations we write

N = [(piV1 — paVa)Ger + (01U — p2U2)G) (54)
X, = —[(piVa + V)G + (p:Us + p2Un)G,]  (55)

If the triode functions so as to feed power into circuit 1,
N as given by Eq. (54) must be positive, and the conditions
stated are sufficient to insure that the triode functions as a
resistance neutralizer.

In order to illustrate the equations which have been used
in this section, we shall apply them to the circuit of Fig. 25.
From Eq. 1, Sec. 11, we see that the voltage introduced into
circuit 1 by the plate space current is

E. = —joM,I,
Upon comparing this with Eq. (48), we write
p1+ip: = —juM, - (56)
p1=0;p: = —oM, (57)

Upon corhparing Eq. (49) with Eq. (3) of Sec. (11) we write

Vl +]V2 = —jwMg
Vi=0;V, = —aM, (58)
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To obtain the values of U, and U, for this circuit, we
must write the plate voltage in terms of the constants of the
circuit and the oscillating current 7,. Upon substituting
the value of I, from Eq. (6) in Eq. (2) of Sec. 11, rational-
izing and collecting term, we obtain
E, = [ _ Row’hL,Gp — o*hL,D

? (D* + LXG3M,

o whR,D + *hLG,
oM+ e s | 69

Upon comparing Eq. (59) with Eq. (50) we write

_ _ R,whL,G, — o®hL,D
Ur = (D* + LIGHM, (60)
whR,D + «*hL.G, ]
O + wLGnu, T M

v, = - | (61)

If the values of U, V, and p as given by the above equa-
tions are substituted in Eq. (54) we obtain the expression
for N as given by Eq. (44).
16. Expression for N Obtained from the Power Relation.

In a great many of the circuits which fulfil the conditions
for resistance neutralization, the plate and grid voltages are
substantially 180 degrees out of phase and nearly all of the
power output of the triode is used in neutralizing the resist-
ance of the oscillating system of circuits associated with
the triode. For these circuits it is possible to derive a very
simple expression for N. This expression for N will be
useful in many discussions, and from it the approximate
value of N for a great many circuits can be written down'in
terms of the circuit constants.

We have shown that the plate space current is given by
the relation

I, =EG.,+ EG,

If the grid voltage is taken as the reference vector and if
the plate voltage is 180 degrees out of phase with the grid
voltage, the above expression can be written as

I, = EG., — E,G, (62)
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The alternating power output is
P = E,0, = E,(EG., — E,G,) (63)

If Eq. (50) is divided by Eq. (49), there results
E, U.+4+jU, U4t

E, Vi+Vs Ve o0
Let
%=5;01—02=0 65)
Then
E,
E = 5 /L0 (66)
and
By _ s (67)
Equation (63) may now be written in the form
P=E (Cl; — G,,) (68)

Now the power furnished to the oscillating circuit by the
neutralizer has been shown to be equal to NIi. If all of
the power output of the triode goes into the oscillating cir-
cuit, we may write

P=NI= E;(CT;”’ —‘G,,> 69)

But from Eq. (50) the plate voltage is proportional to the
current in the oscillating circuit, 7.e., :

Ep = Ué(hll
E, =Ul _ (70)
Upon substituting Eq. (70) in Eq. (69), there results
N = U2<%”-’-’ - G,,) (71)

As stated at the beginning of this section, one use for Eq.
(71) is found in obtaining approximate expressions for N for
certain resistance neutralization circuits. This merely
requires that we find the value of U and of ¢ for the par-
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ticular circuit for which & is desired. As an illustration
consider again the circuit of Fig. 25. If the voltage induced
in the plate circuit by the oscillating current I, is large com-
pared to the plate voltage due to the plate space current,
we may write

E, = oM,I,
from which we see that for this circuit
U=owM, (72)
* The alternating grid potential is given by the equation
E, = oM,I,
The expression for § then is

_E, _M, |

6 = £~ (73)

Upon substituting Eqs. (72) and (73) in Eq. (71), there
results

Q

M,
N = w2M;<EG”, - G,,)
= szp(Mach - MpGp) (74)
= w?h (75)

In Eq. (74) M, and M, stand for the absolute values of the
mutual inductances. The equation is valid only when M,
and M, have opposite signs, because Eq. (71) is valid only
when the plate and grid voltages are 180 degrees out of
phase.
The exact expression obtained for N at the beginning of
this chapter was
w*hD
N =91 o

If, as is generally the case, D* + o L2G2 is nearly equal
P

to unity, the approximate expression obtained so easily
from Eq. (71) is very nearly correct.

As another example of the use of Eq. (71), consider the
circuit shown by Fig. 27,
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If the circuit is resonant to the generator frequency, I
will in general be large compared to I, so that I, very nearly
equals —I,. If the choke coils around the condensers do
not appreciably affect the plate and grid voltages, we have

jI T

E, = o0 = —a0. (76)
_
E =,

Choke

The plate and grid voltages
=- arethusseen to be 180 degrees

- T out of phase.

Fia. 27. E£=Cg=6
E, C,

Therefore if g < % the triode “will lower the resistance

of the circuit.
From Eq. (76)
1

U=

Therefore from Eq. (71), N for this circuit is given by

1 (G0,
V=l 6 )

1/ G.» G,
:wQ@—@) 7

17. Variation of N with the Amplitude of the Current in the

Oscillating Circuit.

In the treatment of triode circuits which has been given
so far, operation has been confined to plane portions of the
characteristic surface of the triode. The equations which
have been derived are correct only for this condition. If
the portion of the characteristic surface over which opera-
tion takes place is but slightly curved, the equations given
above apply very closely to actual conditions if the conduct-
ances are calculated at the operating point. In some cases,
however, notably in the generation of sustained oscillations,
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operation takes place over curved portions of the character-
istic surface. A rigorous solution of the triode circuit prob-
lem under these conditions requires that the equation of
the characteristic surface be written down either in finite
form or in the form of an infinite series. Solutions based
on an infinite series expression for the characteristic sur-
face of a triode are very valuable for obtaining certain types
of information. These solutions, however, are somewhat
cumbersome to handle and do not give a simple picture of
the operation of the triode when it is functioning as a gen-
erator of sustained oscillations. In the treatment given in
this and a few of the following sections, we shall assume that
Eq. (71) is valid even when operation takes place over por-
tions of the characteristic surface which are curved, provided
that the conductances G., and G, are allowed to become
functions of the amplitudes of the alternating plate and grid
potentials. The justification for making this assumption
is threefold: First, it leads to a simple picture of the action
of a triode oscillator. Second, it enables one to calculate
very closely the performance of a triode oscillator when
operation does not take place over portions of characteristic
curves which show pronounced saturation. Third, the
treatment based upon the assumption that Eq. (71) is valid
suggests the determination of some general experimental
curves from which the performance of oscillators can be cal-
culated with reasonable accuracy.

In Eq. (71), the circuit parameters U and § are independ-
ent of the amplitude of the current in the oscillating circuit.
N varies only because the conductances G., and G, are taken
as functions of the amplitudes of the alternating grid and
plate potentials. This section will be devoted to a discus-
sion of the variation of N with the amplitude of the current
in the oscillating circuit or to the variation of N with the
amplitude of the alternating plate potential. In order to
have the curves which we are about to derive independent

. N . .
of any circuit, we shall plot iiE instead of NV as a function of

the amplitude of the plate alternating potential.
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If we divide both sides of Eq. (71) by U,? there results
NG g, (78)
In deciding upon a method of determining the conductances
G., and G, the fact should be kept in mind that there is no
exact way of determining them, because in the derivation
of Eq. (78) these conductances were assumed to be con-
stants. We shall therefore demand of the method which
we adopt, first, that it be a simple one and, second, that it
“give fairly accurate results when operation takes place over
portions of the characteristic curves which do not show a
pronounced flattening out on either side of the operating
point. The method adopted is to use the slope of the secant
line connecting the extreme points of operation. as illus-
trated below.

Let the characteristic curves for the triode under discus-
sion be the curves of Fig. 6. Let the operating point be
chosen wheére the steady plate potential has a value of +500
volts and the steady grid potential has a value of -+40 volts.
Let the plate potential remain constant at 500 volts and
introduce into the grid circuit an alternating potential hav-
ing a peak value of 5 volts. The grid potential then varies
from 35 to 45 volts along the 500-volt plate potential curve.
The controlled plate conductance will be taken as the slope
of the secant line connecting these points; that is, the value
assigned toG., when the alternating grid potential is 5 volts is

G.» = 1,060 X 10—® mhos

Now let the peak value of the alternating grid potential
take on successively the values 10, 15, 20, 25 . . . 60
volts, and obtain values of the controlled plate conductance
for each of these potentials. Upon plotting values of G.,
as ordinates and values of peak alternating grid potentials
as abscissae, curve A of Fig. 28 is obtained.

Now using the data given by the curves of Fig. 6, plot a
curve between plate current and plate potential when the
grid potential has a constant value of +40 volts. If the
grid potential is maintained constant at a value of 440
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volts, and an alternating potential having a peak value of 50
volts is impressed on the plate, operation takes place along
the curve described above from 450 to 550 volts. The
plate conductance for an alternating plate potential of 50

| LT ¥
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volts will be taken as the slope of the secant line connecting
these points. Curve B of Fig. 28 was obtained by assign-
ing a succession of values to the amplitude of the alternat-
ing plate potential and taking the slope of the secant line
as described above in each case. This curve gives G, as a
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function of the peak value of the alternating plate poten-

tial when the grid potential is +40 volts.
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Now let us assign the value 6 to § (the best value for s
will be discussed in connection with the generation of sus-
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tained oscillations), and use Eq. (78) and the curves of Fig.
28 to plot a relation between TJJK? and E, (peak value).

A point on this curve is obtained as follows. Let E, be
taken as 200 volts. Then since § = 6, E, = 200§ = 33.3
volts. From curve 4 of Fig. 28, G., = 1,030 X 10~¢ when
E, = 33.3. G, = 72.5 X 10-% so that when the peak value
of E, = 200, then

N <1 ,030

nkil fnd Aubute -6 — -5
7 6 m@xm 9.92 X 10-5,

The complete I]]Vz curve for § = 6 is given by curve 4 of

Fig. 29. Curves B and C of the same figure give the —g]\lz

curve for values of § equal to 2 and 8, respectively.

The curves of Fig. 29 are independent of any circuit and
are therefore general curves of the triode when operating at
the point E,, = 500; E,, = 40.

To derive the N vs. E, curves from the curves of Fig. 29
it is only necessary to know the value of U for the particular
circuit under consideration and to multiply the values of

(]}fz by U? to obtain the values of N. Thus for the circuit

of Fig. 25 we have shown that U = «M,. The N vs. E,
(peak value) curve for this circuit when » = 1.8 X 10% and
M, =4 X 10-3 as derived from curve A of Fig. 29 is
curve B of Fig. 30.

18. Power Output Curves.

When the évg curves of a tube are available, it is a very

simple matter to obtain the power output curves, for

P=N&I=%
N N E? (peak value

As an illustration of the use of Eq. (79) in plotting power

output curves, let 5 = 6 and let the ZJ}Z curve be curve 4
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of Fig. 29. When the peak value of the alternating plate
voltage is 200, we find from the curve that ﬁNZ = 9.92
X 10-5. Substituting in Eq. (79), there results
. 200)?2
P - (9.92)(10—5)(%)— — 1.98 watts
Calculated curves between power output and peak alter-
nating plate voltage for three values of § are given by
Fig. 30. These curves give the total alternating power
made available for use in the system external to the tube
when the plate and grid alternating voltages are substan-
tially 180 degrees out of phase.

N
19. Direct Experimental Determination of p Curves.

In predicting the performance of a triode as a generator of
. I . . N
sustained oscillations, it is necessary to have the i

curves for high plate and grid alternating voltages. It
is impossible to run characteristic curves of large power
tubes at high plate and grid voltages because of the heating
of the plate. Furthermore, as pointed out in Sec. 17, the

i eurves calculated from the characteristic curves are not

very accurate for values of alternating plate and grid poten-
tials which eause operation to take place over portions of the
characteristic curves which show a pronounced saturation.
It is therefore desirable to devise a method for experimen-
tally determining these curves. The heating of the plate
can be eliminated by using circuits which decrease the power
expended on the plate. The power expended on the plate
will be decreased if alternating potentials are impressed on
the plate and grid which are 180 degrees out of phase and of
such relative magnitude that

E, Gep

E =< Gp'
If the power output is then read on a wattmeter while E,
and E, are varied in such a manner as to keep & constant,
we can plot directly power output curves similar to those
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N
given by Fig. 30. The T curves can be obtained from

these power curves by making use of Eq. (79), for
N 2P
U? ~ E: (peak value)
The actual circuit used to obtain such a set of power
curves is shown by the circuit of Fig. 31. Thissame figure

(80)

sheet gives the power output eurves and the T curves for

three valuesof 5. The tubeused was a 250-watt power tube,
and operation took place about a point where the continu-
ous plate voltage was 1,000 and the continuous grid voltage
was zero. Since a peak alternating plate potential of
1,200 volts was reached, the maximum total plate potential
was 2,200 volts and the maximum grid potential was 200
when § was equal to 6. The maximum point which it was
possible to reach on the static characteristic curves for this
same tube without melting the plate was a plate potential
of 900 volts and a grid potential of 80 volts.



CHAPTER 1V

THE TRIODE AS A GENERATOR OF SUSTAINED
OSCILLATIONS

20. Conditions Leading to the Generation of Sustained

Oscillations in Triode Circuits.

In the preceding chapter the general theory of resistance
neutralization has been discussed in detail. It is the
purpose of this chapter to apply the theory developed in
Chap. III to a discussion of the operation of triode circuits
when used to generate sustained oscillations.

Consider a simple series circuit consisting of an induct-
ance, a capacitance, a resistance, a resistance neutralizer,
and a switch. Let the switch be open and the condenser
be charged so that the potential between its terminals is
E,. The differential equation for this circuit is Eq. (15)
of Sec. 12 in which e; = 0. The equation for the current
which flows in the circuit immediately after the switch
is closed is obtained by solving this equation subject to the
conditions that the condenser voltage is E, and the current
is zero when time is zero. From analogy with the known
solution of Eq. (16) of Sec. 12, we write

7, = [% sin Bt]e“ %v‘ (1)

(& — N
o= e - E i ®

If R is greater than N, Eq. (1) is the ordinary equation
of a damped sine wave as shown by Fig. 32. As N
approaches R the damping becomes less and less, and when
N = R, the damping is zero and the current has the form
shown by Fig. 33. When N is greater than R, the expo-
nential term becomes an amplifying factor and the oscilla~

tions continually grow in amplitude as shown by Fig. 34.
88
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The conclusions arrived at above may also be obtained
from energy considerations. The energy stored in the
circuit at the moment of closing the switch is 14CE2.
The power expended in the resistance is Ri2. The power
fed into the circuit by the neutralizer is Ni2%. The net
power drawn from the original power storage 14CE? is
therefore equal to (R — N)%. If R is greater than N,,

N
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BN gL
ot t /
| AL g
g 3
3] \/ \/ I Time
N=R
Fi1a. 32. Fic. 33.
RN,
3 _lz(e. 2L
T BL

N

o

&

5

()

ﬁx’me
N>R
Fic. 34.

the energy of the system is dissipated and the amplitude
of the oscillations decreases with the time. If R = N,
~ the energy transfer from the capacitance to the inductance
and back again remains constant and the amplitude of the
oscillations remains constant. If N is larger than E, more
power is fed into the circuit than is dissipated in the resist-
ance, and the energy of the electrostatic and the magnetic
fields continually increases. Therefore the oscillations
must grow in value, since the energy of the magnetic field
is 14142,



90 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

21. Amplitude of the Oscillations.

The case of importance in the generation of sustained
oscillations is the case for which N is initially greater
than R. The oscillations start to build up as shown by
Fig. 34. As the current in the oscillating circuit grows
in amplitude, so also do the plate and grid voltages if the
neutralizer is a triode. This requires that operation take
place over an increasing area of the characteristic surface
of the triode. When the amplitude of the oscillating cur-
rent reaches a certain value, N commences to decrease
with an increase in the amplitude of the oscillating current.
When the oscillations grow to such a value that N and B
are equal, the power supplied to the circuit is just equal
to the power dissipated, and the oscillations remain fixed
at this amplitude.

We can determine just what this amplitude will be from

the gz curves developed in Chap. III. Let R be the

total resistance of the system referred to the oscillating
circuit, and let the system be such that the plate and grid
alternating voltage are substantially 180 degrees out of
phase. Further suppose that the value of U and of

N
are known for the system and that the T curve is available
for the value of & which obtains in the system. The

. . . N
alternating plate voltage will then build up until 52 =7

This value can be read from the % curve. Then since E,

(peak value) = U (I peak value), the r.m.s. value of the
oscillating current will be given by the relation

I, (r.m.s.) = E,,\;I;e;k) 3)

As an example of the method of determining the ampli-
tude of the oscillations, let the triode be the 100-watt tube
whose characteristics are given by the curves of Fig. 6.
Let the steady plate voltage be 500 and the steady grid
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7

., N . .
voltage be +40. Then its 2 eurves are given by Fig. 29.

Let the oscillating system be the circuit of Fig. 25 with the

alternator removed. Let the constants of the circuit be

such that its natural angular velocity is 1.8 X 10° radians

per second. Let M, =4 X 10~ and M, = 6.66 X 10-*
M

henrys. Then & = ]Tlf =6, U=owoM,=172X10% U?

= 5.19 X 105. If the resistance of the system referred to

R
the oscillating circuit is 51.9 ohms, then 7= 10—* mhos.
From the curve of Fig. 29 for which 6 = 6, we see that
when % = 104, the peak value of the alternating plate

potential is 200 volts. Upon applying Eq. (3) we find
that the r.m.s. value of the current in the oscillating circuit
1 will be 200 divided by +/2(7.2) X 10% = 0.196 amperes.
22. Stability of Operation.

Let the []% curve for the case under discussion be curve A
of Fig. 29. It is evident that if the effective resistance R of
the oscillating system referred to the oscillating circuit 1

is such that [1]% is greater than 1.05 X 10-¢, any disturbance

in the system will be damped out, since this value of %
is greater than any possible value of %’ and B — N would

" R
always be positive. For any value of e greater than 9.5

X 10~°, the oscillations would be unstable, as any slight
change in the value of the tube or circuit constants would
cause the oscillations to vary over a wide range in order to

keep R = N. When lef; is less than 9.5 X 10-5, operation

will be stable. For instance if gz = 6 X 10-° mhos, the

oscillations would build up until the peak value of the plate
alternating voltage reached 475 volts. The resistance or
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circuit constants could vary so that % ranged from 2 X

105 to 8 X 10—®without causing an inordinate change in the
amplitude of the oscillations. The operation of the triode

on its s curve is in some respects similar to the operation

of a shunt generator at points on its magnetization curve.
If operation is at a point around the knee of the curve, any
variation from the operating point sets up reactions which
oppose the change, and the operation is stable.

In the case under discussion, if operation is taking place

about the point D and the oscillations grow larger, e

becomes less, B — N becomes positive, and the amplitude
of the oscillation is diminished. If on the other hand the

. I . N .
amplitude of the oscillation decreases in value, 72 Increases,

R — N becomes negative, and the amplitude is restored to
the value for which R — N = 0. A consideration of the
above discussion will show that stable operation takes place

over those portions of the [ curve which have a large

negative slope.
23. Power Output.

When the amplitude of the oscillations has been obtained,
the power output of the triode generator is readily obtained
because

P = NI? = RI: (4)
where R is the equivalent resistance of the system referred
to the oscillating circuit.

The power output curves for a triode functioning as a
generator of sustained oscillations are the same as those
developed in Chap. III, Sec. 18. Such a set of curves is
given by Fig. 30. These curves show that the power
output depends upon the value of the plate alternating
potential and upon the value of 5. As we have seen before
in the discussion of the amplitude of the oscillations, the

plate alternating potential depends upon the value of [%
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Therefore the power output for any given operating point
depends upon the values of R, U, and s.
If the value of s is fixed and if we have a power output

curve and a = ourve for this value of 3, it is an easy matter

to find what value to assign to % for maximum power

output. The value of the plate alternating potential for
maximum power output can be read off from the power

curves. Then the value of gz = % which will cause the
plate potential to build up to this value can be obtained
from the -U]!z curve.

As an example let triode be the 100 watt power tube and
let operation take place at such a point that its %'curves

are given by Fig. 29 and its power output curves by Fig. 30.
Let § = 6. Then from the power output curve, the peak
value of the alternating plate potential for maximum power

output is found to be 445 volts. From the %}; for s = 6, we
find that the oscillations will build the plate potential up to

445 volts if % = 7.6 X 10~ If the oscillating system is

the one shown by Fig. 25 with the generator absent and if
the constants are those given in Sec. 21 of this chapter,
then U? = 5.19 X 105, and the equivalent resistance of the
oscillating circuit for maximum power output must be

<[I732>U2 = (7.6 X 10-%)(5.19 X 10%) = 39.4 ohms.
The results obtained using the gé curves obtained by the
wattmeter method give more accurate results than the g—z

curves derived from the characteristic curves using values
of the conductances equal to the slopes of the secant lines.
This is particularly true for the lower values of 6. In this

case a review of the methods of calculating the —g—z curves
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will show that at the higher plate and grid alternating
potentials, the value assigned to (., is generally too low,
and the value assigned to G, is too high. This reduces the
calculated power output to a value which is lower than the
one obtained in oscillating systems.
24. Conditions for Maximum Power Output and Effi-
ciency.
The general equation for the power output of a triode has
been shown to be

P =1E,I,cos ¢ 5)

where E, is the peak value of the alternating plate potential
I, is the peak value of the alternating plate space current,
and 6 is the angle between the plate current and the plate
voltage. For maximum power output cos 6 should equal
—1. This requires that the plate and grid voltages be 180
degrees out of phase and that E,G., is larger than E,G,.

,'lp
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This follows from the discussion of Sec. 10, Chap. II.
When these conditions are fulfilled, Eq. (5) shows that
maximum power output obtains when the plate voltage and
plate current have the largest feasible variation. Now the
peak value of the plate alternating voltage should not
exceed the continuous voltage applied to the plate, nor
should it be of such a value as to make the total plate poten-
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tial fall much below the total grid potential during the nega-
tive half cycle of the plate alternating voltage; for when
these conditions obtain, but few electrons can reach the
plate and the conditions are as shown by Figs. 35 and 36.
In the positive half cycle of the plate current wave the cur-
rent decreases to low values or even to zero just where it
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F1a. 37.—O0scillograms showing effect of increased plate voltage on plate current.

should have large values, and if the conditions are bad
enough, the total plate current may fall to zero. This con-
dition might lead to high efficiency by lowering the input
from the direct-current battery or generator supplying the
plate space power, but it would so decrease the alternating
power output as to render it unworthy of much considera-
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tion. Figures 35 and 36 have been sketched roughly from
a consideration of the number of electrons which could reach
the plate. The actual plate space current curves of Fig. 37
bring out this condition very strikingly. These curves were
sketched on the oscillograph tracing table. The circuit used
isshownon the curve sheet. The plate and grid voltages are
180 degrees out of phase. In the first curve the minimum
value of the plate potential is 1,000 — 280 = 720 volts,and at
the same instant of time the grid voltage is 25 4 20 = 45,
so the total plate voltage is always far above the total grid
voltage, and the alternating plate space current is substan-
tially a sine wave. In the second tracing the total plate
potential falls to 1,000 — 852 = 148 volts and the grid
potential at the same instant of time is 85.2 + 20 = 105.2.
The plate space current wave is just commencing to have a
dip in the positive peak. In the third tracing, the total
plate potential falls to 1,000 — 1,137 = —137 volts, and as
predicted the plate space current falls nearly to zero just
where its maximum value should come for high power out-
put. Because of these conditions the peak value of the
alternating plate potential must be limited to 0.9 or less of
the continuous plate potential.

The negative peak of the alternating plate current cah-
not exceed the continuous plate space current. Operating
points are generally so chosen that saturation limits the
positive current peak to the same value. Therefore in most
cases the peak value of the alternating plate space current
is limited to the value of the continuous plate current. If
it is desired to keep the plate space current approximately
sinusoidal, the limiting value of the power output would be

P (limiting value, sine-wave operation) = 4E,,I,, (6)
The power input to the plate space is

P (input to plate space) = E,ul 5 (7

The limiting value of the plate space efficiency with sine

wave operation is

Y6B L0100 — 50 per cent 8)
EPPIPP
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This is the limiting value of the efficiency and seldom can
be reached in practice with sine-wave operation.

It was stated above that the peak value of the plate space
current was in general limited to the value of the continuous
plate space current. While this is true, its r.m.s. value can
also be made to approach this same value by making the
wave rectangular in form. If the plate voltage is a sine
wave as is generally the case, then only the first harmonic of
the current wave contributes to the power output. If I,,
is the continuous plate current and if the alternating plate
current is rectangular, the peak value of the first harmonic

P,

of the current wave is4{r If the peak value of the plate

alternating voltage is taken equal to the continuous

. . 2K,,1
plate voltage, the maximum power output is —%’ The

input to the plate space is as usual E,,I,,. The limiting
value of the plate space efficiency is

ZE“’I””IOO — g(_)i) = 63.8 per cent (9)
rEppI T

This efficiency does not take into account the losses in the
grid-filament space or the power required to heat the
filament.

We have seen that the power output will be a maximum
when F, and I, have the largest possible values. Now as
far as the alternating grid voltage is concerned, I, will have
the largest possible value when E, is as large as feasible.
The value of E, is limited by the following considerations:

1. The total grid potential may not exceed the voltage
which causes flashover between the grid and filament.

2. The grid alternating voltage may become so high that,
during the negative half cycle of the plate voltage, the total
plate potential falls below the total grid potential.

3. The losses due to the grid conductance may become
excessive.

4. The distortion due to a rectangular plate current wave
may in some cases be objectional.
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Condition 1 is self-evident and needs no further amplifi-
cation.

When the triode is operating as a generator, the grid has
its maximum total potential at the sameinstant of time when
the total plate potentialisaminimum. If theplatepotential
falls much below the grid potential, the plate current wave
has a dip in its positive half cycle as shown by Fig. 36.
This leads to a decrease in power output if it is very marked.
The condition shown by Fig. 36 can be overcome by lower-
ing either the plate or the grid alternating potentials or
both. If the grid alternating voltage is already so high that
the plate current wave is flat topped, the power output will
be lowered less by decreasing the grid alternating voltage
rather than the plate alternating voltage, because when this
condition obtains, the first harmonic power component of
the plate current decreases slowly with a decrease in grid
alternating voltage.

Conditions 3 and 4 will not be discussed further in this
section.

Let us now assume that we have assigned the largest
feasible value to the grid alternating voltage. What value
should we assign to the plate alternating voltage, that is,
to &, in order to obtain maximum power output? When
the grid and plate voltages are displaced by 180 degrees,
we have shown that the power output of a triode is given by

P = lEpra:Gczi - IEP12GP
oP

E = ,Eachp - 2|EPIGP

The output will be a maximum when

This occurs when

: G,
IEPI = 2AG'§ lEa' (10)

or when
Gep
5 = 26, 11
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Now the peak value of the plate alternating voltage should
never exceed the continuous plate voltage nor should the
value of the plate alternating voltage be such as to cause
the total plate potential to fall much below the total grid
potential during the negative half cycle of the plate voltage.
Subject to these two limitations the plate voltage should be
as near the value given by Eq. (10) as possible. The value
of & then should be such that when the grid voltage has
the largest feasible variation, the plate voltage has a value
as near to that given by Eq. (10) as the limitations stated
will permit. The best values of R and the circuit constants

are such that —(1% has a value that will give to E, the largest
feasible variation. This value of % is

== g, (12

where @, is taken for the largest feasible value of E,.

G, is taken for the corresponding value of £, = 6E, and &
is fixed by the considerations already discussed.

The material given in this section serves merely as a

general guide in the designing of oscillating circuits and aids

in obtaining an understanding of what is taking place in

the circuits. For more accurate work the 773 curves and

power curves should be used as shown in See. 23. For
large power tubes the experimental curves discussed in Sec.
19 of Chap. III lead to the most accurate design of oscil-
lating systems when the theory of Sec. 23 of this chapter
is applied.

26. Frequency of the Oscillations.

Let us consider that we have an electrical system in the
1th branch of which there is situated a resistance neutralizer.
Let the impedance of the system referred to this branch
be A; + jB:. If a frequency can be found for which this
impedance is zero, the system will generate sustained oscilla-~
tions at this frequency. Now the term A; will be of the
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form a; — N;. The total losses in the system will be
a:;I?. The power furnished the system by the neutralizer
will be N;I7. Therefore when A; = 0, a:l? = N;I?, and
all of the losses in the system are supplied by the neutral-
izer as they should be, B; must also be zero, for the total
impedance must be zero, since nowhere in the system is
there an applied voltage having the same frequency as the
oscillation. For the simpler systems, the frequency of
the oscillations will be very near to the natural frequency
of the main oscillating circuit.

As an example consider again the circuit of Fig. 25.
From Eq. (10), Sec. 11, we see that the impedance of the
system referred to the oscﬂlatmg circuit 1 is

. *hD
Ai +JBi =Ry — D2-‘: 2L2G2 +
r 3L, Gh '
{wLy — C + iy g (1)

This system will oscillate so that both the real and the j
terms disappear. The real term will disappear when R,
= N in accordance with the theory discussed in the pre-
ceding sections of this chapter. The actual frequency of
oscillation will be such as to make the j term also disappear.
The third quantity, however, in the j term is, as has been
shown, generally small compared to the other two terms;
so the frequency of oscillation is nearly the same as the

frequency which will reduce wl; — ;107 to zero, namely,
1

= 1
2rv/L1C)
26. Operation of Oscillator Tubes in Parallel.

The system to be considered in this section is shown sche-
matically by Fig. 38. The plates of the two tubes are
connected directly together and so also are the two grids.
The box A represents any combination of circuit elements
arranged into an oscillating system. Since the grids are
tied directly together, the potential of both grids is the
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same. As before, the grid alternating potential will be
represented by the symbol E,. The plate alternating
potential is represented by the symbol £,. The plate and
grid potentials are assumed to be 180 degrees out of phase.

L]

P
> 7 —=7
b1 2
[ 5 ) #
T E, BoxA Ep,
7 7
- T

Fia. 38.

Now the total power supplied to the box A4 is equal to
the power output of tube 1 plus the power output of tube
2, or

P=FEJI,+ E,J, (14)

By the aid of Eq. (68) of Sec. 16, this power may be written
in the form

P = Ef,[<G”5"l — Gm> + <G‘5”2 - Gm)] (15)

If essentially all of this power goes into the oscillating
system, we may write as in Sec. 16

P =NI = UU‘;[(%)l—}- (%)2] (16)
AR AN

That is, the value of N

, for the two tubes in parallel corre-
sponding to any alternating plate voltage ¥, is equal to the

N .
value of U for tube 1 corresponding to the plate voltage
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E, plus the value of gz for tube 2 at this same plate voltage.
In other words, if we have an —U]YZ vs. B, curve for tube 1

. N
and a corresponding curve for tube 2, the e s E, curve
for the two tubes in parallel is obtained by adding the
ordinates of the curves for the two tubes. When the 7

curve for the two tubes in parallel is available, the theory
of Secs. 17 to 25 applies for obtaining the amplitude of the
oscillations, the conditions for maximum power output,
and the frequency of the oscillations for the two tubes
operating in parallel.

In changing from an oscillating system employing one
tube to one which employs two tubes, there are some
interesting things to be observed. Let us suppose that the
single-tube oscillator has been so proportioned as to give
maximum power output, and let us further suppose that gz
for this system is equal to D. Now let a tube identical to
the first one be connected in parallel in the circuit. The g

for maximum power will now be 2D, and therefore in order
to obtain maximum power from the two tubes in parallel,
either B or U or both, will have to be changed in order to

make Tl}é equal to 2D.

. . N
As an illustration, let the s curves and the power output

curves for each of the tubes under consideration be given
by Fig. 31. Let the oscillating system be the circuit of
Fig. 25 with the alternator removed. For this circuit U =

wM, and § = %’ If 5= 6, we find from the power curves

g
of Fig. 31 that the maximum power output of 81 watts
occurs when the peak alternating plate potential is equal

N .
to 850 volts. From the {7z curves on this same figure sheet,
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we find that the value of gz must be equal to 2.3 X 10—*in

order to have an alternating plate voltage equal to 850.

Then since % must equal %, we write

21;42 must equal 2.3 X 10—+
in order to obtain maximum power from the single-tube
oscillator. Now if a tube identical with the triode already
in the circuit is connected in parallel with the first tube,
the curves for the two triodes in parallel are obtained by
doubling all of the ordinates of the curves of Fig. 31. If
the second tube is connected into the circuit without making
any other changes, we have

gé = 21;42 still equals 2.3 X 10—
U2 for the two tubes in parallel will have this value when

the peak alternating plate potential has a value of 975 volts.
The power output of the two tubes in parallel as obtained
from the curves of Fig. 31 will be 2 X 55 = 110 watts.
If we double the resistance in the circuit, however, or if we

decrease M, and M, by the factor 15 then
R N
M T U =46 X 10—

and the alternating plate potential (peak value) will build
up to 850 volts and the power delivered to the system by the
two tubes will be 2 X 81 = 162 watts.

Problems

9. In the circuit shown by Fig. 26, the device B is an alternator delivering
the voltage eg = V/2 cos wt. The constants of the circuit are as follows:
L =2 X 1073 henrys
C =2 X 107 farads
R = 10 ohms

a. Calculate the natural angular velocity w, and the natural frequency f,
of the circuit,
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b. Calculate the power delivered to the resistance with the neutralizer
absent when

(1) w = wr

2) o = (1.05)w,

(3) What is the ratio of the power P, delivered to the resistance at
resonance to the power P4 delivered to the resistance when w = (1.05)w,?

¢. The neutralizer A is now introduced into the circuit. The voltage
introduced into the circuit by the neutralizer is e, = 9.97;. Calculate
the following:

(1) The power supplied by the generator when o = wr

(2) The power supplied by the neutralizer when w = w,

(3) The total power supplied to R when o = w,

(4) The value of the reduction factor v

(5) The regenerative amplification

(6) The total power supplied to R when o = (1.05)w,

(7) The ratio of P; as given by item (3) to P4 as given by item (6)

(8) The ratio of the power supplied by the neutralizer to the power sup-
plied by the generator when o = w,

(9) The power supplied by the generator when w = (1.05)w,

(10) Theratio of the power supplied by the generator with the neutralizer
out of the circuit to the power supplied by the generator with the neutralizer
in the circuit when

(@) w = wr :
) w = (1.05)c,

Give a brief discussion of the results obtained in this problem.

10. Work out and discuss the equations for the circuit shown by Fig. 39.
In the discussion state the conditions under which resistance neutralization

is obtained. Show by means of a
T % 9 vector diagram that these condi-

tions correspond to the conditions

I
Lid c z necessary for the triode to feed
R I_\w power into the circuit. (Use I, as
I a reference vector and for the pur-
<_—1-— , pose of obtaining the plate voltage
¥ A on the diagram consider Iy = —1;.)
e M ._____,|\| Lg By what amount does heating
s u the filament change the effective
l_ resistance of the circuit? By what
r amount does heating the filament
change the effective reactance of
12 T the generator circuit?
Show by means of a vector dia-
gram that if I, is large compared to
Fic. 39. I, and if the ratio of reactance to
resistance in each coil is large, then
the resistances of both coils may be thought of as part of the resistance in
the alternator branch without appreciable error.
11. From the characteristic curves for the 250-watt tube given by Fig. 40,
derive the following curves:

h)
<.
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(a) Peak alternating plate voltage as abscissa and G, as ordinates
(b) Peak alternating grid voltage as absecissa and G.p as ordinates
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F1a. 40.—Characteristic curves for 250-watt power tube.

. . N .
(c) Peak alternating plate voltage as abscissa and 2 88 ordinates for val-

ues of & = 10, 8, and 6.
The continuous plate voltage equals 700 and the continuous grid voltage
equals plus 20.
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12. If in any circuit the 250-watt tube is generating sustained oscillations
when operating at the same point as given in problem 11, plot values of
alternating plate voltage as abscissa and values of power output as ordi-
nates for values of § equal to 10, 8, and 6.

13. The circuit used for generating sustained oscillations is the circuit of
Fig. 39 with the alternator removed. The circuit constants are:

L, = 0.002 henry L, = 0.016 henry
M=0 C 1078 farads

What is the value of 8? of U? What is the frequency of the oscillating
current? What should be the equivalent resistance of the load and coils in
order to obtain maximum power output? What is the value of this maxi-
mum power? What will be the amplitude of the current in the oscillating
circuit, of the grid alternating voltage, of the plate alternating voltage when
the resistance for maximum power is in the circuit? Will the oscillations be
stable? The tube data are given in problem 11.

]

. N
14. Work problem 13 using the Tz curves and the power output curves

given in Fig. 31. . What changes should be made in the circuit constants if
two tubes are operated in parallel when the curves of each tube are the
curves given in Fig. 317



CHAPTER V

BEHAVIOR OF RADIO RECEIVING SYSTEMS TO SIGNALS
AND TO INTERFERENCE

27. Steady-state Properties of a Simple Series Antenna
Circuit Associated with a Pure Resistance Neutralizer.
By the steady-state properties of a system of circuits

we mean the behavior of the system to applied alternating

voltages of constant amplitude and frequency after these
voltages have been applied for so long a time that

the currents everywhere in the system have reached ¢

their ultimate (steady-state) values. In this sec-

tion we have under consideration the simple series 1,

antenna circuit shown by Fig. 41. This circuit

consists of an antenna which has an effective capa- i
citance to earth C in series with an inductance L, a Ry
wasteful resistance R., a detector whose resistance N
is R,, and a resistance neutralizer which reduces the

effective resistance of the circuit by the amount N. F: G41

We fix our attention on two of the transmitting sta-

tions which are inducing voltages in the receiving antenna.
We wish to receive energy from one of these stations and to
receive just as little energy as possible from the other.
The station from which we wish to receive energy will be
called the correspondent station and we will designate its
frequency by f.. The other station will be called the
interferent station. We will denote its frequency by f..
We will assume that both of these stations are continuous
wave stations and that their keys have been held down and
will be held down for an indefinitely long time. Let each
station induce the r.m.s. voltage E in the receiving antenna.
If Z. represents the impedance of the receiving antenna
circuit to the correspondent frequency, the current which

107
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flows in the detector due to the correspondent station is

E
I = Z (1)
The power delivered to the detector due to the correspond-

ent waves is

2
P, = I'Ry = EZ@’ @)
The current in the circuit due to the interferent waves is
_E
L = Z; (3)

The power delivered to the detector due to the interferent
waves 1s

2

Let the steady-state selective coefficient of a radio
recelving system against waves of any interferent fre-
quency f: be defined as the ratio of the steady-state power
delivered to the detector due to waves of the correspondent
frequency f. to the steady-state power delivered to the
detector due to waves of the interferent frequency f: when
both waves induce the same voltage in the antenna. The
steady-state selective coefficient of the simple series antenna
cireuit then is

P, 7t
If the circuit is resonant to the frequency of the corre-
spondent station, then

Z.=R,+R.+R;— N=R—N =R, (6)

Zt
In some discussions it is convenient to have the steady-
state selective coefficient expressed in terms of the time
constant of the circuit and the per cent detuning of the

interferent station. Let the resonant angular velocity of
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the circuit be w. and the angular velocity of the interferent
waves be w,(1 + ps). Then the reactance of the circuit
to the interferent frequency is

1
Xi = w.L(1 4 pa) — T F poaC
But
1
wl = o
Therefore
1
X: = wll1l _—
¢ < + P (1+Pd))
But
1 — (1 — vl ) =
1+pd_m—1+pd I—pst+ ) 2pa

(approximately) (8)

if ps is small compared to unity. Therefore when the
interferent frequency differs by only a few per cent from the
correspondent frequency, the steady-state selective coeffi-
cient becomes

R} + 4wlP]L? 412
S. = +R§AL =1+ wgpgﬁ':‘
S. =1+ o Pl (9)

In Eq. (9) T. represents the time constant of the circuit.
Since the second term of Eq. (9) is in general large com-
pared to unity, it is evident that the steady-state selective
coefficient of a simple series circuit associated with a pure
resistance neutralizer varies as the square of the time
constant. Now
- A4L2 _ 412
° (R,+R,+R;—N)*> (R —N)?

(10)

Equations (9) and (10) bring out in a striking manner the
increase in the steady-state selective coefficient of a simple
series circuit which may be obtained by associating a pure
resistance neutralizer with it. Thus if R = 100 and Nj=
99 ohms, the presence of the neutralizer increases 'Ithe
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steady-state selective coefficient by the factor (100)2 =
10,000.

In actual communication systems we are not dealing with
steady-state phenomena, and it will be shown in later sec-
tions that there is an upper limit for 7, which cannot be
exceeded and still have satisfactory reception of signals. A
detailed discussion of this point is deferred to later sections.
It can be stated, however, that for many classes of signals
this limit for 7, is so high that it is hard to obtain without
resistance neutralization. In these cases the resistance
neutralizer can be used to great advantage in increasing
the selective properties of the simple series receiving circuit.

It has been shown in Chap. III that the regenerative
amplification at resonance due to a resistance neutralizer is

. . . R}
regenerative amplification = ——* ___ (11)

(B, — N)?

If B, = 100 ohms and N = 99, the presence of the neutral-
izer increases the power due to the correspondent station
by the factor 10,000. The theory of Chap. III shows that
the amplification of power from dissonant frequencies is
nearly unity. Equation (25) of Sec. 13 shows that the
neutralizer would cause the waves of the correspondent
station to deliver 100 times as much power as they would
deliver if the neutralizer were not in the circuit. The neu-
tralizer multiplies the power delivered by the correspondent
waves by the factor 100, thus bringing the total power
multiplication up to 10,000.

28. Application to Triode Circuits.

In Chap. III it was pointed out that triode circuits seldom
function as pure resistance neutralizers. If the resistance
neutralization, however, varies slowly with the frequency
and if the reactance introduced into the circuit by the neu-
tralizer is small, then the theory of pure resistance neutral-
ization needs but little modification to be applicable to these
circuits. As an example of a vacuum tube circuit which ful-
fils these conditions, we will take the circuit of Fig. 25. Let
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the condenser be the antenna of a radio receiving circuit
and let the generator represent the voltage induced in the
antenna by the impinging waves. The following constants
will be assumed for the tube and circuit:

G.p = 1,025 X 10-% mhos R, = 40 ohms

G, = 350 X 10— mhos L, = 103 henrys
L, = 10-3 henrys M, = 10—* henrys
R, = 61 ohms M, = —2 X 10~* henrys
L, = 5 X 10— henrys Ao = 943 meters
w, = 2 X 10% radians per
second

Let the interferent station be detuned by 3 per cent. The
equations for the circuit under consideration are given in
Sec. 11. Values at resonance:

0w = w, =2 X 108
h = Mp(_Mach - MpGp)
— 10-4[(1,025 X 10-%)(2)10~4% — (350)10-19] =
1.7 X 10—
D=1+ R,G, = 1.014
W’L2G? = 0.1225

LI e )

2hD
NC = ﬁ—hm = 59.93 Oth
welsGh 20.7 ohms

SR A c
wly = 2(10%)10-3% = 2 X 103

If the reactance of the circuit is to be zero to the correspond-
ent station, then

wlLi — wlC + 20.7 must equal zero

C = 2474 X 10~1° farads

The power delivered to the detector at resonance is

_ B ER
¢ = (61 — 59.93)2 %% T 1.145

P
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Values off resonance:

w = o, — 0.030,
wLG: = 0.115

N; = 56.33

Xa; = 18.85

w,-C
Zi=~R.— N)* + X} = 124.7

" The power delivered to the detector due to the interferent
waves is

E’R,
Pe=Tioany
The steady state selective coefficient is
_ P, (124.7)*
S, = P.= 1145 = 1.35 X 10*
The regenerative amplification is
ti lification = B N (61
regenerative amplification = { =+ ) ={17) =
3.25 X 10°

The steady-state selective coefficient without the tube to a

station detuned by 3 per cent would be, from Eq. (9),

' (4)10-¢
S, =1+ (4 X10**)(3 X 10-2)2 ~75, -
(61)*

The triode thus increases the steady-state selective coeffi-

cient against a station detuned 3 per cent by the factor

2,559.

29. Effect of Resistance Neutralization upon the Power
Which Can Be Abstracted by an Antenna from Impinging
Waves.

If resistance neutralization is not resorted to, the value
of the detector resistance which will make the delivery of
power from sustained waves to the dectector a maximum is

Ry = R, + R, (12)

where R, represents the equivalent series detector resist-
ance, R, the radiation resistance of the antenna with which

= 5.3
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the detector is associated, and R,, the wasteful resistance of
the antenna circuit. Let us seek the expressions for the
optimum values of R, with resistance neutralization under
the conditions stated in the following problems.

Problem 1.—A given antenna has at a given frequency a
given radiation resistance R, and a given wasteful resist-
ance R,. It is desired to deliver the maximum possible
power to a utilization device (detector) having an undeter-
mined resistance R;. A resistance neutralizer is available .
which will operate reliably (steadily) to reduce the total
resistance R, (or B; 4 R, + R,) to a net resistance R,,
which is v decimal parts of the total resistance; that is, by
the use of the neutralizer

Rn =7(Rd + Rr + RW) (13)

What value should be assigned to the detector resistance R,
to make the power delivered to it a maximum when waves
of resonant frequency impinge upon the antenna?

The antenna current caused by an electromotive force
of r.m.s. value E of resonant frequency is
E E
R, B ‘Y(Rd + R, + Rw)

The power expended in the detector is
E?R,;
72(Rd + Rr + Rw)2
The value of R; which makes the power P a maximum,

as found by equating the derivative of P with respect to R4
to zero and solving, is

I =

Pt=Isz=

R; =R, + R, (12)
If R, has this value,
R, = 2¢(R. + R.) (14)
and
2
P, b (15)

~ 4y*(R, + R.)

Problem 2.—In the problem above, no lower limit was
placed upon the value of the net resistance, and in satis-
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fying the conditions for maximum power the net resistance
was reduced to 2vy(R. + R,). But suppose this low net
resistance results in a circuit time constant which is of
prohibitive length. In other words, let it be assumed that
it is not permissible to reduce the net resistance R, below a
specified value R.. Under these limiting conditions the
value assigned to R; must be such as to make R, or y(Rs+
R, 4+ R,) not less than R.. That is, R; must not be less
than (but may be greater than)

R,
77 - (Rr + Rw)

If [% — (R, + Rw)] > (R, + R.), or if %> 2(R, + Ru),

the value which must be assigned to R, in order to limit the
net resistance R, (or the time constant) as specified above

is as follows:

R,

This is greater than the value for maximum power delivery.
o B
On the other hand, if 7( 2(R, + R.,), the value to be

assigned to R, is the optimum value specified in Eq. (12).
R . .

If - = 2(R, + R,), this optimum value makes the net

resistance R, just equal to the lower limit R, for the net

resistance, or gives to the time constant the maximum per-

missible value.
R

If 7’" <2(R, + R,), this optimum value makes the net
resistance R, greater than the lower limit R,, or has the
effect of making the time-constant shorter than the
maximum permissible value.

Problem 3.—Now suppose the problem is not that of
making the power delivery to the detector a maximum, but
the problem is to make the selective coefficient against a
sustained wave detuned station a maximum. What is the
optimum value for the detector resistance?
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We limit the discussion to the general case in which the
interferent station is sufficiently dissonant (2 to 5 per
cent) to make the net reactance of the antenna to the dis-
sonant frequency large in comparison with its net resist-
ance. From Eq. (9) it is seen that the selective coefficient
of the antenna against an interferent electromotive force
which is detuned by a given percentage from the given reso-
nant frequency of the antenna is substantially proportional
to the square of the time-constant (7'.) of the antenna. The
selective coefficient is independent of the value of the
detector resistance, except as the detector resistance may
affect the value of the time-constant. It then we are deal-
ing with an antenna of given height and capacity, the
time-constant of which may not be permitted to exceed a
specified value, such as 0.01 second, two cases arise:

Case I.—If the sum of the radiation and the wasteful
resistance of the given antenna is so large that y(R, + R.,)
by itself is greater than the resistance R, which corre-
sponds to the maximum permissible time-constant, then
the maximum selective coefficient will be obtained if the
detector resistance is allowed to approach zero. The
power delivered to the detector at the resonant frequency,
however, is a maximum when R, = (R, + R,), and the
power decreases to zero as R, approaches zero.

Case II —1If v(R, + R,) is less than R, the value of the
selective coeflicient is fixed by the value assigned to T, (or
to R.), and is independent of the value assigned to Rg,
provided that v(Rs; + R, + R.) is made equal to B..

Before the advent of the resistance neutralizer all anten-
nae fell under Case I. By the proper use of neutralizers
all antennae may be made to fall under Case II. The
question which now arises is this: If the maximum selec-
tive coefficient possible by the use of a single tuned circuit
has been obtained by satisfying the relation

')’(Rd + Rr + Rw) = Rm (17)

in which R, is the resistance which gives the maximum
permissible time-constant, what further conditions should



116 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

be satisfied to make the power delivered to the detector
resistance at the resonant frequency a maximum? Two
subcases arise under this Case II.

Subcase A.—In this case we have a given antenna whose
dimensions are not to be changed. The only thing which
may be varied is the detector resistance Es. Since in this
case the values both of R.. and of the selective coefficient
are fixed by the assignment of a value to the time-constant,
and since, at resonance, R, alone determines the flow of
current per volt induced in the antenna, and since the
power delivered to the detector is

2
P=1Rs= (5 ) Ra (1s)
we may formulate the following rule:

To obtain from a given antenna the maximum power
consistent with a specified time-constant (or selective
coefficient), the detector resistance R,; should be made as
great as possible consistent with the stable reduction of the
total resistance to the net value R, which is fixed by the
specified time-constant.

Subcase B.—In this case the problem is to determine the
proportions which the antenna itself should have in order
to deliver the maximum power (consistent with the specified
time-constant) to a detector when the antenna is used with
a neutralizer having a fixed resistance reduction factor v.

Let C, = capacity of the antenna
Ly = inductance of the antenna circuit
f- = frequency of the correspondent station
T. = desired time-constant
R, = net resistance for the specified time-constant
h = height of the antenna network in centimeters
s = veloecity of light, 3 X 10'° centimeters per
second
po = permittivity of air 8.85 X 10-* farad-centi-
meters
F, = peak value of the electric intensity at the
antenna in volts per centimeter
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The expression for the power delivered to the detector is

(Fuh)*Rq
2R,

P = (19)

To obtain the maximum selective coefficient the value
assigned to R, must satisfy Eq. (16); that is, R, must equal

R

U= (R, + R (16)
In the subsequent discussion the value of the ratio
k. ;3:& will be represented by % (20)

and k£ will be treated as a constant. It should be recog-
nized that this is not strictly correct but is an approxima-
tion only.

Substituting the value of R, from Egs. (16) and (20) in
the equation for the power, it becomes
Ff,,h2(R

9RE 7’" — kR,) (21)

P =

An expression for the value of the minimum permissible
net resistance B, in terms of the antenna constants and
specified time-constant may be arrived at as follows:

1
= onyeg, @10 = 1oy,
oo 1
" Rn  2¢CiR.

from which
1

™ = 2220, T,

That is, the value of R.. is fixed by T, Cy, and f..

In any antenna with an extended capacity area at a
height h, the expression for the radiation resistance may be
written

R (22)

16072 4rh?f?
)\2 N 3S3p0

R, (23)



118 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

Substituting the values of R, and R, as expressed in
Egs. (22) and (23) in Eq. (21), we have the following equa-
tion for the power delivered to the detector when the
antenna capacity, the detector resistance, and the reduction
factor v are so related as to give the specified selective
coefficient :

1 4knh?f?

— 2 22| - —_ r
P = (Fuh) 2W#’C°T°[21r2ﬁCoTc'y 38*po ] (24)
If the radius of the antenna network is so great as com-
pared with the mounting height that the capacity is approx-

imately expressed by the parallel plate formula, namely,
Co = ¢ (25)
the following equation results from the substitution of the

value of C, from Eq. (25) in Eq. (24):

h 4krh?f?
2r*f2peayT.  3spo ] (25a)

p= F3n27rf;‘p3a2T3[

To find the antenna height or the antenna area which
will make the power a maximum, we take the derivatives
of P with respect to h or to a respectively, equate the deriva-
tives to zero, and solve the resulting equations. Upon
doing so, it is found that the antenna should be so pro-
portioned that

h = Bkxh?f}
2nfipoayT.  3s%pe

(26)

That is, the values assigned to & or to @ must be such that

Rf’y"' = 2(kR,) 27)
in which case
R, will equal kR, or R, + R, (28)
Equation (26) may also be written in the form

3s?

P = 1B T (29)
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On the other hand if the antenna network is so high
that its capacity is approximately expressed by the formula
for an elevated circular disk, namely,

Gy = Spo (30)

the following equation results from the substitution of this
value of Cy in Eq. (24):

242
P = (Ff,.h?)mspg,rafgaTg[ 1 ko, f,]

167%poa’*y T, ~  3s%p,

Upon taking derivatives of this value of P with respect
to A and a, equating to zero and solving, it is found that
the antenna should be so proportioned that

1 _ 8kah?*f;
167%2pea”yT. ~— 3s3po

That is, in this case also the values assigned to & and to a
must be such that

(31)

R

T"‘ = 2(kR,) (27)
Equation (31) may also be written in the form
O . - (32)
128x%k~T.f}

Equations (29) and (32) give respectively the dimensions
which antennae of the parallel-plate type and the elevated-
disk type must have to permit of the maximum power
delivery to the detector, and the maximum selective coeffi-
cient against detuned frequencies, which is possible with
the given resistance ratio k, reduction factor v, time-con-
stant 7., and frequency f,. These equations express, not
exactly, but only approximately, the optimum relations
between the antenna dimensions and the four quantities
k, v, T., and f.. They are valid only for antennae of the
usual proportions found in high-power practice, that is,
for antennae whose greatest length is short (one-eighth
or less) in comparison with the wave length,
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The total power delivered to the detector associated with

a simple series antenna is
_h*F; Ry

If
R; = (R. + R.) = kR, (12)
Eq. (19) may be written
h?FZ,
Pr = 8,mR, (33)

Of the total power P, the amount P, abstracted from the

impinging wave is
h?FZ,

Py = 87kR, (34)
and the amount P, supplied by the neutralizer is
1 1\ A%F}
Po= (o) wir o

By substituting the value of the radiation resistance from
Eq. (23) in Eq. (34), the following expression is obtained
for the power which is abstracted from the impinging waves
and delivered to a detector resistance proportioned for
maximum power as in Eq. (12):

3
Py = m(sﬁ)(%mlf’fn) (36)

In the paper referred to above, the factor (sa2)(34p %)
is shown to represent the power flowing across a wave-
length square at the receiving station. Therefore the
greatest power which can be delivered to a detector by an
antenna from impinging waves is

3
16xky

times the power flowing across a wave-length square at the
receiving station.

1
In this same paper the factor i Was termed the abstractive

factor of the antenna. With a neutralizer associated
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directly with the antenna the expression for the abstractive
factor 4, of the antenna becomes
1
A ;5= ]7)’
Equation (37) shows that the power abstractive factor
of any existing antenna can be increased by associating with
the antenna a resistance neutralizer, but it should be
remembered that the increase in abstractive factor is
accompanied by an increase in the time-constant of the
antenna. If then the antenna circuit without the neutral-
izer has the longest time-constant which is permissible at the
sending speed (for example 0.01 second at 30 words per
minute), increased power from the waves can be obtained
only by increasing the dimensions of the antenna. This
may readily be seen by examining the expression giving the
proportions which an antenna of the parallel-plate type
must have for maximum selective coefficient, namely,
Eq. (29).

37)

3s3
1673k~ T f}

From this it is seen that if £ and f, are fixed, and if T, is to

remain constant, the volume under the antenna must be

proportional to the reciprocal of the reduction factor of the
neutralizer.

30. Introduction to the Method to Be Used in Arriving at
the Actual Behavior of Receiving Circuits to Signals and
to Interference.

The behavior of a radio receiving system to signals and to
interference depends upon the transient state properties of
the system. It is often a difficult problem to arrive at the
transient-state properties of a system, whereas the formula-
tion of the steady-state properties is a relatively easy mat-
ter. It is the purpose of the next few sections of this
chapter to develop a relatively simple but effective way of
answering some of the questions which arise in dealing with
the effects of both signals and interference upon radio
receiving systems when the steady-state properties of the

ah = (29)



122 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

system are known. It is the purpose of this section to
establish a viewpoint which will be an aid in obtaining an
understanding of the following sections.

Figure 42 shows an alternator delivering a sinusoidal
voltage and feeding a transformer on open circuit through a
long line A. Parallel to this line there is another line B
which may be a telephone circuit. We wish to find the

Transformer
8 60~ Line 4 % %
o= o
Line B
o
Fra. 42.

effect of line A upon line B. We will suppose that line A
is a low-tension line so that the electrostatic effects can be
neglected. The current in line A is the magnetizing current
of the transformer and therefore this current has the form
shown by Fig. 43. This current can be broken up into the
two sine waves shown by Fig. 44 and a number of smaller

Fia. 43.

components of higher frequencies which have not been
shown. One of these sine waves has a frequency of 60
cycles per second and an amplitude I. The other has a

I
frequency of 180 cycles per second and an amplitude of 1

If the mutual inductance between the lines is represented by
M, then the voltage induced in line B is composed of the
following two parts. Part one is a sine voltage having a
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frequency of 60 cycles per second and an amplitude of
2r60IM volts. Part two is a sine wave having a fre-
quency of 180 cycles per second and an amplitude of 2x180-

1
M 4 1f the amplitude of the 60-cycle voltage is represented

by E, then the amplitude of the 180-cycle voltage is 34E.
We can forget all about line A then, if in line B we introduce
two alternators. One alternator has a frequency of 60

AN

Fia. 44.

cycles per second and delivers a. voltage of amplitude E.
The other alternator has a frequency of 180 cycles per
second and a voltage of amplitude 3{E. These generators
must have zero impedance. The effects of line A upon
line B can be calculated by considering the system shown
by Fig. 45.

The scheme used above for finding the effect of line 4 on
line B is the one used in the following sections of this chapter

60~ 180~

v S72:4 LineB

Fia. 45.

for finding the manner in which a voltage induced in the
antenna affects the receiving system. The voltage induced
in the antenna is replaced by a group of alternators having
the correct voltages and the correct frequencies. The
receiving system will then be represented schematically as
shown by Fig. 46. The generators are assumed to have no
impedance and serve only as a device to fix the attention
on a sine wave of voltage having a given frequency and
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amplitude. Use is made of Fourier’s expansion in order
to obtain the frequency and voltage of each alternator.
Since the time interval in the expansions will be taken from
minus infinity to plus infinity, each of the alternators will
have been in the circuit for an infinitely long time. From
this fact it follows that the response of the system to tran-
sient electromotive forces may be arrived at from a knowl-
edge of the steady-state properties of the system.

Lo
Receving
Circurts
Lo

Fic. 46.—Schematic diagram illustrating the replacement of voltages induced in
a receiving antenna by alternators.

31. The Generators Which Replace the Voltage Induced
in a Receiving Antenna by an Interrupted Continuous-
wave Transmitting Station.

The voltage induced in a receiving antenna by an inter-
rupted continuous-wave telegraph station is assumed to
have the form shown schematically by Fig. 47. In this

Fi1c. 47.—Voltage assumed to be induced in a receiving antenna by an I.C.W.
transmitting station.

figure 27 represents the total time interval of the signal and
the following space; 2¢qT represents the signal time interval;
and 2pT represents the space time interval. Thus p 4 ¢
are two such fractions that their sum is always unity. In
order to simplify the calculations it will be assumed that
there are a complete number of cycles of the operating
frequency in the time intervals ¢T and pT. Under these
conditions if the operating frequency is represented by
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fo = o the voltage induced in the antenna is represented
27

from
l= —xotol= 4w
by the series
® *
e(t) = 2 @, Sin m;t (38)
m=1
in which
_£ (si ) 20 Fe T
am = 75 (sin mpr e or 7 % @ (39)
= FEq for m—; = w (40)

That is, the voltage of the mth generator is given by Egs.
(39) and (40). The generator having the largest voltage is
the one having a frequency the same as the operating
frequency f, of the transmitting station. The frequency of
the mth generator is, from Eq. (38),

5= 5,('F) = 37 )

That is, the generators in the receiving circuit which replace
. 1
the induced voltage are spaced Vi cycles apart. The value

of T depends upon the speed of signaling. At 30 words per
minute, 7 = 0.05 second. At 150 words per minute T’ =
0.01 second. Thus the speed of signal transmission deter-
mines the frequency spacing of the generators.

Let myo represent the m which gives the operating fre-

quency, fo.

" Then
mo = 2Tfo (42)
Let
m=mg+n=2Tfh+n (43)
n=0+1, £2, +£3 - - - F%,,

* For the derivation of these equations see Appendix A, Part L.
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If the signal sent out is a Morse dot and the interval
between signals is the Morse dot interval, then
p=¢q=05 (44)
In Eq. (39)

. .o . .
sin mpr = sin mgy = 0 if m is even
= +1if mis odd

Upon substituting these results and Eq. (43) in Eq.(39) and
remembering that « = 2#f, we obtain

E
Amy = § (4:5)

B[ 1
nw n (46)
[ L+ zm}

From Eq. (42) it is evident that m, will always be an even
number. It follows, then, since my + n must be odd, that
n will be an odd number. Thus we write

n=0,+1,+3,+5 + + » + _5r, _p (47)

am0+n =

For all of the important frequencies? ;1%7,0 is small compared

to unity, and Eq. (46) may be simplified to

-z (48)

nw

amo+n

We have now arrived at the following information relative
to the generators which replace the induced voltage in the
receiving antenna. The generator having the highest
voltage is the one having a frequency equal to the operating

. . E
frequency fo. The voltage of this generator is 3 As we
pass to generators having a frequency less than f,, the first

1 .
one we come to has a frequency f, — o7 This generator

E
has a voltage of o The next has a frequency of f, — %

1 See Appendix A, Part I,
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E .
and has a voltage of 3, and so on down the line. The first
generator having a frequency higher than f, is the one

. 1 .
which has a frequency fo + o7 The voltage of this genera-
E
tor is also . The next one up the frequency scale has a

3 E
frequency equal to fo + 2T and has a voltage equal to 3.

and soon. These facts are brought out in a striking manner
by the curve of Fig. 48. This curve is plotted with the
ratios of the absolute value of the generator voltage to E
as ordinates and with values of n as abscissas. Values of
n are used as abscissas in order to make the curve hold for
all speeds of transmission. To convert the abscissa scale
to generator frequencies, use is made of the relation

Generator frequencies = f, + %, (49)

At 30 words per minute this relation becomes

Generator frequencies = f, + 10n (50)

At 150 words per minute it becomes
Generator frequencies = f, + 50n (b1)

Thus a generator having a given ratio of voltage to E is
five times as far removed in frequency from the operating
frequency at a transmitting speed of 150 words per minute
as at a transmitting speed of 30 words per minute. This
fact, as we shall see later, has an important bearing upon the
design of the receiving system and also upon the amount of
interference created by the transmitting station.

The desirable frequency-response characteristics of the
interrupted continuous-wave receiving system can now be
arrived at. If the system were to pass currents having the
operating frequency fo, and were to eliminate currents of
all other frequencies, a continuous tone would be heard in
the receivers, and the dots and spaces could not be distin-
guished from each other; that is, no signals would be
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received. If the system passed currents of all frequencies
with the same ease, the high-frequency output would have
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the same wave form as the induced voltage (Fig. 47). This
latter condition would lead to the distinguishing of the
signals, but the system would have no selectivity against
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interference. The best circuit then would be one which
passed just enough frequencies to make the signals distin-
guishable and eliminated all others. Let us assume that
in order to make the signals distinguishable, the receiving
system must respond freely to all generators having a volt-
age greater than or equal to » decimal parts of the voltage
of the generator whose frequency is fo. That is, the system
must respond freely to all generators having a voltage equal
E

to or greater than 5 Now the generator whose frequency

. E .
s fo + 2%, has a voltage equal to o We therefore write

EN2 _
n,w E 4
2
n, is the odd number closest to - (52)

The receiving system, therefore, must pass a band of fre-

quencies %’ wide centered on the frequency fo.

Let us define an ideal receiving system as one which has
the following properties:

1. A radiation resistance R..

2. No wasteful resistance.

3. It acts as a pure resistance of magnitude 2R, to fre-

quencies lying in the range fo + —2%,

4. Currents having frequencies lying in the range shall
be passed on to the detector either without attenuation or
else with a uniform amplification.

5. Currents of all other frequencies shall be eliminated
before reaching the detector.

A system having the above properties is called an ideal
system because it represents the best possible frequency-
selection system for receiving I.C.W. signals through inter-
ference. This ideal system can be approximated only more
or less imperfectly in practice; but any actual receiving sys-
tem, basing its selectivity upon frequency selection should
be made to fulfil as closely as possible the conditions stated.
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The band of frequencies which the receiving system must
pass freely is % Now both 7, and T are independent of f,.

So the band width is independent of the operating wave
length. n, is also independent of the speed of signal trans-
mission while T’ varies inversely as the speed of transmis-
sion. Therefore the frequency band which the receiving
system must transmit freely varies directly with the send-
ing speed. Thus the transmitted band width at 150 words
per minute would be five times as great as at 30 words per
minute.

If the receiving system acted as a pure resistance of mag-
nitude 2R, to all frequencies, then during the dot 1nterval
the r.m.s. current would be

E
= 53
Id 2‘\/2R,- ( )
and the average rate of useful power delivery would be
ER, E’

During the space interval the power delivery would be zero.
Since we have taken the space interval equal to the dot
interval, the average useful power delivery will be one-half
of that given by Eq. (54), or

2
P, = B

16R.

In the ideal receiving system the mean-square current in
the frequencies which are freely transmitted is

E?
r-Z 432[ L2 232] (56)
s=13,5,. . .m,

The average useful power delivered by the generators in

(55)

the band of frequencies f, + g,} is

E2[1 2 1
P =I2R,=873r[4+,r;§8;82] (57)
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The ratio of the power actually utilized by the ideal receiver
to the power available in the waves is therefore

P 1 2 1
E=2[1+ﬁ§sz] (58)

Calculations indicate that if n, = 3, the intervals and the
dots will be easily distinguishable. Under these conditions
the ratio of the power utilized in the ideal circuit to the
power available becomes

P 1 2/ 1
o= 2[‘1 + rz(l i g)] - 0.9 (59)

With the above value of n, the ideal system would pass
freely a band of frequencies lying between fo — 30 cycles
per second and f, + 30 cycles per second at 30 words per
minute. At 150 words per minute the band passed would
be between f, — 150 cycles per second and fo + 150 cycles
per second.

Time

Fig. 49.—Voltage assumed to be induced in a receiving antenna by a spark
transmitter.

32. Spark Telegraphy.

The voltage induced in a receiving antenna by a spark
transmitting station is assumed to have the form shown
schematically by Fig. 49. The operating frequency is

Jo = % In most spark systems the damping is such that

the voltage dies very nearly to zero in the interval of time
T when o7 >3. Under these conditions the voltage is
represented as a function of time during the interval
t = —T tot = 0 by the equation

e(t) = B sin [w(t 4+ T)] (60)
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and in the interval { = 0 to ¢ = +7T by
e(t) = Ee™* sin ot (61)
The voltage induced in the antenna is represented from
l= —w tot =4« by
~ mnt
e(t) = Ag + EIB"' cos [T" + o,,.] (62)
In our scheme of replacing the induced voltage by alter-
nators we find from Eq. (62) that the voltage of the alter-
nator whose frequency is 2%, is equal to B,..

It is shown in Appendix A, Part II, that B,, is given very -
closely by the equation

wT \/4a nt P (63)
[f T f“’TZ]
—+
n=20+1, £2
—foT

In this equation the symbols have the following meaning:
B, is the voltage of the generator whose frequency differs

n
from f, by T cycles per second.

fo is the operating frequency of the spark transmitting

station.
E and « are defined by Eq. (24).

w = 27I'f0

T is the time interval in seconds between sparks.
Let

1
N = 7 represent the number of sparks per second
6= ]% represent thelogarithmic decrement

In terms of these symbols Eq. (63) becomes

B, = 2NE —1 (64)
w \/572 N [2]@{ N 2N2]2
Le fo I
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The voltage of the generator whose frequency is the same
as the operating frequency f, is

B, - 4 = M _ VB (65)

In order to present at a glance the way in which the
generator voltage varies with the frequency in the vicinity
of the operating frequency f, and the effect of the logarith-
mic decrement 8, the number of sparks per second N,
and the operating frequency on this variation, the curves
of Fig. 50 have been drawn. The abseissas for all curves
are values of the difference between the generator frequency
and the operating frequency (= nN). Generator fre-
quencies are located only at integral values of n/N divided
by N. Thus at 1,000 sparks per second one generator has
the frequency foy, and generators are located on a frequency
scale every 1,000 cycles per second above or below fo.
At 120 sparks per second generators are located on the
frequency scale at f, and every 120 cycles per second above
or below fo. For curve 1 f, = 10% cycles per second,
§ =001, « = 8y, = 104, N = 1,000. The ordinates for
this curve are values of the ratio of the generator voltage
to the undamped peak voltage E,, induced in the antenna.

B, .
(Ordinates are values of E) The voltage assigned to the

generators falls off at a fairly fast rate as the operating
frequency is departed from. The generator having a
frequency which differs by 16,000 cycles per second from
the operating frequency has a voltage 10 per cent as great
as the voltage of the generator whose frequency is equal to
the operating frequency. That is, the energy associated
with a frequency removed from the operating frequency
by 16,000 cycles per second is 1 per cent as great as the
energy associated with the operating frequency. This
curve also holds good for the conditions f, = 10%, N =
1,000, 5 = 0.1, « = &fy = 10%. This fact has an important
bearing on the factors which determine the frequency-
energy distribution, as will be shown a little later.



5fe = 105.

In order to make this curve directly comparable with curve

1, the ordinates have been taken as values of the generator

For curve 2, f, = 105, N = 1,000, § = 0.1,
voltage divided by the undamped voltage peak induced in
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* See the discussion of energy relations which follows shortly.

the antenna by case 1 when both sets of waves have the
same energy per wave train or per spark. Thatis, the ordi-
B,
E,

nates in this case are values of
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curve is much flatter than curve 1, and the generator whose
frequency is removed from f, by 16,000 cycles per second
has a voltage 70 per cent as great as the voltage of the gen-
erator whose frequency is fo. This is a striking contrast to
curve 1 for which o = 104

For curve 3, fu = 106~, N, = 120, § = 0.01, a = 104

B,\ [N.* .
The ordinates for this curve are values of () & This
E;JNN,

factor is used in order to compare this case with case 1 when
both waves have the same energy associated with them.
The rate at which the generator voltage falls off in this case
with the frequency is about the same as for case 1. This
curve is also valid for the conditions f, = 10°~, N = 120,
6 = 0.1, « = 104

These curves lead to the conclusion that the factor which
determines the rate at which the generator voltages fall off
with the frequency in the vicinity of fois @« = 8fo. The other
factors have but little influence upon the width of the band
of frequencies over which most of the energy is spread.
This is apparent upon examining Eqs. (63) or (64). When
n is small, the second term in the bracket under the radical
is small compared to the first and may be dropped without
serious error. We then have, for small values of n,

_ EN
" Ve + 4nn2N?
This equation shows clearly the dependence of the band
width upon «, because the larger the value of «, the larger
must be the nN product before B, differs much from B,.

The ideal system for receiving spark signals has the same
properties as the ideal system for receiving I.C.W. signals,
except that the transmitted band width will be different.
In so far as obtaining a good tone in the receivers is con-
cerned, it would suffice to pass only the currents of three
generators. This would result, however, in the utilizing
of only a small portion of the available energy. Let us
therefore make the band wide enough to pass the currents

B (66)

* See discussion of energy relations which follows shortly.



136 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

of all generators whose voltage is equal to or greater than r
decimal parts of the voltage of the generator whose fre-
quency is fo. From Eqgs. (65) and (66) we then have

Bn, «a

By T Va® ¥ 4r'2N® (67
1
n,N=fc=2% 21 (68)

Since 7, must be an integer, it is taken as the integer which
comes the closest to satisfying Eq. (68). #n.N = f. is then
one-half of the transmitted band width.

The mean square voltage induced in the receiving antenna
by the impinging waves is, from Eq. (61),

2 T
E: = % i [e—= sin wi]2dt
2 —2a¢ 2 T
= ET" {m[(sin wt)(—2asin wi — 2w cos wt) — %]}0
Since e~ ** is vanishingly small when ¢ = T, we have

E? 1 w?

2 _— ]
Ba = T(4w2 + 4042) a (69)

If o® is small compared to «?, this reduces to
E? NE?
2 __ — —

Ba= 4ot = 44 (70)

If the receiving system acted as a pure resistance of magni-
tude 2R, to all frequencies, the mean square current would
be
p_ B NE
¢« 4R’ 4R“a
The power delivered to a detector of resistance R, would be
NE?
16ak, )
P, as given by Eq. (71) represents the power available in
the waves. Since this power varies directly as E?, directly

as N, and inversely as «, it is evident that the correction
factors applied to the curves of Fig. 50 are the proper ones.

P,=RI* =
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If E, represents the r.m.s. value of the voltage of the
generator whose frequency differs from fo by nN cycles per
second, then the useful power delivered by this generator
to the ideal receiver is 0 for n greater than n, and equals

2

P, = ‘% for n = n, (72)

The total useful power delivered to the ideal circuit by the
impinging waves is
2

P= EP ik, +2j 4R (73)

The factor 2 enters the summation of Eq. (73) because
there are two generators having the voltage E,. One has
a frequency of fo + nN and the other has a frequency of
fo — nN. Since the maximum value of » is n,, we may use
Eq. (66) for finding the value of E.. Since B, is the peak
value of the generator voltage E: = 14B., Eq. (73) becomes

E2N? 1
P = 8K, l: + 2 o’ —l—-41r2n2]\72 (74)

The ratio of the power utilized by the ideal receiver to the
power available is

P 1]

If the damping exponent « of the waves has a value of 10*
and if 7 is taken as 0.3, then the half band width as given
by Eq. (68) is

4
fo=nN = VAT =1 =500~  (76)

If the number N of sparks per second is 1,000, then n, = 5,
and the ratio of the power utilized by the ideal receiver to
the power available is

P _ (2)107[%—8(1 + 144 + 0.775 +
0.44 + 0.274 + 0.184)] ~ 082 (77)
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33. The Generators Which Replace the Voltage Induced in
a Receiving Antenna by a Radio Telephone Transmitter.
The voltage of the generators which may be inserted in

the receiving system to replace the voltage induced in the
antenna by a radio telephone transmitter cannot be written
down in a general equation because these voltages depend
upon the character of the speech or music which the trans-
mitter is sending out. The theory of modulation which is
developed in Chap. VII shows, however, that the voltage
induced in the antenna of the receiving system by the
telephone transmitter has a group of frequencies consisting
of the carrier frequency, an upper side band, and a lower
side band. The carrier frequency is the operating fre-
quency and determines the wave length of the transmitting
station. The upper side band consists of a group of frequen-
cieshaving values equal to the carrier frequency plusthefre-
quencies of the voice or musical notes. The lower side
band consists of a group of frequencies having values equal
to the carrier frequency minus the frequencies of the voice
or musical notes. If the highest musical note of importance
is represented by f., then in radio telephony most of the
energy in the waves is associated with a band of frequencies
2f, cycles wide centered on the carrier or operating fre-
quency fo. If only a small portion of the energy is associ-
ated with frequencies outside this band, then we may
replace the voltage induced in the receiving system by a
group of generators having frequencies ranging from
fo — f. cycles per second to fy + f. cycles per second. The
voltage assigned to a generator having a given frequency
will depend upon the nature of the speech or music which
is being received.

The ideal frequency-selection system for receiving
te ephony will have the same properties as the ideal system
described for the reception of I.C.W. signals with the excep-
tion that it must transmit freely the currents due to all
generators having frequencies in the band f, — f. to fo +
f. cycles per second. This ideal system would utilize prac-
tically all of the available energy and would be distortion-
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less. The highest musical note of much importance has a
frequency of about 5,000 cycles per second. Therefore for
broadecast reception, it suffices to assign the value 5,000 to
f.. From this it follows that the ideal receiver must trans-
mit freely a band of frequencies 10,000 cycles wide centered
on the operating frequency fo.
34. Voltage Induced in a Receiving Antenna by Strays.
The voltage induced in a receiving antenna by an I.C.W.,
a spark, or a telephone transmitter may be a source of
interference as well as of signals. The frequency and
voltage of the generators which may be used to replace the
voltages due to these stations have been worked out. In
order to make the discussion of interference more complete,
we proceed to discuss the voltage and frequency of the

Fig. 51.—Voltage assumed to be induced in a receiving antenna by strays.

generators which may be used to replace the voltage
induced in a receiving antenna by atmospheric strays.
There is not very much information available on the wave
form of strays. Watt and Appleton have published some
observed wave forms of strays in the Proceedings of the
Royal Society for 1923. These wave forms were sketched
from visual observations made with a Braun tube oscillo-
graph. The majority of the impulses were unidirectional
in character and the time of rise and fall was about the
same. The time duration of the majority of the impulses

was of the order of ﬁ(ﬁ second. It is reasonable to

expect that some indication of the voltage and frequency of
the generators which replace the static voltage induced in
the receiving antenna by strays will be obtained if the wave
form of the voltage induced in the antenna by atmospheric
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strays is assumed to have the form shown by Fig. 51. Itis
shown in the Appendix, Part III, that this voltage can be

represented from { = —« to ¢ = + « by the series
o mmt
e(t) = ao +m2;1a,,. cos - (78)
where
ao = oT [} — p + 24p?] (79)
_2,T

Am

[ cos mmw — COS mqrp] m # () (80)

T omep2
Equation (78) shows that the generators which replace
the voltage of Fig. 51 have the frequency %, and voltages

given by Eqgs. (79) and (80). Now the time duration of
the impulses was around 10-3 seconds in the observations
mentioned above. If the interval between impulses is
assumed to be nine times as long, we have the relations

2¢T = 10-3, 2pT = 9 X 10-3
T(2q + 2p) = 2T = 102
T = 5 X 10-3 seconds

The frequency spacing of the generators then is QET =

100 cycles. Equation (80) shows that the generators
which have the high voltages have frequencies lying in the
region from 100 to 1,000 cycles per second. That is, the
high-voltage generators have frequencies far lower than
the operating frequencies of any radio system. Since m
enters the denominator of the expression for the generator
voltages and since the m for a generator whose frequency
is 2f is twice as great as for a generator whose frequency is
f, it is evident that neglecting the periodic variation caused
by the term in the brackets of Eq. (80), the voltage assigned
to a generator is inversely proportional to the square of
the frequency assigned to it. If we neglect the term in
the brackets, then the voltage of all of the generators which
have frequencies lying in a narrow band in the radio range
is the same, because the m for the generator at one end of
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the band differs only by a few per cent from the m for the
generator at the other end of the band.

It is not safe to follow too closely the generator fre-
quencies and voltages given by the wave form of Fig. 51
because of the meager information upon which it is based.
The consideration of this wave form, however, enables us
to draw certain general conclusions as to the frequency and
voltage of the generators which replace the voltage induced
in the receiving antenna by atmospheric strays. These
inferences are as follows:

1. The voltage assigned to a generator having a high
frequency is less than the voltage assigned to a generator
having a lower frequency.

2. The voltage assigned to all of the generators having
frequencies which lie in a narrow band in the radio range
of frequencies will be about the same.

In regard to assumption 1 it may be stated that the wave
form assumed indicated that the voltage assigned to a
generator was inversely proportional to the square of the
frequency assigned to it.

If a voltage wave form having an abrupt rise, a flat top,
and an abrupt fall had been assumed, then the voltage
assigned to a generator would be inversely proportional
to the first power of the assigned frequency. Therefore, if
the indications of the Watt and Appleton observations
on the time duration of the impulses are approximately
correct, the voltage assigned to a generator will vary
inversely as a power of the frequency which lies between
1 and 2.

For the wave form assumed, assumption 2 holds good
provided the periodic variation caused by the bracketed
term of Eq. (80) is neglected. The justification for neglect-
ing this term in drawing general conclusions arises from
the fact that in the actual wave form of strays, the time
duration of the impulses and the time interval between
them vary at random. This random variation would
smooth out the periodic variation indicated by the
bracketed term of Eq. (80).
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35. The Reception of the I.C.W. Signals through Inter-
ference Due to Atmospheric Strays.

The receiving system is represented schematically as
shown in Fig. 46, and we now have to consider the power
received from two groups of alternators. One group of
alternators replaces the voltage induced in the antenna
by the I.C.W. transmitting station. The other group
replaces the voltage induced in the receiving antenna by
strays. Since the voltage assigned to all the stray genera-
tors whose frequencies lie in a narrow band is the same, we
will let E, be the peak value of the voltage of each stray
generator. The power delivered to the ideal receiving
system by each generator whose frequency lies within the
transmitted band is

E? '

Pi=gp (81)

All other stray generators deliver no power to the detector.
If the transmitted band of frequencies extends from f, — f.
to fo + f., and if the stray generators are spaced p cycles
apart on a frequency scale, and if f, is taken as the location
of one of the generators, then the number of generators

in the freely transmitted band is 2{)—” + 1. The power

delivered by strays to the ideal receiving system is

P8l=<f+1>8R ( +1)E2 (82)

The power received from the I.C.W. transmitting station is
given by Eq. (57). The ratio of signal power to stray power
is

1§=ﬁ[ to st] (83)

S=1,35 ...n

T

Now because of the random nature of strays, one frequency
is as likely to be the location of a generator as any other;
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that is, p will be small compared to %’, Under these con-
ditions the ratio of signal power to stray power as given by
Eq. (83) will be a maximum when the smallest possible
value is assigned to n,. In the ideal system n, was taken
~ just large enough to permit of the distinguishing of the sig-
nals. Therefore the ideal system already described is the
best possible frequency-selecting system for receiving I.C.W.
signals through stray interference. Since p is assumed
small compared to %} the 1 may be dropped in Eqgs. (82)

and (83) compared to ;;n;’ and Eq. (83) may be written as

Prow. _EPTL[1, 251
l)él - E% n, 4 72 R s?

Epll 2 ol
- st [s T s 2] (84)

38

2
In Eq. (84),% characterizes the energy level of the strays

associated with frequencies in the vicinity of the operating
frequency f, of the I.C.W. station. This term decreases as
fo increases. The term

1 2 1
A PR

characterizes the energy level of the I.C.W. signal and its
distribution over frequencies in the vicinity of fo. The
bracketed term is the same for all I.C.W. stations but ¥ is
dependent upon the transmitting station and the trans-
mission efficiency. 7T characterizes the speed of signaling.
It varies inversely with the signaling speed. Thus the high
signaling speeds are more subject to static interference than
the low ones. n, alone characterizes the receiving system.
For the ideal receiver, n, has been assigned the minimum
value which will permit of the distinguishing of the signals.
Thus the ideal receiver reduces the static interference to the
lowest possible value that can be obtained with a frequency-
selecting system.
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If the speed of signaling is 30 words per minute and if
n, = 3, we have for the ideal receiver

PI.C’.W. — F

5 (55)

At a signaling speed of 150 words per minute, the ratio of
I.C.W. signal power to static power will be one-fifth as
large as at 30 words per minute.

36. The Reception of Radio Telephone Signals through

Stray Interference.

In the section on telephony it was shown that for distor-
tionless reception the ideal receiving system must pass a
band of frequencies running from f, — f. cycles per second to
fo + f. eycles per second where f. was about 5,000 cycles.
Under these conditions the power picked up by the system
from stray disturbances is given by Eq. (82) of Sec. 35.
Since the ideal system picks up energy only from generators
which have frequencies lying in the band which must be
transmitted, it follows that the ideal system as described is
the best possible frequency-selection system for receiving
telephone messages through stray interference. Since f.
for telephony is 5,000 =+ 30 = 167 times as large as for
I.C.W. reception at 30 words per minute, 167 times as much
stray energy must be picked up in a telephone receiver as in
an I.C.W. receiver.

37. The L.C.W. Transmitter and the Spark Transmitter
as Sources of Interference.

It has been shown that the voltage induced in a receiving
antenna by an I.C.W. transmitter may be replaced by a
group of generators having the correct frequencies and cor-
rect voltages. Any I.C.W. transmitting station has gener-
ators with frequencies located in all frequency bands. It
has also been shown that all receiving systems must trans-
mit a band of frequencies centered upon the operating fre-
quency of the station whose signals it is desired to receive.
The receiving system must necessarily, therefore, pick up
energy from all I.C.W. stations which induce a voltage in
the receiving antenna. With a given receiving system the
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energy picked up from an interferent I.C.W. station depends
upon the difference between the operating frequency of the
interferent station and the operating frequency of the corre-
spondent station and the manner in which the voltage
assigned to any generator which replaces the interferent
voltage in the receiving antenna varies with the frequency
assigned to it. The curve of Fig. 48 gives a graphical pic-
ture of the dependence of the voltage assigned to any gen-
erator upon the frequency assigned to the generator. From
Eq. (59) we draw the conclusion that 90 per cent of the
energy available in the waves is associated with a band of

frequencies % cycles wide and centered on the operating

frequency. At 30 words per minute % has a value of about

60 cycles and at 150 words per minute% has a value of about

300 cycles. We thus come to the conclusions that the
energy associated with the waves of an I.C.W. transmitter is
confined to a narrow band of frequencies and the width of
this band varies directly with the signal speed. The above
statement holds true if the I.C.W. transmitter has no har-
monics. If harmonics are present in the waves sent out by
the transmitter, the voltages assigned to generators having
frequencies in the vicinity of the harmonic will vary as
shown by Fig. 48 for the fundamental frequency, and any
receiving station having a transmitted band in the vicinity
of one of the harmonies will pick up an appreciable amount
of power from the transmitter.

The spark transmitter causes mueh more interference
than the I.C.W. transmitter. This fact is brought out in a
striking manner if the curves of Fig. 50 are compared with
those of Fig. 48. The voltage assigned to a generator falls
off slowly as the frequency departs from the operating fre-
quency in the case of the spark transmitter. It is evident
from an examination of the curves of Fig. 50 and from the
discussion of Sec. 32 that the interference caused by a
spark station is dependent upon the logarithmic decrement



146 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

times the frequency rather than upon the logarithmic decre-
ment. If « = §fy = 104, then Eqs. (76) and (77) show
that 82 per cent of the energy in the waves is associated
with a band of frequencies 10,000 cycles wide centered on the
operating frequency fo. If @ = &fy = 10° then 82 per cent
of the energy is associated with a band of frequencies
approximately 100,000 cycles wide centered on the oper-

ating frequency. This is in striking contrast to the I.C.W.

case where most of the energy is associated with a band of

frequencies 60 to 300 cycles wide. From the above discus-
sion it is evident that a station operating at a frequency of
10° cycles per second and having a logarithmic decrement

of 0.01 has its energy spread over the same band width as a

station operating at 10° cycles per second and having a

logarithmic decrement equal to 0.1.

38. General Conclusions on the Extent to Which Interfer-
ence Can Be Mitigated by Frequency Selecting Systems.
All sources of interference to radio reception and all

sources of signals have definite frequency spectra, and for

convenience we can replace the voltages induced in an
antenna by a group of generators having the correct volt-
ages and frequencies. In order to receive signals the
receiving system must pass freely the currents due to all
generators having frequencies in a given band. This band
is centered on the operating frequency of the station from
which it is desired to receive signals." The width of the
band is determined by the class of signals which it is desired
to receive. If the interferent voltages have generators
with frequencies in this transmitted band, the frequency-
selection system cannot eliminate the currents due to these
generators. Since the ideal receiver as specified in this
chapter utilizes the maximum possible power from genera-
tors lying within the band of frequencies which must be
passed and utilizes no power from generators which have
frequencies outside this band, it is evident that the inter-
ference obtained in the ideal receiver is the minimum which
can be obtained with frequency-selecting systems. From
this it is evident that the minimum interference which it is
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possible to obtain depends upon the ratio of the voltage of
the signal generators to the voltage of the interferent genera-
tors which lie in the transmitted band and upon the width
of the band of frequencies which it is necessary to transmit.
The width of the band of frequencies which must be trans-
mitted depends upon the class of signals which are to be
received. Thus the necessary band width for I.C.W. sig-
nals at 30 words per minute is only 60 cycles, and at 150
words per minute it is 300 cycles. The necessary trans-
mitted band width for telephony is about 10,000 cycles,
and the necessary transmitted band width for spark teleg-
raphy varies from 10,000 to 100,000 cycles, depending upon
the product of the logarithmic decrement times the operat-
ing frequency.

F1a. 52.—Simple series receiving system.

39. Theory of the Simple Series Antenna Circuit Associated
with a Pure Resistance Neutralizer.

In the preceding sections we have discussed the nature of
the voltage induced in a receiving antenna by signals and
by interference, and an ideal frequency-selection system for
receiving signals through interference has been described.
Let us now consider the simple series receiving circuit
shown by Fig. 52. This circuit consists of an elevated
capacity network A, a tuning inductance L, a detector
which has a resistance R,, and a resistance neutralizer which
reduces the effective resistance of the system by the amount
N. The circuit has a wasteful resistance R, and a radiation
resistance R,. The induced voltage is represented by the
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group of generators. It has been shown that the ideal
receiver should act as a pure resistance of magnitude 2R,
to a continuous band of frequencies the width of which
depends upon the kind of signals to be received and that it
should eliminate the currents of all other frequencies. Of
course it is impossible to adjust the simple series circuit so
that it will act as a resistance to all generators whose fre-
quencies lie in a given band and will eliminate the currents
due to all other generators. We will therefore tune the
circuit to the operating frequency fo and adjust the circuit
so that it approximates the ideal circuit as closely as
possible.

Let the frequency band which the ideal circuit must pass
for any given kind of signals be denoted by B,. Thus for
the reception of I.C.W. signals at 30 words per minute, B,
is equal to about 60 cycles; for the reception of I.C.W.
signals at 150 words per minute, B, is about 300. For
double side-band telephony, B, is about 10,000. For the
reception of spark telegraphy, B, varies from 10,000 to
100,000. Now the impedance of the circuit to the genera-
tor whose frequency is fo is

Z0=Rn=Rr+Rd+Rw—‘N—_—’th (86)
The net reactance of the circuit to a generator whose
frequency is fo + @ is
X, =2«L{fo + a) — ~———1—T
2ufoC (1 +9 >
0

But since
1

2 7rfoL = 2__11' f() C*

we have
-1
X, = 24L(fo + a) — 21rfoL<1 +}‘)

—1
<1 +;,:,> =1- ? very closely if ]C,% < 0.05

1}
Therefore we may write
X, = 2(2xzLa) (87)
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Let us now assume that in order to have the circuit respond
to as few frequencies as possible and still give satisfactory
signal reception, the reactance of the circuit to the generator

. B, .
whose frequency is fo + 5 must be gR,. If we set a in

- 2
B,
Eq. (87) equal to o Wwe have
BR. = 2xLB,
2L _p _ B (88)
R, " #B, ! B

In Eq. (88), T. is the time-constant of the circuit. In
order to keep down interference, g8 should be large. If it
is made too large, however, the reception of signals will
not be satisfactory. Calculations based upon the shape
of the antenna current wave in I.C.W. telegraphy show
that when n, =3 (B, = 60 at 30 words per minute),
B cannot be assigned a value much larger than 2 if the dots
and spaces are to be discernible. For I.C.W. and spark
telegraphy we will therefore fix the upper value of g at 2.
In telephone reception the value assigned to 8 determines
the distortion. In the audio-frequency amplifier and in
the loud speakers used in radio receiving sets there is con-
siderable distortion, and these systems generally diserimi-
nate against the low frequencies in favor of the upper tones.
A value of 2 for g in telephony should not be excessive.
This point will be discussed further when we take up the
power relations in telephony. If the upper value of g8 is
taken equal to 2, then the maximum values which the
time constant of the simple series receiving circuit may
have for various classes of signals are found from Eq. (88)
to be as follows: I.C.W. at 30 words per minute,

T. (maximum value) = 2 _ 0.0106 (89)
760
L.C.W. at 150 words per minute,
2

T. (maximum value) = = 0.0021 (90)

7300
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Spark telegraphy o = §f, = 10*

. _ 2 _ s
T. (maximum value) = (10,000 ~ 6.35 X 10-% (91)
Spark telegraphy « = §f, = 10°
' . _ 1 _ s
T. (maxnnum value) = (x)100,000 — 6.35 X 10-¢ (92)
Telephony, double side-band transmission
. . 2 _ s
T. (maximum value) = (=)10,000 6.35 X 10-% (93)

In See. 27 it was shown that for maximum power delivery
to the detector, the detector resistance should be

R; =R, + R, ‘ (94)

In a communication system it is of more importance to
satisfy Eq. (88) than Eq. (94) because Eq. (88) fixes the
selectivity of the simple series circuit at the maximum
possible value. Since R, = R, + R, + R; — N, it may
not always be possible to satisfy Eq. (94), so we write

R; = P(Rr + Rw) (95)

If we are dealing with an antenna circuit having a fixed
radiation and a fixed wasteful resistance associated with a
given resistance neutralizer, the value of p is fixed by satis-
fying Eq. (88). Section 27 discusses the question of
designing the antenna so as to be able to assign the best
possible value, namely, unity, to p. This section should
be reviewed at this point.

In order to show the effect of the time-constant upon the
current in a circuit consisting of inductance, resistance, and
capacitance in series when excited by a voltage of the kind
which we have assumed to be induced in a receiving antenna
by I.C.W. waves, the oscillograms given by Figs. 52a
and 52b are presented. The circuits used in taking these
oscillograms are given by the figures. The voltage
impressed in the ecircuit for each case is proportional to
the integral of the curve marked I;. The voltage has the
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general characteristics assumed for the I.C.W. case. The
curves marked I, give the current in the tuned circuit.
The combined time duration of a dot and a space is 14,
second. This corresponds to a signal speed of about 90
words per minute. For the case shown by Fig. 52aq,

s

L 1"=0/54amp.

L 1"=012 »

2, 7, 1"=0154 amp.
R, C2EL2 IZ\AW/\/&/\
Sec. )1

-00997/17'5%,,@ ]
WM
7, ,‘
Fia. 52a.
4,
Supply G
%
J
[ Jo
Fia. 52b

025K C<4.236uF o0

FILM No. 4
1014 cycles per sec. Commutator 18001,

1266 F

IR

=0.0258sec. L,
£=
7=
G
£

FILM No.3
0.0/isec. Ly=0.212H

G

7

the time-constant is 0.026 second. The ratio of the maxi-
mum current peak to the minimum current peak is too
small for a distinguishable signal. For the case shown by
Fig. 52b, the time-constant is 0.011 second. The ratio
of the maximum to the minimum current peak is greater
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than for the previous case but is still not great enough to
permit the distinguishing of the signals by audible methods,
although the signals might be discerned by visual methods.
40. Power Relations in the Simple Series Circuit Receiving
I.C.W. Signals.
If we refer again to the curve of Fig. 48 we see that, in
the I.C.W. case, generators are located on a frequency

scale every fo + 2ET cycles where n = 0, + 1, +3, + 5, ete.

The reactance of the circuit to the nth generator as given
by Eq. (87) then is

X, = %L%’, (96)
If in Eq. (88) we substitute
_ N
B, = (97)

and solve for L and put this value of L in Eq. (96), we find
that the reactance of the circuit to the nth generator is

X, = gR." (98)
n

T

If the r.m.s. voltage of the nth generator is represented by
E,, then the average power delivered to the detector by the
nth generator is

p,— DR (99)
()

From Eqs. (45) and (48) of Sec. 31, we write

E: = %72 forn =0 (100)
2
= _— 101
Ipint for all other values of n (101)
The total average power supplied to the detector then is
P=E2_2g;i+%2 1 5 (102)
15 4y

n =1, 3, 5, ete.
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The factor 2 multiplies the summation term of Eq. (102)
because there are two generators having the voltage given
by Eq. (101). The summation term in Eq. (102) converges
rapidly because of the presence of n* in the denominator.
If, as in Seec. 27 we write
R, + R,
= (103)

and make use of Eq. (95), we obtain
=B =v(R,+ R, + Rs) = vkR.(1+p) (104)
Ris = p(R.+ R.) = pkR, (105)

Upon substituting these values in Eq. (102) there results

2
T

K 1 1 1
P=___"*"_ [24=°2% - 106
v*kR(1 + P)2[8 45 n2[1 -+ 62Z2J:l (106)
n =1, 3, 5, ete.

v is the reduction factor of the resistance neutralizer. If
the neutralizer were removed from the circuit and no other
changes were made, the net resistance would be R, and the

reactance to each generator would. remain at the value
X, = R8> = yRip™- (107)
ny .

Nnr

The power delivered to the detector would be
E? 1 1 1
Pon= P2 -4 =3 ~ | (108)
kR, (1 + P)2|:8 w? n nz(l + 7232%)}

T

The regenerative amplification therefore is

1+1 1

Q ke [ 22\
R )

Py, 1,1 1
L FR T
n n2<1 + 7262?)

T

(109)

n =1, 3, 5, ete.
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If n, = 3, 8 =2, and v = 0.01, the regenerative amplifi-
cation is
regenerative amplification =
1040.125 + 0.07 + 0.00225 —l— 0.00035 + - ]
~ 0.125 4 0.1012 + 0.0112 + 0.004 + -
20.197 X
= 10 0941 = 0.82 X 10* (110)
If the calculation of regenerative amplification were made
on the basis of the steady-state theory, we would arrive at
the value 10%. The regenerative amplification of an I.C.W.
signal in a simple series circuit having the best possible
selectivity is therefore 82 per cent of the regenerative
amplification at resonance calculated on the basis of steady-
state theory.

To arrive at the energy delivered to the circuit by strays,
we make use of the information obtained in Secs. 34 and 35.
It was pointed out in these sections that the voltages assigned
to the generators representing the stray voltage which
have frequencies lying in a narrow band in the radio range
will be about the same for all frequencies. Further,
because of the random nature of static, one frequency is as
likely to be a generator frequency as any other frequency.
In the 2dis.cussion of Eq. (84) of Sec. 35 it was pointed out

that % characterized the energy level of the strays in the

vicinity of the operating frequency of the I.C.W. communi-
cation system. That is, the mean-squared current which
would flow in the ideal circuit having a transmitted band
width B, cycles wide and a net effective resistance equal to
R, would be

n=_2p, (111)

* 2pRZ

Because of the random nature of a stray we may take this
current as being uniformly distributed over all frequencies

in the band, and for convenience we will write
2
—

5 (112)
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The mean-square current in the ideal circuit due to strays
then will be
_ W.B,

L= (113)

If the circuit has reactance as well as resistance, the mean-
square current due to generators having frequencies in an
elementary band df will be

W,

arz = .
yAS

df (114)

The term W, will be called the energy level of the
strays in the vicinity of the operating frequency. Thevalue
of W, might be estimated from the work of Sec. 34. The
work of Sec. 34 and other observations indicate that its
value falls off as the operating frequency of the communi-
cation system is increased. The symbolism Z» indicates
that Z is a function of the frequency. If we solve Eq. (88)
for L and put this value of L in Eq. (87), we find that the
net reactance of the simple series circuit to a frequency a
cycles different from the resonant frequency of the circuit
is

2BRn 2B'YRt

a =

X = B, B.

a (115)

The mean-square current in the circuit due to strays is
found from Eqgs. (114) and (115) to be

+ o +

. W de _ W.B. _1<23 |

= R f (1+ %) s (50).
\ B2

w
— —_—®

0 _ Wstﬂ’
" 28y’R}

(116)

The justification for summing from — « to + « lies in the
fact that by far the greatest contribution to the integral is
made by frequencies in the vicinity of f; because of the
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shape of the resonance curve. The power supplied to the
detector by strays then is

WBurRs _  WBupr gy
28v°R;  2BkvR.(1+p)?

The ratio of signal power to stray power is
Picw. 2E2 11 1 1
= ot Y| (118)
P, Wstr[S T n2<1 + B27L2>
n;
n =1, 3, 5 etc.

By the aid of Eqgs. (88) and (97), Eq. (118) can be written
in terms of the time constant of the circuit as follows:

Picw. 2ET 1
B s+ 2 e | (119)
(1+ T2 )

P8=I§Rd=

The effect of the time-constant on the summation term of
Eq. (119) is relatively small. If 7, were given the value 0,
the second term in the brackets would be equal to 0.125.
If T. were assigned the value «, the second term in the
brackets would be zero. It follows therefore that the sig-
nal-stray power ratio will be a maximum when T, is
assigned the largest possiblevalue. Thatis, thesignal-stray
power ratio varies almost directly with 8 and inversely with
B,. Now there is an upper limit to the value which can be
assigned to g if the signals are to be discernible and B,, is fixed
by the speed of signaling. Therefore there is an upper limit
to the signal-stray power ratio which can be obtained with
the simple series circuit, and this value is fixed by the speed
of signal transmission. If a large amount of copper were
used in the coil and if great precautions were taken to keep
down the wasteful resistance of the system, this maximum
selectivity might possibly be obtained without the use of a
resistance neutralizer. It is far cheaper and easier, how-
ever, to obtain the time-constant necessary to give maxi-
mum selectivity by associating a triode with the circuit in
such a way as to lower its effective resistance,
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From Eq. (84) of Sec. 35 and Eq. (118) of this section,
the ratio of the I.C.W. signal power to the stray power for
the simple series circuit divided by the same ratio for the
ideal circuit is
Picw. + P, (series circuit)

Picw. + P, (ideal circuit)

3 ™

n=135eec. s=1,3, . . . n,

If n, = 3and 8 = 2, this ratio has the value 0.53. That is,
it is possible to design the simple series receiving circuit so
that its I.C.W. signal-stray power ratio is 53 per cent as
great as this same ratio for the ideal circuit.
41. Power Relations in the Simple Series Circuit Receiv-

ing Telephone Signals.
- Let the generators which replace the voltage induced in
the receiving antenna have frequencies p eyeles apart and
let the generator whose frequency differs from the carrier
frequency by a cycles have a peak voltage of E,s volts.
The reactance of the circuit to the generators whose fre-
quencies are fo + 14B, according to Eq. (88) of Sec. 34 is
BR, = ByR,. The power delivered to the detector by each
of these generators then is

_ E*R,
T 2RI+ 69
For distortionless reception this power should be

E’R,

2 = m
The ratio of these two powers gives a measure of the dis-
tortion of the circuit. This ratio is

Pa_ 1
P02_1+62

P

P

D:

(121)
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If B = 2, the highest important voice or musical note will
supply one-fifth as much power to the circuit as it should
supply for distortionless reception. This amount of dis-
tortion will probably not be excessive. If we take all
frequencies in the band as the location of generator fre-
quencies and if we represent the telephone energy level by
Ef(a)
2p
then by analogy with Eqgs. (111) to (116) of Sec. 40, we
write

Wya = (122)

+14By
1 Wia
I} = 2R 2 ‘iﬁ)2 da (123)
v <1+32 )
—¥%Bo

In Eq. (123), I; is the mean-square value of the antenna
current due to the telephone generators. The summation
limits are taken as they are because W @ is assumed equal
to zero outside the band of frequencies fo + 14B,. The
average power delivered to the detector by the telephone
signals is

P, = IR, (124)

If the neutralizer is removed from the circuit and no other
change is made, the mean-square current becomes

+ ¥¢Bw
Wt\a)

1w
R2 222
‘ (”Bf ')

— 4By

I} (without neutralizer) = ———rda (125)

The regenerative amplification then is

I? (with neutralizer)
I} (without neutralizer)

regenerative amplification = (126)

If W.e is taken as a constant, then by analogy with Eq..
(116) of Sec. 40, we write

W.B., 28
2 —
Il - ’yZRfZﬁ t an 1<Bwa)

| —18By

} +}Bo
w.B,

= v’R}g

tan—18 (127)
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I} (without neutralizer) = 7'%" tan—! (yB8) (128)
t
-1
regenerative amplification = % t;f:ill ( ,)% (129)
If y = 0.01, and 8 = 2, we have
. . . tan—! 2
regenerative amplification = loot_an——lm =
100?%; = 5,510 (130)

The stray power delivered to the detector is given by Eq.
(117) of Sec. 40. If the telephone energy level is taken
constant over the band width B,, the ratio of signal power
to stray power is

P, W.2

Tt = = -1

P, Wartan B (131)
If =2, tan~18 = (0.703)%r and

P, _ W,

B =y (0.703) (132)

If the stray energy level in the vicinity of the carrier
frequency is constant over the band width B, and if the
telephone energy level is also constant over the band width
B,, then the ratio of the telephone signal power to the
stray power for the ideal circuit is

P, W,
= = 133
<P s>idaal circuit Ws ( )

From this we see that the simple series circuit which cuts
the power received from the highest important voice or
musical frequency to one-fifth the value which it should
have for distortionless reception has a signal-stray power
ratio 70 per cent as large as the signal-stray power ratio
of the ideal receiver.




CHAPTER VI
TRIODE CIRCUIT EQUATIONS

In the preceding chapters, the equations for a number of
triode circuits have been developed and discussed. This
chapter will be devoted to the development and discussion
of the equations of other important triode circuits. The
equations for the alternating potentials and currents only
will be written down, but it should be kept in mind that
superposed on these alternating quantities there is a system
of continuous currents and potentials.

42. Triode with a Tuned Circuit in the Plate Branch.

This circuit is shown in Fig. 53. In deriving the equa-
tions for this circuit, we shall assume that R, includes the
resistance of the coil in the plate circuit.
This greatly simplifies the equations,
and the results are not greatly in error
if, as is generally the case, the circulat-
ing current I, is large compared to
the plate current I,. G, and G., are

Fro. 53 Triode with assumed to eql.lal Zero.

a tuned circuit in the UpOn summing currents to zero at a
plate branch. there results

12 = 11 + Ip (1)

Upon applying Kirchoff’s e.m.f. law to the generator
circuit there results

E — R +chI1 - jXp(Il + Ip) =0 (2)

The plate voltage is
E, = —jX,i + 1) (3)

The grid voltage is
E, = —jXa(Ii +1,) (4)

160
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The plate space-current then is
I, = Each + EpGp = —ij(L + Ip)ch
_jXpal + Ip)Gp (5)
Solving Eq. (5) for I, there results

J(X ch + X G;n) Il (6)

L=- 1+ j(X.Gep + X,Gy)

Rationalizing Eq. (6),

I X WG + XGy) + X WG + X,G)2 7
1+ (X.G.p + X,0,)° L (@

I, = —

* Substituting Eq. (7) in Eq. (2), we obtain

Xp(Xchp + XpGp)
E-L [Rl T (X0, F X0

Xo(XnlGep + X,G5)°

+{&“&'LHL%+&®M=0@)
Equation (8) is in the standard form, namely,
E-L[RER -N+j&+XJ)=0 (9
Thus we write
N = — XX nGer + X,Gy) (10)

"1+ (X WG + X,G5)2

_ Xp(Xchp + XpGp) ]
X = T (XGo + XG0 (11)

If N is to be positive, that is, if the triode is to lower the
effective resistance of the generator circuit, X,, must be
negative and X ,G., must be greater in absolute value than
X,G,. X. is negative when the plate and grid coils are
wound in opposite directions, as shown by Fig. 53.

“If the circulating current is large compared to the plate
space current, Eqs. (3) and (4) reduce very closely to

E, = —;X,I; (approximately) (12)
E, = —jX .l (approximately) (13)
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From Eqgs. (12) and (13) we see that if £, and E, are to be
180 degrees out of phase, X, must be negative. (X, is
always positive.)

% = ]%:—i (approximately) (14)

From Eqgs. (12) and (14), we write

U = X, = wlL, (approximately) (15)

Xp _ wLp _ LP i
b= X7 = lad = 311 (approximately)  (16)

The approximate expression for N when X,, is negative

then is

Gg” - G,,) (approximately)

N=U2(

= X;(Gc—gg—ml — G,,) (approximately)

N = X,(X.G., — X,@,) (approximately)  (17)

The approximate vector diagram for this ecircuit is
shown in Fig. 54. The circulating current I, is taken as the

Eg=3iXml,
EgGCP
Ip=EgGep+EpGp

Fic. 54.—Approximate vector diagram for the circuit of Fig. 53 when X,, is
negative.

reference vector. If X, is negative, the grid voltage leads
this current by 90 degrees. The plate voltage lags I, by
90 degrees, thus making the plate and grid voltages 180
degrees out of phase. The plate space current is drawn
for the condition that E,G., is greater than E,G,. The total
plate current then is 180 degrees out of phase with the
plate voltage, and conditions are correct for the triode to
function as a generator of alternating power.
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43. Triode with a Tuned Circuit in the Grid Branch.
The diagram for this circuit is shown in Fig. 55. In the
equations which follow, the following abbreviations are used:

1
X, for oC.
X, for wL, X, for oM

X, for wl, Dforl1l+ R,G,
Upon summing the voltages around the tuned circuit in
the grid branch, there results
E - R - X, +;XI, —jX, I, =0 (18)

[

Lp

[ 2 “M":/ﬂ"‘y |
£

T
Rplp"’/l
Z

=6,

T ]

Fia. 55.—Triode with a tuned circuit in the grid branch.

The grid voltage is the voltage of the condenser in a direc-
tion opposite to the arrow direction. The voltage of the
condenser in the arrow direction is +jX_.I;. Therefore the
grid voltage is

Eg = —chIl (19)
The plate voltage is
E, = —jX.I, —jX,I, — R,JI, (20)
The plate space current then is
I, = —jXI4G,., —jX.1.G, — jX,I1,G, — RIG, (21)
Solving Eq. (21) for I, gives

j(Xchp + XmGp)

1+ R,G, + 1 X,0, 22)
Upon rationalizing Eq. (22), we obtain

_J(XGp + Xul)D + (XGep + X.G)X,G
D* + XIG?

I, =

I, = 21, (23)
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Substituting I, as given by Eq. (23) in Eq. (18), we obtain:
[ XnW(XGe» + XaG,)D
E-TiBi+ e
pp

; Xn(XGep + XaG) X6 ||
+.7[Xa - X, - D? + X2G2 ]‘ =0 (29)

Equation (24) is in the standard form given by Eq. (9),
and we therefore write
X,.(XGp + XAGp)D
D? + XiG%

N =—

(25)

Now all terms in Eq. (25) are necessarily positive except
X .. which may be either positive or negative. If N is to
be positive, that is, if the resistance is to be lowered by the
triode, X,, must be negative and

X @G., must be greater than | X .G, (26)

If the voltage induced in the plate circuit by the cur-
rent I, is large compared to the plate voltage due to I,,
then Eq. (20) becomes

E, = —jX.l 27)

The approximate value of U for this
circuit then is

U =X, = oM (28)
Fic. 56.—Approximate
vector diagram for the Ep lel
circuit of Fig. 55 when E_ = § = X
Xm is negative. g c

If X, is negative, the approximate expression for N is
_ 9 %’ _ 2 G“’X c
v=v(5 -6,) = x5, “G">
= |Xm|(chXc - ]Xm!Gp) (29)

The approximate vector diagram when M is negative
and Eq. (26) is satisfied is given in Fig. 56.
44. Triode with a Tuned Circuit in Both the Plate and the
Grid Branches.
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The diagram for the circuit under consideration in this
section is given in Fig. 57. 'The equations are written for
the case in which the generator is located in the branch
containing L,. The equations are approximately correct
for the case in which the generator is located in the branch
containing C, provided that the generator e.m.f. is small
compared to the potential across the condenser C,. This
latter condition will be fulfilled by a system having small
damping when the system is nearly s [

We shall first consider the approxi- -
mate vector diagrams for the circuit.

A number of cases arise. The coup-

ling may be either positive or negative,

erator frequency passes througl.l t}%e e 57— Triode with a
natural frequency of the tuned circuit tuned circuit in both the
in the plate branch. plate and grid branches.

Case I.—M is positive.
natural frequency of the tuned circuit in the plate branch.
The vector diagram for this condition is shown in Fig. 58.
The current I, in the generator circuit is taken as the ref-
erence vector. The grid potential is the e.m.f. of the
direction. The grid potential is equal to —;5X.I,. This
potential lags behind I, by 90 degrees. The e.m.f.
impressed in the tuned circuit in the plate branch is the volt-
age induced in the plate coil by the current I,. It is equal
also lags behind I, by 90 degrees. If I, is small compared
to I,, then
XL X .
I, = ]éi t = R, +j(§ip Ii X.) (approximately) (30)

]

resonant to the generator frequency.

F”“" e

Cqg l/? T

i3
and conditions also change as the gen-
Subcase a.—The generator frequency is lower than the

condenser C, taken in a direction opposite to the arrow
to —jX,Ii. Since X, is a positive quantity, this voltage

Since the generator frequency is lower than the natural
frequency of the plate circuit, X,, is larger than X,,, and
I leads the voltage —jX .1, as shown. The plate potential
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is the potential of the condenser C, in a direction opposite
to the arrow direction, that is it is approximately equal
to —jX.I.. The plate potential thus lags behind I, by
90 degrees as shown. Since E, and E, are less than 90
degrees out of phase, the triode absorbs power, that is, N
is negative.

EP=‘chpl'2

V.-

JXml,
l, - \J.Xm r/
< K

Eg=‘jxcgrl

w:wrp 3 (N-)
Fia. 59.

w>wpp; (Nt)
Fi1a. 60.

Fras. 58, 59 and 60.—Approximate vector diagrams for the circuit of Fig. 57.
Cases for which M is positive.

Subcase b..—The generator frequency is equal to the natural
frequency of the tuned circuit tn the plate branch. The
vector diagram for this case is given in Fig. 59. The
net reactance of the tuned circuit in the plate branch is
equal to zero; so I is in phase with the voltage vector
—iX 1. The plate and grid potentials are displaced by
substantially 90 degrees. No resistance neutralization
takes place.

Subcase c.—The generator frequency ts higher than the
natural frequency of the tuned circuit in the plate branch.
The vector diagram for this case is given in Fig. 60. The
tuned ecircuit in the plate branch has a net inductive
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reactance. The current I, lags behind the voltage —j X .I;.
The plate and grid potentials are displaced by more than
90 degrees; so resistance neutralization may take place.
Case II.—M is negative. The same three subcases
arise here as for case 1. Since M is negative, the voltage
—jX I leads I, by 90 degrees. Therefore the vectors
I; and E, which depend upon this voltage are rotated
through 180 degrees in each subcase. Figure 61 shows the
approximate vector diagram when the generator frequency
is lower than the natural frequency of the plate tuned

w>wep; (N

Fic. 63.

Figs. 61, 62 and 63—Approximate vector diagrams for the circuit of Fig. 57.
Cases for which M is negative.

circuit (w < w,,). The plate and grid voltages are displaced
by more than 90 degrees; so resistance neutralization may
take place. Figure 62 shows the approximate vector
diagram when the generator frequency equals the fre-
quency of the plate tuned circuit. Since the plate and
grid voltages are separated by substantially 90 degrees,
no resistance neutralization can take place. Figure 63
shows that power absorption takes place when the generator
frequency is higher than the natural frequency of the plate
tuned circuit,
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It is interesting to note the frequency of the sustained
oscillations which might take place in the system of Fig.
57. Since there are two tuned coupled circuits, the system
has two natural frequencies of oscillation, one above and
one below the natural frequency of the plate circuit. If
M is positive, resistance neutralization takes place only
at frequencies above the natural frequency of the plate
circuit. Therefore, the sustained oscillations will have a
frequency equal to the higher of the two natural frequencies
of the system. When M is positive, no sustained oscilla-
tions can take place at the lower of the two natural fre-
quencies, as the triode absorbs power at this frequency.
When M is negative, just the reverse is true. That is, the
oscillations must take place at the lower of the two natural
frequencies.

The approximate equations for the system will now be
worked out. In these equations the following abbrevia-
tions are used:

X.p for wL, X, for oL,
1 1
X, for O X,, for oC.
X, for X,, — X, X,for X;,, — X.,
Z,for R, + jX, X, for oM

Upon summing voltages around the grid tuned circuit,
we obtain

. . E-RI —3X I —jX,.I.=0 (31)
Summing voltages around the plate circuit gives
—Jj X nlh — j X1 + j X, (I — 1) — BRI, = 0 (32)
The grid alternating voltage is ‘
E, = —jX. L ’ (33)
If I, is large compared to I,, the plate alternating voltage
will be given very closely by
E, = —jX.,L (34)
The alternating plate space current will then be
Ip = _j[chIIGCP + X”,I2G,,] (35)
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Put Eq. (35) in Eq. (32) and obtain
iX L+ ZY; + XX G + X,LG,) =0 (36)
Solving Eq. (36) for I, gives
(X a + XX o(Gen)ln
ZP + Xngp
Put Eq. (37) in Eq. (31) and obtain
E- L{R,, X, + X - 1§£§fx}} =0 (38)

Upon rationalizing the fraction of Eq. (38) and collecting
real and j terms, there results

Iz=

(37)

E_1 (R _ XuXoXo X, ~ X2XL0, — XiR,
1) B R, + X5G,) + X3

4 [X _ XaX, + X X3X.G.,Gp + R,,X,,,X,,.,,XMG,;,,]]
I 4o (R, + X5G)" + X3

=0 (39)
From Eqgs. (39) and (9) we write

X XXX Ger — X2X5G, — X2R,
(B, + X5G,)* + X3

Now the first term of Eq. (40) is the only term which may
be positive. In this term X.,, X.,, and G., are necessarily
positive. X, may be positive or negative. X, = X, —
X., may also be positive or negative depending upon the
frequency of the voltage E. If X, is positive, X, also
must be positive for N to be positive. That is, the fre-
quency of E must be above the natural frequency of the
plate circuit. If M is negative, X, also must be negative
if resistance neutralization is to take place. That is, the
frequency of E must be below the natural frequency of the
plate tuned circuit. The equation thus checks the con-
clusion drawn from the vector diagram. As a further
requirement for resistance neutralization we have

X XX, X ,G.,| must be greater than X2X2,Q,
+ X.R, (41)

N = (40)
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45. Triode Circuit with Coils in the Plate and Grid
Circuits and a Condenser from the Plate to the Grid.
The circuit diagram is shown by Fig. 39. The equations

for this circuit are to be worked out and discussed in problem

10; so only the final results will be given here. When all

of the resistance is considered as concentrated in the con-

denser branch, the equation in the standard form is

o X,X,G. — %24,
E-Lik - 1% ch+XG)2+][
XX G — X2G,) (X wGep + Xy G,,):I _
M St sy o eh |
where
X, =wlL, X =X,+ X, —2X. — X,
X, = wl, =X, — X,
Xn =wM =X, —X.
1
X, = - |
The approximate values of U and & are
X, L,— M
U=%,; §= X, "L, — M (43)

M may be positive or negative.

46. Triode Circuit with Condensers in the Plate and the
Grid Branches and a Coil between the Plate and Grid.
The circuit diagram is shown by Fig. 27. The equations

for this circuit are to be worked out and discussed in prob-

lem 15; so only the final results will be given here. The

inductive bypasses are assumed not to affect the a.-c.

equations, and all circuit losses are assumed as lumped in R.

The final equation in the standard form is

(Xchcp — chGp)XgDGP:I _
- 1+ X5@ =0 )

The approximate values of U and 6 are

1 Xc,,_C
U=ch=::_CTp’ s = U (45)

E —'Il{R -
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46a. Triode with an Auxiliary Circuit and a Tuned Grid

Circuit.

The circuit is shown in Fig. 63a. Let the constants of
the circuit be designated as shown on the diagram. The

steady-state equations will now be
derived by means of the complex
algebra. As in the previous case,
M, and M, represent the algebraic
values and not the absolute values
of the mutual inductances. ‘

«

b |

Y

]

A summation of the voltages Fie. 63¢.—Triede with an
. . . . auxiliary circuit and a tuned cir-
around circuit 1 yields the equation cuit in the grid branch.

E bt Rlll '—jUJLlII + ‘C%‘ - jprIp - jwMgIg = 0 (46)
P

A like summation around the grid circuit yields

. . 1P
—joM I, — R, — joL,I, + oC, =
The voltage of the grid is
_ L
E. = —.c,

The plate voltage is
E, = —R,I, — jloM,], + «L,L,)
The plate current is given by the equation
I = G,E, + G,E,

(47)

(48)

- (49)

(50)

(51)

= G, 1 G (R, — oML, — joLT,)
[ G,
.7[ oC + O-’MpGle]
R R 7 X A
in which
D=14+RSG,
Upon solving Eq. (47) for I,, we have
[ _ oM.

Z

(52)
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in which
Z, =R, + j(ng 1 ) (53)
wC,
Substituting the value of I, from Eq. (50),
MGy + juM G,
1, = — G I (54)
» D + ijpGp

Substituting the values of I, and I, from Egs. (52) and (54)
in Eq. (46), and solving,

MG D wX,8D o SR,P
27T — v
E= HR”L ZEW LW }
2 2
in which
D =1+R,G,
P = oL@,
W = D* + P?
M,M,G.,
S c
X: = oly — L
1 1 w01
1
X, = oL, — -

Z, = \/Rz +7(2

In Eq. (55) the expressions for the resistance and the
reactance each contain five terms. The first term is the
resistance or reactance of circuit 1, the second term repre-
sents the effect of the current which flows in the plate
circuit by reason of the plate conductance, the third term
represents the effect of the alternating current circulating
around the divided portion of the grid circuit, and the
fourth and fifth terms represent the effect of the current
in the plate circuit which is the result of the grid control.

The fourth term is the important term in the expression
for the resistance. It changes sign as the impressed fre-
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quency passes through the resonant frequency of the
circulatory portion of the grid circuit, contributing a
positive resistance on one side and a negative resistance on
the other side of this resonant frequency. The first and
fifth terms are the important terms of the expression for
the reactance. The fifth term becomes large for frequencies
near the resonant frequency of the grid circuit and may be
used to increase the steepness of the curve between the
resultant reactance of circuit 1 and the impressed frequency.

To obtain a better idea of the relations expressed in
Eq. (55), let us apply this equation to a particular circuit
by plotting the resistance and reactance of the circuit as
functions of the frequency of the alternating electromotive
force impressed in circuit 1. Let the coupling be as repre-
sented in Fig. 63a; that is, M, is positive and M, is nega-
tive. The constants of the circuit with the exceptions
noted below are to be the same as given in Sec. 14 for Fig.
25. The exceptions are

R, = 66 ohms

M, = —35.7 microhenrys

C, = 16.6 microfarads

wry = 1.8715 X 10° radians per second

The curves of Fig. 63b show how the net resistance of
circuit 1 varies with the impressed frequency, while those
of Fig. 63c show the variation of the reactance with the
frequency. An examination of these curves shows that
the circuit constants have been proportioned so that the
net resistance is near the minimum value at the angular
velocity of 1.84 X 10° radians per second, at which the net
reactance is zero. It will be seen that the slope of the
curve for the net reactance is much greater near this
angular velocity than is the slope of the curve X, showing
the reactance of circuit 1 without the neutralizer associated
with it. This means that the selective coefficient against
frequencies detuned by a few per cent is much greater than
for a Fig. 25 connection in which pure resistance neutraliza-
tion is alone utilized,
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The selective coefficients, against frequencies detuned by
1 per cent, or more, of a circuit having the constants of Fig.
41 have been plotted in Fig. 63d for the following conditions:

320 /\k
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| N

280,

Rp = Resistance dve fo Nevtralizer
0 [ R, = Ohmic Resistance of Circui#
| R =Net Resistance
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Fiac. 63b.—Relation between resistance and impressed frequency.

The steady-state selective coefficient is given by the
expression
YA

SC=Z_%
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If the correspondent station has a wave length correspond-
ing to 183,500 radians per second, Z, = 6 ohms. Z;for any
other frequency can be found by combining the resistance
values given by curve R, of Fig. 63b and the reactance
values given by curve X, of Fig. 63c. The manner in

300 B { fi
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,/ \ //
A
200 Xy / - /
ya \‘
/s / /
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Fia. 63c.—Relation between reactance and impressed frequency.

which the selective coefficient varies with the interferent
frequency in this circuit when the correspondent has a
wave length corresponding to an angular velocity of 183,500
radians per second is shown by curve A of Fig. 63d.

Curve B shows the selective coefficient of the same power
circuit for the case in which the neutralizer circuit is adjusted
(as in Fig. 25) to give pure resistance neutralization,
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reducing the net resistance of the circuit to 6 ohms. For
curves B and C the angular velocity of the correspondent
station was taken as 187,500 radians per second. Curve C
shows the selective coefficient of circuit 1 without resistance -
neutralization, its net resistance at the resonant frequency
being R; = 66 ohms. The increased selectivity against

15000
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\ 12000 Circurt as per Fig.28
1000 |—B - With Pure Resrstance Neutralizatiorn__|
\A C - Without Triode
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Percentage Deturning of Intereferent Source
Fi1g. 63d.—Steady state selective coefficients.

frequencies detuned by 1 or 2 per cent which results from
the rapid increase of the reactance and the addition of
resistance at frequencies slightly removed from the resonant
frequency is illustrated by these curves.

In order to bring out the phase relations existing between
the various currents and voltages of the Fig. 63a circuit,
approximate vector diagrams have been drawn for three
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conditions. These diagrams are approximate in that the
effect of the plate space current upon the plate voltage has
been neglected.

Case I.—The generator frequency is below the natural
frequency of the grid oscillatory circuit. The vector dia-
gram for this case is shown by Fig. 63e. The current inthe
generator circuit I, is taken as a reference vector. The
impressed voltage in the grid circuit is the voltage induced

. lg Al
I Ey' wCq g
9
-J'wMgI,
1 il 1
9 wly
Ep=~jewoMpl,
w<wrg w=wWrg
Fia. 63e. Fic. 63f.

219
Eg_ wly

Ep=-jpr]]
cu>wrg

Fic. 63g.

Figs. 63e, f and g.—Approximate vector diagrams for the circuit of Fig. 63a
Cases for which My is positive and M, is negative.

by I, in the grid coil and is equal to —joM,I,. Since M,
is negative, this voltage leads the current I, by 90 degrees.
Since the generator frequency is lower than the natural
frequency of the grid tuned circuit, this circuit has a net
condensive reactance. Therefore the circulating current I,
leads the voltage impressed in the grid tuned circuit and on
the diagram I, is shown as leading the voltage —joM I,.
The grid voltage is the voltage of the condenser C, in the
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direction opp051te to the arrow direction. The grid voltage
therefore is C' ; that is, it lags I, by 90 degrees. It is so

shown on the diagram. The approximate plate voltage is
—joM,I,, where M, is positive. This voltage lags I,
by 90 degrees and is so shown on the diagram. Since the
plate and grid voltages are separated in phase by more than
90 degrees, the phase positions are correct for resistance
neutralization. This checks the results given by the curves
of Fig. 63b.

Case II.—The generator frequency and the frequency of
the grid tuned circuit are the same. The vector diagram
for this case is shown by Fig. 63f. For this case the net
grid oscillatory circuit reactance is zero, and the current
I, is therefore in phase with the voltage —joM,I,. The
vectors therefore have the positions shown on the diagram.
Since the plate and grid voltages are just 90 degrees out of
phase, no resistance neutralization takes place. .

Case I1I.—The generator frequency is higher than the
natural frequency of the grid tuned circuit. The vector
diagram for this case is shown by Fig. 63g. The net grid
tuned circuit reactance for this case is inductive and the
current I, therefore lags behind the voltage induced in the
grid coil. The vectors therefore have the relative phase
positions shown on the diagram. The plate and grid volt-
ages are separated by less than 90 degrees; so the triode
absorbs power, that is, it adds positive resistance to the
circuit 1. This checks the conclusions drawn from the
curves of Fig. 63b.

For the particular constants given for the circuit of Fig.
41, the reduction factor v at resonance is

R—-—N 6
7=ﬁ3‘—=66=0091

The increase in the abstractive coefficient due to the

. 1
presence of the neutralizer <equal to -) = 11. The regen-

. . .. f1\?
erative amplification is (;) = 121.
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The data given for this circuit are not typical of the
constants of a radio receiving circuit, as v for a radio receiv-
ing circuit would be much less than 0.091. The discussion
of this circuit, however, illustrates very well the general
method of treating systems of this nature.

47. Generalized Amplifier Circuit.

The circuit to be treated in this section is shown in Fig.
64. As the heading of the section indicates, this circuit
may be used as a basis for the discussion of many amplifier
circuits. The equations derived in this section will be

[+]
1 I D
e 2 t
cIP
@
2, z,
I
o
E »
o— ZJ=RJ+JX3
1=[Tp1,
¥ ‘

F1a. 64.—Generalized amplifier circuit.

used in many of the later sections to build up solutions for
circuits in which the internal capacitances of the triode are
taken into account. Thus in some cases Z, may stand for
nothing but the internal capacity reactance from plate to
grid. In all cases the internal capacity reactance must
enter into the value of Z,. The impedance Z, must include
the internal capacity reactance from grid to filament, and
Z; must include the internal eapacity reactance from plate
to filament.

If we apply Kirchoff’s current law at the junction a, we
obtain the equation

L=L+IL, =1 -1, (56)
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By equating the sum of the e.m.fs. around the loop bacd to
zero, we obtain

E-Z,+Z,1,—-1)=0 (57)
The plate and grid potentials are given by the equations

E,=E;E, = —Z,(I, - I,) (58)
The plate space current is given by the equation

I, = EG.,, — Z:G,(I, — I,)
_ EG,, 7,61,
=1¥z06, T1+2z0,

(59)

Substituting Eq. (59) in Eq. (57) and collecting terms gives

ZG., 6, 1.
E(l + 1 I ZaGT;,) —_ Ig[Z2 -+ Z3 — 1+ Zst] =0 (60)

122+ Zs + Z,Z,G,)
By Pt G) = (1)
The current I, is given by
E
I = Z (62)

Upon substituting Egs. (62) and (56) in Eq. (61), there

results
- Z(Z, + Z; + Z,2,G,) ] B

E II[Z4[1 + Z3(Gp =+ ch)] +Z,+Z; + Z2Z3Gp ——0(63)

The bracketed term of Eq. (63) is the impedance which
would be measured on a bridge connected across the
terminals marked E. That is, the bracketed term of Eq.
(63) is the input impedance of the circuit. We shall
represent this impedance by the symbol Z.; that is,

Z,Zs + Zs + Z,ZG,)
Z4[1 + Z3(Gp + ch) + Z2 + Z3 + Z2Z3Gp
In order to obtain an expression for the current I;, we
write Kirchoff’s e.m.f. law around the loop bacd in the form

E - Zg(Ip —_ Ig) + 2313 = 0 (65)

Zab =

(64)
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Since the plate potential is given by the expression
E,= —-Z],

the plate current is
I, = EG., — Z,1,G, ' (66)

Upon substituting Eq. (66) in Eq. (65) there results

Zo + Zy 4 Z.2G,] _
E—I3[— 1—Z.aQ., ]—0

Equation (67) determines the current I;. The power
expended in the output impedance Z; is

P = IiR; (68)

(67)

Problems

16. Work out and discuss the equations for the circuit shown by Fig. 27.
What conditions must be fulfilled in order to obtain resistance neutralization?
Draw the approximate vector diagram for the circuit and with the aid of this
diagram show how the conditions for power output are satisfied. Assume
that the inductive bypass coils do not affect the alternating currents and
voltages.

16. In the circuit of Fig. 55 the condenser C, represents the antenna of a
radio receiving station, and the generator represents the voltage induced in
the antenna by the impinging waves. The waves of the correspondent
station have an angular velocity of 10® radians per second, and the circuit is
adjusted so that the total reactance is zero to this angular velocity. The
tube is a 201-A radiotron. Its constants are given in the table of triode
constants at the end of Chap. I. In this circuit

Lp = 4 X 1074 henrys; R, = 40 ohms
M = —107* henrys; C; = 2 X 107? farads
R, = 36.5 ohms

What value must L, have in order to make the net reactance of the system
to the correspondent frequency equal to zero? What is the value of N and
of X4? What is the reduction factor? What is the value of the regenera-
tive amplification at resonance? What is the value of the steady-state selec-
tive coefficient against a station detuned by 2 per cent?



CHAPTER VII
MODULATION AND DEMODULATION

48. Preliminary Considerations.

The preceding chapters have dealt with applications
of the triode in which it was desirable to locate the operating
point on a plane or nearly plane portion of the characteristic
surface. The equations which have been derived were
obtained by assuming a linear relation to exist between the
impressed variable potentials and the resulting variable
currents. In discussing the generation of sustained oscil-
lations, the definitions of the triode constants were modified
in such a manner as to take into account approximately
the curvature of the characteristic curves. We now
proceed to consider some applications of the triode which
depend entirely upon the curvature of the characteristic
curves. These applications are demodulation and grid
circuit modulation in carrier-current communication
systems. The methods which have been used up to this
time cannot be employed to treat these applications.
Before we can proceed to a discussion of modulation and
demodulation, the characteristic surface of the triode
must be expressed in the form of an equation.

As stated in Chap. I, the equation of the charaecteristic
surface of a triode may be expressed in the form

":pt = f(lwa + v?) = f(a) (1)

Where %, is the total plate space current, v, is the total
grid voltage, v, is the total plate voltage, and

a represents (uv, + v,) (2)

Let us now consider the triode circuit in Fig. 12. Let

the continuous grid voltage be represented by E,, and the
182
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continuous plate voltage by E,,. Then before the alter-
nators are started, the plate space current is given by

Ipp = f(l‘Eap + Epp) = f(ap) (3)

where o, represents (uF,, + E,,). Now let the alter-
nators be started. Let these alternators deliver voltages
having any wave form. Let the instantaneous value of
the voltage delivered by the grid alternator be e, and that
of the plate alternator be e,. 'Then, from Eq. (1) we have

7:1# = f(a) = f[l‘(Eap + 6,) + (Epp + 6,,)] (4)

If we expand f(«) about the point «, in a Taylor series,
we obtain

fla) = flap) + a1(a — ap) + as(a — ap)?+ - -+ (5)
where
1 /d*f(a
AL e
But
dar f(a) 1 97f(a)
m[f(#va + )] = 3z = o (7)

So Eq. (5) becomes
Tot = Ipp + al(ﬂeg -+ ep) + aq(pe, + 6,,)2 4+ - - - (8)

where a, may be written

1 a”/ipz . 1 (a"ipt
O = n!( AV Jumay . RPN O S, 9)

The variable plate current is
tp = Tpt — Ipp = a1(ue, + ;) + az(ue, + €,)*+ -+ - - (10)
Equation (10) is the general form of the expansion of the

variable plate current. If the characteristic curves are
straight lines, we see from Eq. (9) that

a1=G',,
Ay = A3 = Ay = "°a,,=0

and we have our familiar equation

1 = Go(ue, + €5) = Gopey + Grey (11)
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If we replace the alternator in the plate circuit by an
impedance, then the only variable plate voltage is that
due to the plate current flowing through the impedance,
and we may write

e, = F1(1,) (12)
and the expression for 7, may be written as
i = flue, + Fi1(15)) (13)
If Eq. (13) is solved for 7,, we obtain
1, = I (e,) (14)

That is, when there is only an impedance in the plate circuit,
the variable plate current is a function of the grid voltage
alone. If we expand Eq. (14) in a Taylor series, we obtain

ip = bie, + boe) + bges 4+ - - - (15)

It is possible to determine the value of the coefficients
b1, bs, etc. for any general impedance in the plate circuit.
Only the case in which the impedance is a pure resistance,
however, will be discussed here. For this case

€, = Fl(ip) = _Rpip (16)
If we substitute Eq. (16) in Eq. (10), there results
1, = ai(pe, — Rytp) + as(pe, — Rpip)2+ - - - (17)

If we substitute 2, as given by Eq. (15) in both sides of
Eq. (17), we obtain on both sides of the new equation a
series in powers of ¢,, The value of the coefficients b,, bs,
etc. may be determined. from this equation by equating
coeflicients of like powers of ¢,. Upon doing this we obtain
fOI' b1 and b2

_ 1p

bl - 1 + a;R,, (18)
_ @ap®

b2 = 0¥ aR,) (19)

The characteristic curves of most triodes are of such a
nature that only the first two terms of Eq. (15) need be used
for practical work.
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From Eq. (9)
G.p

n

where G, is to be taken for a very small increment in plate
voltage about the operating point and G., is to be taken for
a very small variation in grid voltage about the operating
point.

Let us now take the plate current—grid voltage character-
istic of our triode for a plate voltage of E,, and plot the
square root of the plate current as ordinates and the grid
voltage as abscissas. If the permanent plate and grid
voltages are properly chosen and if the grid voltage varia-
tion is properly limited, this curve will be essentially a
straight line. The equation of this.straight line will be

Viypy = A + Be, (21)
where A is the intercept on the current axis and B is the

slope of the straight line. Upon squaring both sides of
Eq. (21), we obtain ‘

(20)

G/1=Gp=

Tpp = A? + 2ABe, + B (22)
%ps _ ops
i 2B (23)
From Eqs. (9) and (23) we write
11 B?
Ay = §;2232 = ;‘—2 (24)

Upon substituting Eqgs. (20) and (24) in Eqs; (18) and (19),
there results

G.p

b= T R, 25)
BZ

b = TGRS (26)

In these equations the constants G.,, @,, and B are to be
determined according to the methods given in the preceding
two paragraphs.

Figure 65 gives the plate current—grid voltage curve,
(plate potential 20 volts) for a 201-A tube. On the same
sheet the square root of the plate current is plotted against
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the grid voltage. If the operating point is taken as K,, =
+1 and F,, = 420, the grid voltage may vary from —1 to
+3 volts, and the square-root curve will be essentially a
straight line. For this tube when operating at the point
given above, B = 5.75 X 10-3. G., = (700 — 500) X

Lo

PRadiofron 201-A
4 =0.25Amperes
Plate Volts =20

4 00
/ A
- %)
10 Ry 600
2 4\‘)‘ % 2
> 7 ©, g
> )
£ y( 500 %
= g
% / :
£ 400 £
o 4
® 3
o o
k2 / w08
a
% / i
[+'4
7
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o
3 o ¥
8! \ 200

s

-
<

N

o
K\{’\k // oo
L —

-OAL -3 -2 - 3 3
Grid Volts Above Negative End of Filament

Fre. 65.

10-¢ = (1.4 — .7) = 286 X 10-5. If R, = 5—2—; then for
¥4

the 201-A tube when operation takes place at the point

given above

9 -6
b, = ‘&lxz—lq— = 238 X 10-¢

(5.75 X 10-3)2

= —6
Loy 19.15 X 10

b2=
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and Eq. (15) is
i, = 238 X 10-%, + 19.15 X 10-%

49. Grid Circuit Modulation.

Consider the circuit shown schematically by Fig. 66. A
voltage due to the voice is impressed across the terminals
marked e, while the voltage due to a high-frequency gener-
ator, such as a triode oscillator, is impressed across the ter-
minals marked e.. The voltage due to the voiceis considered
as broken up into its component frequencies, and only one

e, &y sinewyt

: I Trans

e K. sinw t

"1

R
N>< [
To lelephore Lirre
orAntenna

gl I

Fic. 66.—Grid circuit modulator.

of these frequencies is considered. The antenna or tele-
phone line is associated with the output circuit by means of
a transformer, and the adjustments are assumed to be such
that the whole system may be replaced in the plate circuit
by a pure resistance R,. The operating point of the triode
is so chosen that the first two terms of Eq. (15) give a close
approximation to the variable plate current.
The variable grid voltage is

e =€ + e = E,sinw,t + E, sin wt 27)
Upon substituting Eq. (27) in Eq. (15) and using only the
first two terms of the latter equation, we obtain
1, = biE, sin w,t + b, E, sin w.t
+ b,E’ sin? w,t + boE” sin? ot
+ 2b,EE. (sin w,t)(sin wt) (28)
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In radio communication the antenna tuning and the
functioning of the transformer are such that only the second
and last terms of Eq. (28) are of appreciable magnitude in
the antenna current. If the transformer functions essen-
tially as an ideal transformer for these frequencies and if
the antenna is properly tuned, then the antenna current
will be

1. = pbiE, sin w.t + 2pb.E E, (sin w,t) (sin «.t) (29)

where p is the voltage transformation ratio of the output
transformer; that is,
. _ X
p = X,
If to Eq. (29) we apply the formula
2(sin a)(sin B) = cos (a — B) — cos (« + 8) (31)
we obtain
te = pbiE, sin w it + pboE.E, cos (v, — w,)t
— pbEE, cos (w, + wy)i (32)

The first term of Eq. (32) is called the carrier wave, the
second wave the lower side band, and the third term the

upper side band. The last two terms are called side bands
because w, has a band of values such that % ranges from 0

(30)

to 2,000 cycles per second. These two terms thus repre-
sent a band of frequencies 2,000 cycles wide lying one below
the carrier frequency and one above the carrier frequency.
For good speech transmission the antenna must have very
low reactance to a band of frequencies 4,000 cycles wide
centered on the carrier frequency.

To obtain a picture of the antenna current we write Eq.
(29) in the form

1, = sin wl[pbiE, + 2pboE.E, sin w,i] (33)
This equation represents a sine wave having the angular

velocity w. and having a variable amplitude given by the
term in the brackets, Such a current is sketched in Fig,
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67. If the modulation is to be complete, that is, if
the amplitude of the carrier frequency is to be reduced to
zero once for each cycle of the voice frequency, then

b, must equal 2b.F,

That is, the voice voltage impressed on the grid must have
an amplitude given by '

_ b _ G,(1 4+ R,G,)°

If R, is the antenna resistance, the average power in
either side band is

®BEZEZR .,

£pblE2 +3pb, B By sinw,t
~N

P =

Cyrrent

Fi1e. 67.—Modulated current wave.

But from the transformer theory developed in Chap. II,
p’R. = R,. 1f we substitute this value and also the value
of b, as given by Eq. (26) in Eq. (35), we obtain
B‘ElE:R,
P=aut ray (36)
We can find the value of R, which makes this a maximum
by taking the derivative of P with respect to R,, equating
this derivative to zero, and solving for R,. Upon carrying
out these operations, we find that the best value for R, is

R, (maximum power in side bands) = % 37
P

The output transformer should be so designed that

X, 1

2 - - -
p Rﬂ XzRa 5Gp
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That is, the impedance transformation ratio of the trans-
former should be (see Sec. 8)

Xy _ o, _ 1
X. P THR.G,

From Eq. (32) we see that the amplitude of the side bands
contains b, as a factor. 'When the output resistance has the
best possible value as given by Eq. (37), then from Eq. (26)

B2 B2 . B2

T+3%7 ~ 12¢ " 173

That is, B, the slope of the v/%,, vs. v, curve, is a measure of
the value of the tube as a grid circuit modulator. If B
were zero, no modulation would take place.

50. Demodulation without a Grid Stopping Condenser.

In the system now to be considered, a voltage due to the
antenna current is impressed in the grid circuit of the triode,
and a utilization device such as
a telephone receiver or an audio
frequency transformer feeding an

audio frequency amplifying sys-

Potental dve fo . . R . .
Incomg Waves tem is inserted in the plate circuit.
% The device in the plate circuit is
assumed to be replaceable, so far
as the operation of the triode
:‘r— :T" —:( is concerned, by a resistance R,.

(38) -

by = (39)

Such a circuit is shown schemati-
cally by Fig. 68. The operating
point is again so chosen that the
first two terms of Eq. (15) give a close approximation to
the plate space current.

Now the current in the receiving antenna will have the
same form as the current in the transmitting antenna, and
therefore the voltage impressed on the grid of the demodu-
lator will be given by an equation of the form of Eq. (32).
Therefore the grid variable voltage will be taken as

F1ec. 68.—Demodulator circuit.

e, = k; sin wt + ky cos (w. — wy)i
—k; cos (w. + w,)t  (40)
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The current in the output circuit then is

1, = bie, + balk? sin® w.t + kI cos? (w. — wn)t
+ k3 cos? (we + wo)t]l + 2bokik2(sin w.t)[cos (w, — wy)i]
-_— 2b2k1k2(sin wct)[COS (w; + w,,)t]
—2bsk2[cos (w, — w,)f][cos (w. + wy)t]  (41)

The first term of Eq. (41) contains the same frequencies
as ¢;. The second term can be broken up into a direct-
current component plus three currents whose frequencies
are respectively 2f., 2(f. — f.), and 2(f. + f.). The other
three terms reduce as follows:

2bok1ka(Sin wit)[cos (w, — wy)i]
= bokskofsin (2w, — wo)t 4 sin wif]  (42)

2b2k 1k (sin w.t)[cos (we + w,)i]
= bokiko[sin (2w, + w,)t — sin w,t] (43)

2boki[cos (we — wy)t][cos (we + wy)i]
= bok2[cos 2wt + cos 2uw.t] (44)

The plate space current can then be written in the form
tp, = (direct-current component) + (component containing

the frequencies f., f. + fo, fo — fo, 2fe, 2(fc — f0),
2<f¢ +f”)) 2f0 —fv; 2fc +fv), +2b2klk2
Sin w,t — bokj cos 2w,t  (45)

Of these terms the first two either do not affect the receiving
apparatus or may be removed with filter networks. The
third term gives us the useful voice frequencies. The
fourth term is a distortion term. This term would drop
out if only one side band were transmitted.

The power in the voice currents is

P, = bkik:R, (46)

Since this contains R, in the same way as Eqs. (35) and
(36), the power in the voice frequencies will be a maximum
when

1
775G,

R (37)
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Since the amplitude of the voice frequency current contains
b, as a factor and since the best value of b, is given by Eq.
(39), it is seen that B, the slope of the /i,, vs. v, curve, is
also a measure of the value of a triode when used as a
demodulator without a grid condenser.

61 and 52. Plate Circuit Modulation.

The modulation of a high-frequency current f. by a
lower frequency f, consists in making the amplitude of
the high-frequency current vary along a sine wave having
the frequency f,. Any system which will cause this varia-.
tion in the amplitude of the high-frequency current may be
used as a modulator. There are many schemes for using
triode circuits as modulators. The grid circuit modulating
system studied in Sec. 49 depends for its action upon the
fact that the plate space current is a non-linear function
of the grid voltage. In the system about to be described,
a different principle is involved. If the continuous plate
potential of a triode generator of sustained oscillations is
varied, the amplitude of the oscillating current also varies.
Therefore if we vary the plate potential of such an oscillator
at a low frequency, the amplitude of the high-frequency
oscillations will vary at the low frequency. The ideal
relation between the change in amplitude of the high-
frequency oscillations and the change in continuous plate
potential is a linear one. It has been found by experiment
that this ideal relation holds very closely for a considerable
range of plate potentials; that is, if I. is the amplitude of
the oscillating current, then

Al, = kAE,, (47)
Let the voltage in the plate circuit due to the voice be
e, = E, sin w,l (48)

To the high frequency oscillations, this voice voltage is
equivalent to a change in the continuous plate potential;
so we write

AE,, = E, sin wt (49)
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Let the oscillating current before the transmitter is spoken
into be
1, = I, sin wd (50)

When the transmitter is operating, the oscillating current
becomes
1. = (I, + Al,) sin wdt (51)

Upon substituting Eqs. (47) and (49) in Eq. (51), there
results

1, = I, sin wit + kE,(sin ob){(sin w,t) (52)

Since Eq. (51) has the same form as Eq. (29), all of the
general discussion of Eq. (29) which depended upon the
form of the equation applies also to Eq. (51) and will not
be repeated here.

The modulation is complete in this system when

kE, = 1. (53)

If E,, is the steady plate voltage, it has been found that
k is given roughly by the relation
I,
Ey»

Now the theory of Chap. IV gives us a means of determin-
ing I. when the circuit constants and the characteristic
curves of the triode are available. Therefore the theory of
Chap. IV together with Eq. (54) enable us to estimate the
value of % for any ordinary oscillating system.

From Eqgs. (63) and (54) we see that if the modulation is
complete,

k= (54)

E’D = -Epp (55)

The power supplied by the generator which furnishes the
plate continuous potential is £,,I,,. But I,, is also the
peak value of the alternating current which flows at voice
frequency when Eq. (55) holds. Therefore the power
which must be supplied by the voice is 14E,,I,,, or half as
much as is furnished by the plate direct current generator.
Since the efficiency of conversion from direct current power
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to alternating current power is not much in excess of 50 per
cent, it follows that to modulate completely a high-frequency
current by this system, the power in the voice frequency
currents must equal the power in the high-frequency currents.
For this reason the transmitter must be associated with an
amplifier, and the output voltage of the amplifier is intro-
duced into the plate circuit of the oscillator tube. Thepower
output of the amplifier must equal the power in the
high-frequency oscillations.

Tube(1) Tvbe(2) Z]/Im‘eﬂﬂa
T
-

‘ n

+IPEJ:§” | ]

G
=

Py
3
3
g
i

)
q
q
g

Microphore

H

Fic. 69.—Plate circuit modulator.

A typical transmitting circuit in which this system of
modulation is utilized is shown schematically by Fig. 69.
Tube 1 is the speech amplifier and tube 2 is the high-fre-
quency generator. The voltage due to the voice currents
is introduced into the plate circuit of the oscillator by means
of the large inductance L;. The condenser C; acts as a
high-frequency bypass for the coil L,.

Problems

17. Figure 70 gives the plate current-grid voltage curve for a C-12 tube
for a plate voltage of 20 volts. When operation takes place about the point
E;» = 0, Epp = 20, what is the value of the detecting constant B for this
tube? If G, = 41 X 107° mhos for this tube, what are the values of b,
and b, when R, has the best possible value?
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CHAPTER VIII
THEORY AND DESIGN OF AMPLIFIERS

53. Internal Capacitance of Triodes.

Little has been said in the preceding chapters concerning
the effects of the internal capacitance of vacuum tubes.
In some situations these capacitances play but little part in
the behavior of the circuits. In other situations, however,
the internal capacitances have a marked effect upon the
performance of the system. Inbuilding up the fundamental
methods of analytically treating vacuum tube circuits, the
capacitance effects were omitted for the sake of simplicity.
It is the purpose in this and the following section to show
how the theory and methods already developed must be

modified in order to take into

o account the internal capacitance

L _—1 I, 1 of the triode. _
i Strictly speaking, the internal
f —1 f——%—{ ‘—— P | capacitance of a triode is due to
Cor Cop the loeation in close proximity to

each other of the filament, plate,
Fie. 71'”3‘2"1??@‘;@“““0“ and grid. In Fig. 71 the three

elements of the triode are shown
and the capacitances between them are represented by the
condensers which are drawn in with dotted lines. In actual
circuits these condensers also should include the capacitance
due to the socket and those portions of the lead wires which
are at different potentials relative to each other.

Since the individual capacitances cannot be measured
separately, to obtain their values we proceed as follows:
The grid and plate are tied together, and the capacitance
isTthenTmeasured from the plate and grid to filament.
The capacitance measured is

Cl = Cv/ + Cpf (1)
196
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The jumper is now removed from the grid and plate, the
grid and filament are tied together, and the capacitance is
measured from the plate to the filament and grid. This
measurement gives

C. = Cap + Cp! (2)

In the last measurement the jumper is placed from the
filament to the plate, and the capacitance is measured from
the grid to the filament and plate. This measurement
gives

Cs = Cg/ + Cgp (3)

If these three equations are solved for the various capaci-
tances there results

Ci+ G — Ce

¢, = AEp =0 @

¢, =8tS=0 (5)
C:+C,—C

0, = 2T =0 ©®)

For a 201-A tube with its socket and very short leads
these capacitances have the following values:

Ci =99 X 10-2 farads
Cy = 12.65 X 10-12 farads
14.3 X 10-'2 farads

S
1

If these values are substituted in Eqs. (4), (56), and (6)
there results

C,; = 5.77 X 102 farads

C,, = 8.52 X 102 farads

C,r = 4.12 X 10~ farads

£4. Input Impedance of a Triode with Various Imped-
ances in the Plate Circuit.

The circuit to be discussed in this section is shown by
Fig. 72. The fundamental equations for this system were
developed in Sec. 47. The grid is assumed to be operated
with_a negative bias so that there is no grid conduction
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current. The impedance which would be measured across
the terminals ab is the input impedance of the triode when
used as an amplifier. This input impedance is given by

e

Co | @ o~ |

A z ——Cr
‘0 —_

do | p o— | ’

Fre. 72.—Triode amplifier with impedance in the output circuit.

Eq. (64) of Sec. 47. Upon comparing Fig. 72 with Fig. 64,
we write

J :
ZZ = _ngp - —JXEZ (7)
__J
Z4 = ngj JXM (8)
1 Z
Z; = = mt 4 (9)
1 . 1+ jZ,uC
_Z_p +‘7pr/ ] @ »f

and the equation for the input impedance becomes
7. = —JX e[ =7 X2 + Zs — JX 0ZsG,)
o _]Xc4[1 + Z3(Gp + ch)] — chZ_I— Z3'—ch2Z3Gp
=By +JXa (10)

Case I. Pure Resistance in Plate Circuit.—In order to
obtain an idea of the manner in which the input impedance
varies as the magnitude of a pure resistance load in the plate
branch is changed, the values in Table I1 were calculated.
An examination of this table brings out the interesting fact
that the resistance component of the input impedance for
any one value of output resistance is practically the same
for all frequencies up to 1,000,000 cycles per second. The
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other component of the input impedance is a capacity
reactance which, for any one value of output resistance,
varies almost inversely with the frequency. That this
should be true can be seen from the equations if we proceed
as follows: Put Z, = R, in Eq. (9). Then for frequencies
below 10° cycles per second, Z; is given very closely by the
expression

Rs +]X3 = Rp “‘ij:;R:, (11)

Upon substituting Eq. (11) in Eq. (10), rationalizing and
solving for R, and X ., there results

D G
* + (5 - o)

o GGGl
d2+<f——gf>

whére
]% = — XX — XoXuGR, (13)
b= XXz = ij (14)
. d = Xc4XS(Gp + ch) + Rp + X3Xc2Gp
Cs,,

=b@G, +G.,) + R, — azR,,G,, (15)
; = X.R) + XoXuXsGp = XuR, + bXuG, (16)
h
f - Xc4 + Xc4Rp(G + ch) + Xc2 + XczR Gp (17)

of = X3 = —w(sR, (18)
f represents the frequency in cycles per second.
For the tube which we have been considering,
= —11.696 X 10%

a
b =714 X 107
d = —8.232 X 10*
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e = 1.064 X 101
h = 4.029 X 10
g = —2.587 X 10-3
a

For frequencies below 100,000 cycles per second 7 is large

compared to b, ? is large compared to gf, and d? is very small

2
compared to (?) For frequencies below 100,000 the

resistance component of the input impedance of a triode
with a pure resistance in the output circuit becomes

ad — eh
R, = T

. h\ .
In the expression for the reactance term, Glé)(f) is large

(19)

compared to (;)d at the lower frequencies and the expres-

sion for the reactance reduces to

Xa=(}) e
From Egs. (19) and (20) it is evident that, at the lower
frequencies, the input resistance remains constant with the
frequency while the input reactance varies inversely with
the frequency.

Case II. Inductive Reactance in Plate Circuit.—Table I11
gives the values of the input impedance when the plate
circuit contains an inductive reactance and a resistance.
The impedance in the plate circuit was taken as k(1 4 j20),
and values of input impedance are given for various values
of k& at several different frequencies. This table brings out
the interesting fact that at 1,000 and at 10,000 cycles the
resistance component of the input impedance is negative
for all values of k up to 100,000. At the higher frequencies
the resistance component of the input impedance becomes
positive for the larger values of k. The reactive component
of the input impedance is a capacity reactance for all of the
conditions considered.
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When conditions are such that the resistance component

of the input impedance is negative, the triode would feed
power into a generator connected across the input terminals.
Let the box A represent any general impedance which has
the terminals ¢ and d connected to the terminals a and b.
Let the impedance of the box measured across the terminals
c¢d at’any frequency f be Z.; = R.; + jX... Let theimped-
ance of the tube at thissame frequency across the terminals ab
be Zy = Ru + jX & Then if R, is negative and greater
than R,.;, and if X = —X.4, the system may generate
sustained oscillations at the frequency f. This follows
from the theory given in Chaps. IIT and VI. It is thus evi-
dent that when the resistance component of the input
impedance is negative, it is always possible for the system
to generate sustained oscillations if the correct impedance
happens to be connected across the input terminals ab.
These conditions are very frequently fulfilled in amplifier
circuits and lead to a ‘“howling” of the amplifier.
b It was stated that when R. is negative and greater in
absolute value than R., and when X, = — X,,, the system
may generate sustained oscillations. We refrain from say-
ing that the system will generate sustained oscillations for
the reasons stated below. Let us refer to the theory of the
simple series circuit associated with a pure resistance neu-
tralizer as given in Chap. III, Sec. 12. We shall consider
the circuit shown by Fig. 26 with the generating device
represented by box B replaced by a switch. The condenser
C is charged and then the switch is closed. The differential
equation for the system then is

d= di . 1
Ld—ﬁ+(R—N)BE+C‘=O (21)
The solution of this equation is
1 = Ajent + At (22)

where

R-—N_  [R-—N? 1
g1 = _T+ ( Ilz)— ~ 10 (23)
__R-N_[EB-N_ 1
92 = 7oL 4Lz LC (24)
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—_ 2

Thesolutionis oscillatory in character When %y) <ic
If this condition is fulfilled and if N is greater than
R, we have the conditions for sustained oscillations as dis-
cussed in Chap. IV. With N greater than R, one other con-
dition may arise, and it is this condition in which we are now
interested. Since R — N enters as a square in the condi-
tions for an oscillatory solution of Eq. (21), it is possible
to have N greater than R and still have a logarithmie solu-
tion of Eq. (21). For the case then in which N is greater

2
than K and (B 4L2N ) > 5= C‘ g1 and ¢, are positive real

numbers, and the current is always increasing in the same
direction. The condenser first discharges and then charges
up in the reverse direction until it is destroyed or until reac-
tions set up in the neutralizer cause such a lowering in the
value of N that the process is stopped.

i+ While this theory may not apply strictly to the case under
discussion because of the fact that the box A may contain
any arrangement of circuit elements such as inductances,
condensers, resistances, and transformers, still as Ro may
be much larger in absolute value than R.; (see Table III),
instead of generating sustained oscillations, a unidirectional
change of potentials on the grid and plate may take place.
This change of potentials on the plate and grid may cause
the tube to become inoperative or to ‘‘ choke up.”

Case III. Capacity Reactance in Plate Circuit.—Table
IV gives the variation of input impedance with output
impedance when the output impedance is made up of resist-
ance and capacity reactance. The tube constants used in
calculating this table are the same as those used before.
The output impedance was taken as k(1 — 7100). For
this case the values of input resistance are always positive,
and the phase angle of the input impedance is much smaller
than for the case where there is a pure resistance in the out-
put circuit. This means that more power will have to be
expended on the grid in order to maintain a given potential
between the grid and filament than would be required for a
pure resistance in the output circuit.



205

THEORY AND DESIGN OF AMPLIFIERS

(001f =~ T)¥ = ¢Z sduvpadwii {ndinQ °III 9[qBJL Y3AM USAIT §8 owWws oY) I8 WRIIVID pus BIB

20T X 06°1f — 20T X %0'1 y0T X ¥8°1F — ¢0T X 6¢°1 0T X ¥8°1f — ¢01 X 6272 0T X #8°Tf — 01 X 18°1T 000'0T
0T X 86°1F — 50T X S1°1T 30T X ¥8'1f — 50T X 33°G 0T X ¥8'Tf — 101 X 1€°1 90T X ¥8°TF — 40T X 33'1 000°T
0T X ¥6°Tf — 20T X 93°1 ¥OT X 68'1f — 50T X ¥%'¢ $0T X S8°Tf — ¥01 X 29'3 0T X ¢¥8°Tf — s01 X G¥'8 009
0T X §93°3f — 01 X 91°3 I X 81°3F — 10T X 86°1 0T X 00°3F — 501 X 61°1T 50T X G10°8f — 50T X 61°T 00t
0T X 80°8f — 30T X 9¢°¥ WOI X 61788 —30T X ¥ 0T X 29°Lf = 0T X 0%'F 00T X §9°Lf — 50T X G¥'¥ o1
0T X SIT' I — 0 SO X SIT" I — 0 901 X §11°1f — 0 O X eIT° £ — 0 0
~ 0l = 4§ ~ 901 =/ ~ 01 =/ ~ 01 =/ £

07 souepadury yndug Jo saN[BA

FONVATAIW] IAdLA() HLIIM HONVAEIW] LOIN] J0 NOILVIEVA— AT @1av],



206 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

65. Value of the Resistance Which Must Be Placed in the
Output Circuit in Order to Obtain Maximum Power
Output.

The circuit to be discussed in this section is shown by

Fig. 75. The triode has an alternator of negligible imped-

ance in the grid branch and a

T' a z pure resistance in the plate
J ‘”_éﬁl I'_' branch. The grid is supposed
. to have enough negative bias on

4ol : it so that it does not become

z B, :'l—_q; positive during operation. That

@o— is, the negative steady potential

placed on the grid is greater than
the peak voltage of the generator
in the grid circuit. The input
Fra. 75—Triode amplifier with  impedance characteristics of this
resistance in output circuit. . . . .
circuit were discussed in the pre-
_ceding section. In this section we propose to discuss the
power output characteristics of the circuit. ,
The current through the impedance consisting of R, and
Cs in parallel is given by Eq. (67) of Sec. 47. In this
equation

'z, = _wCZ2 = —jX., (25)
g1 _RXaXa—jR)
! 1 - R} + X%

R, jXa

= R; +jX; (26)
From Eq (68) of Sec. 47 the power output of the triode is
Py, = IR, 27
This is the power expended in the utilization resistance R,.
If we try to find the value of R, which makes this power out-
put a maximum, we are led to a complicated sixth-degree
equation. This equation, which gives the best value of R, is

Ro(Xi3XesGr + Xoo + Xo5 + 2X0X.5) + R (2X:;

+ 2X2,XeiGr + XiXes + 4X..X3) — Ra(XeaXes

- ng - 2X02X23 - XcszgaG;> - ngng =0 (28)
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If we divide Eq. (28) by X¢; and then let X.; approach
infinity, we find that when X,; = «, R, should have the
value given below for maximum power output.

maximum
= oo re? =
B = Nigxnm Ko=) (29)

If —12— is small compared to Gf,, Eq. (29) takes the
c2

familiar form

1

G,
If we use the tube constants given under Tables II, I1I,

or IV these equations give the following values for R, at

1,000,000 cycles per second:

Equation (30) R, = 7,880 ohms -
Equation (29) R, = 7,254 ohms
Equation (28) R, = 6,678 ohms

R, = (30)

The value given by Eq. (28) is of course the correct one.
The value given by Eq. (29) lies about midway between the
values given by Eqgs. (30) and (28). As the frequency
is lowered, the values given by Eqs. (28) and (29) approach
the value given by Eq. (30). From this we conclude that at
audio frequencies the value given by Eq. (30) is substan-
tially correct. Since the value of R, for maximum power
output is not a critical one, the value of R, given by Eq.
(30) may be used without an appreciable sacrifice in power
output even at the lower radio frequencies. If values
which are more nearly correct than those given by Eq. (30)
are desired, Eq. (29) may be used. It is hardly ever
necessary to use Eq. (28) because, as we will show later, the
tube gives either very low values of power amplification or
even puts out less alternating power than is furnished to it
at very high frequencies with a pure resistance in the output
circuit. It is, however, interesting to note the following
fact concerning Eq. (28). R, enters the first term to the
sixth power; the reactances enter to the second power.
R, enters the second term to the fourth power; the react-
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ances enter it to the fourth power. R, enters the third
term to the second power; the reactances enter it to the
sixth power. R, does not appear in the last term; the
reactances enter it to the eighth power. R, is less than

(%- Therefore if X., and X,.; are of the same order of
D

. 1
magnitude or larger than G’ the first term may be dropped

P
without appreciable error, thus reducing Eq. (28) to a
double quadratic equation. For the tube for which we
have been making calculations, this condition is fulfilled up
to 107 cycles per second. R, calculated at 1,000,000 cycles
per second by dropping the term containing R} in Eq. (28) is
6,680 ohms. This value is substantially the same as the
correct value 6,678 given above. The best value for R, at
10,000,000 cycles per second is 1,250 ohms. This shows
that at frequencies above 10° cycles per second, it is not

. 1
even approximately correct to take R, equal to e for
P

maximum power output.
56. Amplification Characteristics of a Single Tube with a

Pure Resistance in the Output or Plate Circuit.

The circuit to be discussed in this section is shown by
Fig. 75. The triode has a pure resistance R, in the plate
circuit. The grid is operated with a negative bias so that
G, = 0. The fundamental equations for this circuit are
those developed in Sec. 47. The Z; which enters these
equations is

g1 B -jeGR) L g

Yol ) >1)
%+jw03 1 + »?CiR;
P

The input impedance to the triode is
—ch4[—ch2 + Z3 - ch2Z3GP] =
—ch4 [1 + Z3(Gp + ch)] _ch2 + Z3_ch2Z3Gp
’ Rab + anb (32)
Equation (67) of Sec. 47 gives the output current as a
function of the circuit constants and the voltage applied

Zab =
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to the grid. Let the bracketed term of this equation be
represented by Z; so that

E - 13Z5 = (33)
— —ch2 + Z3 _ch2Z3Gp
Z5 - 1 + jXCZch (34)

_ (XeXiG, — Ry + (X + X5 + RG,X.0)°

2
Zs T+ X4uG, (8)
E
I; = Z .(36)
The output voltage is
E, = -I;Z; (37)
The voltage amplification is
E,
The power output is
P, = L 39)
0 — Rp (
The power input is
E2
Ps' = ERab (40)
The power amplification is
P
Ay =, (41)

The above equations give a step-by-step method of calcu-
lating the characteristics of the simple amplifier.

In order to bring out more clearly the properties of
the simple amplifier with a pure resistance in the output
circuit, Table V has been prepared. The constants used
in calculating the values for this table are the same as
those used before, namely,

Cy = C,, = 8.52 X 10~ farads
C; = C,y = 4.12 X 10~ farads
C;, = C,; = 5.77 X 10~ farads
G, = 1.27 X 10~* mhos
G., = 1.08 X 10-% mhos
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The values used for R, were such as to satisfy theconditions
for maximum power output at the various frequencies
considered. These values are given in column 2 of the
table. Column 4 gives the input impedances of the triode.
This column again brings out the fact that the power
required to maintain a given voltage on the grid goes up
very fast as the frequency increases. Thus the power
required to maintain 1 volt on the grid at 10° cycles per
second is nearly 10® times as great as the power required
to maintain 1 volt on the grid at a frequency of 10 cycles
per second. This fact is brought out also by the column
marked P; which gives the alternating-current power input
to the triode.

The column marked A4, gives the voltage amplification
of the triode. The voltage amplification decreases only
slightly with increasing frequencies for frequencies below
10% cycles per second.

The column marked P, gives the power output of the
tube. The power output also remains fairly constant up
to a frequency of 10° cycles per second.

It is interesting to note that for frequencies below 10°
cycles per second, the simple formulas for voltage amplifica-
tion and power output given in Chap. II give very accurate
results. Thus for frequencies below 10° cycles per second
the voltage amplification and the power output of a single
tube with a pure resistance in the output may be calculated
very accurately by using the formulas

Rchp
4 =17RG, (42)
_ E'GlR,
Po=TF rG “»

The last column, marked 4,, gives the power amplifica-
tion. The power amplification decreases rapidly as the
frequency is increased because of the fact that the power
required to maintain a given voltage on the grid goes up
rapidly with the frequency, whereas the power output
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remains nearly constant at the lower frequencies and falls

off at frequencies in the radio range.

67. General Equations for the Impedance-coupled Amplifier.
In this section the equations for the system of Fig. 76

are to be worked out. Z,, Z,, and Z, represent impedances

of any kind which will permit the passage of direct current

through them. The grids of both tubes are to be operated

Fia. 76.—Two stage impedance coupled amplifier.

at a potential such that there is no conduction current
through the grid to filament space.
The effective output impedance of the second tube is

1 Y/

= - 2 = R3 - sz (44)
1 . 1 +JZ,uC
g, tivs I

Z3=

From Eq. (64) of Sec. 47 the impedance from a to b
with the links at @ and b open is
z. - —J X —jXes+ Zs — jXuZsGps] _
o _ch3 [1 +Z3(Gp2 +ch2)] —ch4 + Z3 - ch4Z3Gp2
Rab + anb (45)

The impedance from ¢ to ¢ with the link at g open and
all other links closed is

1
Zo=7 1
z. "z,

(46)
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Let :
1 .

Ys = Z +]w07 (47)
1

The impedance from ¢ to d with the links at ¢ and d

open and all other links closed is

Z., = 1 1 - (47a)

Y8 + Zag _J—-Yc—f)

From Eq. (64) of Sec. 47, the input impedance of the
amplifier is

Z - »-‘tjfgjlr[—ch2 + ch —jXC2Zfdel],, o
o _]Xcl[]- + ch(Gpl + chl)] _ch2+ch —_qu2chGpl
=R.,+jX.;, (48)

If we make use of Eq. (67) of Sec. 47 we can write for

the current I,

I4=—

E(l + deGfpl) (49)
- chZ + ch - chZchGpl

The alternating voltage on the plate of the first tube is

Epl = ""Zc,in (50)
The current I; is
E

I = ,— " - 51
5 Zaa _ JXC5 ( )
The voltage impressed on the grid of the second tube is
Eg2 = ZagIs (52)

From Eq. (67) of Sec. 47 the output current I is
I3 - = Eﬂ2(1 + JXC4GCp2) | (53)

'—ch4 + Z3 - ch4Z3Gp2

The alternating plate voltage on the second tube is

Ep2 = ‘—ZaIa (54)
The power output of the amplifier is
2
P, = I'R, = 22 (55)

VA



214 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

The power input is

P; = Z}}R” (56)
The power amplification is
4y =3 (57)
The voltage amplification is
4= (58)

Case I. Application to a Resistance-coupled Amplifier.—
As an application of these equations let us consider a
resistance-coupled amplifier in which the constants have
the following values:

Z, = 100,000 + 50

Z, = 500,000 + ;0

Z, = 10,000 + jO
C, =C;3=0C,; =577 X 10~ farads
C, =0Cy=0C,, =852 X 10~ farads
Cs = C7;=C, = 4.12 X 10-2 farads
Cs = 2.5 X 10-8 farads
Gy = Gp2 = 1.27 X 10~* mhos
G.p1 = Gz = 1.08 X 10-3 mhos

For these constants
9
Z. = 857.3 — j2.903% (59)

for values of f up to 10°% cycles per second.
Z s = 853.2 — 73,047 at 10° cycles per second (60)

The amplifications and impedances at various frequencies
are given by Table VI. The voltage amplification remains
fairly constant for all frequencies between 100 and 100,000
cycles per second and is fairly good even at 10 cycles per
second. The power amplification, due to the facts men-
tioned in the preceding section, falls off rapidly as the
frequency increases.
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The input impedance to the second tube Z, drops to
580,000 ohms at a frequency of 5,000 cycles per second
(see Eq. (17)). This impedance is in parallel with the
resistance in the grid of the second tube Z,. For this
reason Z, need not be made much larger than 500,000 ohms.

TaBLE VI.—RESISTANCE-COUPLED AMPLIFIER

f Z.a Zef Enz

10 19.22 X 10* —78.28 X 103/ 1.05 X 108 — j1.96 X 10% 4.83E
100 | 8.35 X 10* — j1.945 X 103 3.175 X 10* — 51.978 X 107 7.685E

500 |8.35 X 104 —j1.64 X 10% 6.21 X 10% —j73.95 X 108 7.69F

10 | 8.34 X 10* —52.58 X 103 5.00 X 10% — 71.975 X 108 7.74E

2 X 103 8.31 X 10* —74.84 X 103 4.51 X 10% —3;9.88 X 105 7.77E

3X10%8.27 X 10t —j57.74 X 10% 5.06 X 10° —76.61 X 105 7.77F

53X 108 8.13 X 10* —51.24 X 104 5.00 X 10% —73.91 X 108 7.77E
104 | 7.6 X104 —72.35 X 104 5.03 X 10® —j1.68 X 105 7.73E .

105 18.48 X 10° — 72.41 X 104 5.03 X 10 —j72.02 X 104 7.36E

108 | 8.06 X 102 — j2.79 X 103| 3.27 X 103 —j4.19 X 103 2.44E

f Eps Py P; A4, I;f

10 23 E 5.29 X 1072E2 | 2.73 X 1071E2 | 1.94 X 10°

100 36.6E 0.134E2 8.11 X 10711E2 | 1.65 X 10°

500 36.6F 0.134E? 3.98 X 107¥E? | 3.37 X 108

103 36.8E 0.1355E2 1.28 X 1072 E2 | 1.06 X 108

2 X 102 37.0FE 0.137E? 4.62 X 1079 E? | 2.96 X 107

3 X 108 37.0F 0.137E* 1.16 X 107 E2 | 1.19 X 107

5 X 103 37.0E 0.137E2 3.2 X 1078 E2 | 4.29 X 10¢

10* 36.8E 0.136E? 1.78 X 107" E2 | 7.61 X 105

105 35.1E 0.123E2 1.17 X 107 E2 | 1.05 X 10*

108 11.6E 1.34 X 102E2 | 1.16 X 107*E2 | 1.16 X 102

In Sec. 54 it was pointed out that capacity reactance in
the output circuit of a triode causes the resistance compo-
nent of the input impedance to increase greatly over the
value which it would have with a pure resistance in the
output circuit. Now the first tube of the amplifier under
consideration has an effective capacity reactance in the
output circuit (see column marked Z.s), and therefore the
resistance component of the input impedance Z,; has a
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larger value than it would have if the output impedance of
the first tube were a pure resistance. This fact has an
important bearing on the power which must be expended to
maintain a given potential on the input of the amplifier.

It is interesting to note that the voltage amplification
through the last tube and the power output can be calcu-
lated very accurately at all frequencies below 10° cycles
per second by Eqs. 42 and (43) of Sec. 56.

Case II. Application to an Inductively Coupled Ampli-
fier.—In order to show the application of the equations to
an impedance coupled amplifier, the values given in Table
VII were calculated. The constants used in making the
calculations are given beneath the table. As is evident
from the data, the impedance in the plate circuit of the
first tube consisted of inductance and resistance in series.

The input impedance to the second tube Z , has already
been calculated and for the range of frequencies under
consideration is given by Eq. (60) of this section. :

The effective output impedance of the second tube
reduces to

Z; ='10* — j2.589 X 10-3% (61)
The impedance Z ., reduces to
2.147 X 101 + 421410 _ j7.958107
_ f f :
Z, = - 1018 (62)
2.509 X 10 + 8.42772—

The effective output impedance of the first tube Z.; is
made up of a number of elements in parallel. The react-
ance component of this impedance changes from inductive
reactance to capacity reactance at a frequency lying
between 3,000 and 4,000 cycles per second.

The resistance component of the amplifier input imped-
ance Z,; is negative for all frequencies up to 3,000 cycles
per second. It takes on positive values for frequencies
above 3,000. This could have been predicted from the
behavior of Z.;. A triode generally has a negative input
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resistance when the output reactance is inductive and a
positive input resistance when the output reactance is
capacitative. The behavior of a system with negative
input resistance has been discussed in Sec. 54.

Because of the negative input resistance of the amplifier
the power input as given in column 6 is negative for all
frequencies up to 3,000 cycles per second.

The voltages impressed on the grid of the second tube are
given in column 4 and the output voltages are given in
column 5. These voltages are low at 10 and 50 cycles per
second because of the low impedance of Z; and the high
reactances of C; at these frequencies.

The power output is given in column 7. The values of
power output are low at 10 and at 50 cycles because of the
low voltages impressed on the grid of the second tube at
these frequencies.
b8. Variation of Voltage Amplification with Output Resist-

ance When a Constant Plate Battery Is Used.

In all of the preceding discussion of amplifiers with a
pure resistance in the plate circuit, the conductances G-,
and (7, have been taken as constant for all values of output
resistance. These conductances will be independent of the
output resistance only if the voltage of the plate battery
is increased in such a way as to maintain a constant plate
potential irrespective of the value of the output resistance.
If an amplifier is to be designed to work from a source of
fixed plate potential and if a constant grid bias is used,
then as the output resistance is increased, the plate poten-
tial decreases, due to the fact that the continuous plate
space current must flow through the resistance in the plate
circuit. It is the purpose of this section to develop a
method of arriving at the properties of an amplifier with a
pure resistance in the plate circuit when the triode is oper-
ated with fixed grid and plate batteries.

The method is best illustrated by means of an example.
The characteristic curves for the tube under consideration
are given by Fig. 77. The plate battery voltage will be
taken as 135 volts and the grid will be operated at —3 volts.
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The first curve to be derived is one which gives the
relation between resistance in the plate circuit and the

9
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F1a. 77.~—Characteristics of ¢ X 301-4 tube.

continuous potential impressed on the plate. If the plate
voltage is to be 135 volts, the resistance in the plate circuit
must be 0, If the plate voltage is to be 70, the plate space
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current as read from the curves of Fig. 77 will be 1.7 milli-
amperes. The drop through the resistance in the plate
circuit will be 135 — 70 = 65 volts. Therefore the resist-
ance in the plate circuit which will cause the plate poten-
tial to be 70 volts must be 65 + 1.7 X 10-% = 38,200 ohms.
If the plate potential is to be 60 volts, the plate current will
be 1.025 milliamperes. The drop through the resistance
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Fre. 78.—Variation of voltage amplification with output resistance when a source
of constant plate potential is used.

in the plate circuit will be 135 — 60 = 75 volts. Therefore
when the resistance in the plate circuit is 75 divided by
1.025 X 10-3= 73,200 ohms, the plate potential will be
60 volts. By proceeding in this way, the curve of Fig. 78

marked R, has been derived.
The next curve to be derived is one which shows how the

controlled plate conductance varies with the continuous
plate potential. This curve is marked G., on Fig. 78. In
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deriving the values for this curve, a peak alternating poten-
tial of 2 volts was assumed to be applied to the grid. Thus
at 80 plate volts the controlled conductance was found as
follows: When the plate voltage is 80 and the grid voltage
is —1, the plate current is 4.175 X 10~* amperes. When
the plate potential is 80 and the grid potential is —5, the
plate space current is 1.23 X 10-2 amperes. The controlled
conductance at 80 volts on the plate then is

4.175 ;—_@10_3 = 7.36 X 10—* mhos

In deriving the curve which shows the variation of the
plate conductance with the continuous plate potential, an
estimation has to be made of the peak alternating plate
voltage. In deriving the curve marked G, of Fig. 78 the
following peak alternating plate voltages were assumed.

Gep =

Continuous Alternating
Plate Potential Plate Potential
100 8
90 8
80 10
70 12
60 . 14
50 14
40 15

When all calculations are made, the alternating plate
potentials assumed should be nearly equal to the product
of the grid alternating voltage (2 volts in this case) multi-
plied by the voltage amplification at the continuous plate
potential under consideration.

It has been shown in previous sections that at audio
frequencies the voltage amplification of a triode with a pure
resistance in the output may be calculated by the simple

formula
Gep

1
E+Gp

A, =

When R, has a value of 38,200 ohms, the plate voltage is 70,
G., = 6.17 X 10~4, G, = 7.55 X 1075, and the voltage



222 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

amplification is 6.05. The other points on the curve
marked A, were obtained in like manner.

It is to be noted that the voltage amplification rises
continually as the resistance in the plate circuit is increased,
for the range of resistances considered. This is due to the
fact that G, decreases faster than G., as the resistance is
increased. This will not always be true for all tubes
and for that matter not always true even for different
grid biases on the same tube.

59. The Transformer-coupled Amplifier.

In the preliminary treatment of the transformer-coupled
amplifier given in Chap. II, the internal capacitances of
the tubes were ignored and the transformers were assumed

Tube 7

b7

;X
i A 73
s | |
KXo Xow e L
z e T
Flﬂ ”2a

Fig. 79.—Two stage transformer coupled amplifier.

to be ideal transformers. In the treatment given in this
section we propose to take into account the internal
capacitances of the tubes and the fact that the transformers
are not ideal ones. The treatment, however, is still only
an approximation to the behavior of actual amplifiers
because the distributed capacitances of the transformer
windings are ignored.

The circuit to be discussed is shown by Fig. 79. The
equations for this system are based on the general amplifier
equations which were worked out in Sec. 47. The input
impedance to the second tube is the impedance which
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would be measured across the terminals ab with the links
at a and b open. From Eq. (64) of Sec. 47 the expression
for this impedance is

—jX ol ~i Xt T =X o)

2o = R 2 G+ Con)| G K et T X collrs )
=Ra + jXw ©9
where
Zo= -t B _po v (65)
CT 1 T ¥Rt - Bt iX
R, + juCs

Equation (63) gives the impedance across the secondary
of the second transformer.

The next step is to write the expression for the impedance
from terminal ¢ to terminal d when the links at ¢ and d
are open. If use is made of Eqs. (63) and (64) of Sec. §,
we can write at once
+ X2m2 (Rab + RZb)

(Rao + Ro)? + (X + X)?

. XX a4+ Xa) ]
X0 = G R b (T ] 0
= Rcd + chd (67)

The impedance across the terminals ¢f with the link at e
open is

Z,/ =

ch = Rxb

1 ch

_ZL + ijG 1 + ]ZdeCG
cd

R+ jXo (68)

Z.; is the effective output impedance of the first tube.
In applying Eq. (64) of Sec. 47 to obtain the input imped-
ance of the first tube, Z., must be used in place of Zs.
The expression for the impedance across the terminals gh
 with the links at g and h open is

_chl[ —ch2+Zef ‘_‘ch2Zepr1]

th - —chl[l +Zef(Gpl +G¢:111)] “"ch2 +Z°/ —ch2Zeprl N
Rgh +jXﬂh (69)
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The input impedance of the amplifier is
Z;; = Ri; + jXy; (70)
+ X'ZmI(Rgh +-7R2a) o
(Roh + R2a)2 + (Xgh _}"')(20)2
- D C310. ¢ . €TV N ]
+J [X‘“ B + Ro)? + X + Xo?] TV

The current in the primary of the first transformer is

Z(i = Rlu

E
15 = Z;; (72)
The current in the secondary of the first transformer is
I X s (73)

' Bt e+ Zn
The voltage on the grid of the first tube is
En=Z,I, (74)

From Eq. (67) of Sec. 47 the expression for the current
12 is
Eﬂl(l + jXCQchl)

- ijCZ + Zef - jXCZZe[Gpl

The output voltage of the first tube is the voltage across
the terminals cd. This voltage is given by the equation

Edc = —ZejIg (76)

The expression for the current in the primary of the
second transformer is

L = (75)

Edzt
L=z, (77)
The current in the secondary of the second transformer is
— J X malz

I

"7 RBa ¥ iXe + Za 79)

The voltage on the grid of the second tube is given by
the relation

Egg = Ixzab (79)
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If we again make use of Eq. (67) of Sec. 47, we can write
at once the expression for the output current of the second
tube. The expression is

E02(1 + ch4ch2)

L= ~Tix. ¥z - iX.Z6n (80)
The output voltage of the amplifier is given by the relation
E, = -1.Z; (81)
The voltage amplification through the system is
A, =" (82)
The power output of the second tube is
Py, = IR; (83)
The power expended in actuating the system is
P; = I'Ry; (83a)
and the expression for the power amplification is
a,=5 (34)

In order to illustrate the application of these equations to
an actual system, the values given in Table VIII have been
calculated. The constants used in making the calculations
for Table VIII are given under the table. The transform-
ers have a nominal ratio of voltage transformation of 3.5
to 1.

The first column of the table gives the frequencies for
which calculations were made. The second column gives
values of the input impedance of the amplifier. At fre-
quencies in the vicinity of 1,000 cycles per second, the input
resistance of the amplifier is negative.

The third column of Table VIII gives the values of the
input impedance to the grid of the first tube. The resist-
ance component of this impedance is negative for all
frequencies up to 1,500 cycles persecond. If the impedance
across the primary of the first transformer has the proper



226 THEORY OF THERMIONIC VACUUM TUBE CIRCUITS

I ol o -
4of X 806 2t — g'208 Z
swgo 00001 = ‘¥

SWYO 000'L = VY = 2y

swyo 00 = MY = 1Y

8peIs) ;10T X gI'% = %D =99 = 9
spBIB} 2101 X LG = /) =20 = 1D

speIe) ;10T X 298 = %0 = ') = %)
soqu y_0T X L3'T = ¥*p = 1%p

SOYUL ;.01 X 80'T = #%H = 1%
SAIUOY §'9% = W = W

SAruey 221 = W = v37

sfrmmey g = WT = o1

62 31 eos ‘mivaBBIp 10

£'890'2 9°ye¥ %99 78%°8 30T X £18°8f — »0T X $8Z 6+ s0T X 8%6°8f —»0T X #00'T 000°‘S
€°GL3'T 67293 2829 13¢°9 s0T X 289°%f — »01 X 89279+ Y01 X Q96°1f — 6L7'S 000'%
8°1€8 8 PLI 28 0% €08 ¥ $0T X TFL°9¢ — »0T X 806§+ »0T X 180°%f — 688°2 000°'¢
1°0%9 i 28 231 09°¥%¢ €L0°'¥% s0T X 081°6f ~— +0T X 33 G+ $01 X 10" 14 — 9362 000°2
2689 6831 92'2¢ £e8°¢ s0T X €33 1f — 0T X 200°S— s0T X 6%1°¢f — $10°1 0081
9°8%9 fAL1N 328 ¢4 11L°¢ 90T X 288°Tf — 10T X 9LT 6— 30T X €66°1f +»0T X QLT T— 0001
1'81¢ 0°601 9108 829°¢ 90T X 139°8f — 0T X 20%'G— YOI X 024°%¢ + 67098 00¢
6° 8% 23°%6 92°92 289°'¢ $0T X 048°6f — 90T X 008‘€— »0T X 999°Tf + ¢88°T 002
1°¥2¢ 90°89 9% 61 00g°¢ 10T X $%8°8f — 01 X L93°1— 20T X L61°8f + #86'1 00t
1°081 z8°L¢ 1411 €82°¢ 10T X §68°9f — ;0T X 228°€— 20T X 680°%¢ + 666°1 0¢
cg'91 [3:5 28 $29°2 19¢°1 201 X €82°¢f —~ 101 X &¥8°8— 50T X 891°8f + 0002 01

TALAMIINY CITIN00-HAWHOISNVET—'T[IA TTEV],



THEORY AND DESIGN OF AMPLIFIERS 227

value, the system will generate sustained oscillations at
some frequency below 1,500 cycles per second. Let the
impedance across the primary of the first transformer be
R, 4+ jX:. Then the impedance which would be measured
across the secondary of the first transformer with thelinks
at g and k open is

. anl(Rla + Rl)
Zs = 1ig sl = a

P a3 = et BT R+ (Kl £ X0

. Xon(X1a + Xy) ]

”[X“ (Bio + R)* + (Ko + X0z &Y

If at any frequency below 1,500 cycles per second R,; is
less than the absolute value of R,» (R,s is negative) and if
X.1 = — X, the system will generate sustained oscillations
at this frequency. )

Column 4 of Table VIII gives the voltage transformation
ratio of the first transformer with the tube across its second-
ary. Column 5 gives the voltage multiplication through
- the first transformer and tube. Column 6 gives the voltage
multiplication due to the first transformer, the first tube,
and the second transformer. Column 7 gives the voltage
amplification through the entire system.

It should be recognized that the values of amplification
given in the table are for the case in which the voltage is
applied to the primary of the first transformer through zero
impedance. If the voltage were applied to the first trans-
former through an impedance, the values of amplification
might be quite different from those given in the table.
The actual values, however, could be obtained from those
given in the table by methods which now should be quite
obvious to the reader. Marked deviations will take place
from the values given in the table if the impedance across
the primary is such as nearly to fulfil the conditions for
sustained oscillations at some frequency below 1,500 cycles
per second. This value of impedance would result in
regenerative amplification, and a peak would occur on the
amplification curve at the frequency for which the condi-
tions for sustained oscillations were nearly fulfilled.
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It is interesting to note that for frequencies below 1,000
cycles per second, the equations which ignore the internal
capacitances of the tubes give very accurate values for the
voltage amplification. For frequencies above 1,000 cycles
per second, the internal capacitances of the tubes play a
very important part in determining the amplification of the
system. This statement is not true for all transformers
because, as the impedances of the transformer windings are
increased, the frequencies at which the internal capacitances
of the tubes become important occur at lower and lower
values.

The manner in which the impedances Z;; and Z,, vary as
5,000 cycles is approached suggests that a resonant point
lies somewhere immediately above 5,000 cycles per second.
This fact is also brought out by the rapidity of the rise in
the amplification as a frequency of 5,000 cycles per second
is approached.

It is possible to eliminate to a large extent the resonant
effects due to the capacitances of the tubes and also those
due to the distributed capacitances of the transformer
windings by placing a resistance across the secondary of
each transformer. For the circuit under discussion, if we
are interested in flattening out the amplification curve for
frequencies up to 5,000 cycles per second, a resistance of
about 250,000 ohms should be placed across the secondary
of each transformer. The value of 250,000 was given
because the input impedance of the tubes at 5,000 cycles is
about 400,000 ohms. The resistance placed across the
secondary of each transformer is in parallel with the input
impedance of a tube, and if the net impedance across the
secondaries of the transformers is to be substantially a pure
resistance at all frequencies, the resistance used must be
somewhat lower than the input impedance of the tubes at
the highest frequency considered. The transformer coup-
led amplifier with resistance across the secondary of each
transformer gives a fairly good quality of amplification and
at the same time gives much more amplification per stage
than can be obtained with resistance or impedance coupling.
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60. The Elimination of the Effects of Grid-to-plate

Capacitance.

From the treatment of vacuum tube circuits given in
this chapter it is evident that the plate-to-filament and the
grid-to-filament capacitances behave the same as capaci-
tances in parallel with the external impedances placed in
the plate and grid circuits, respectively. The plate-to-grid
capacitance, however, behaves as an inherent feed-back
element. The negative input resistance obtained when the
output impedance has a net inductive reactance is due to
the presence of the plate-to-grid capacitance. When the
input resistance is negative, there is always the possibility
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Fic. 80.—Triode with F1Gg. 81.—Scheme for balancing out the
shielded grid. effects of plate to grid capacitance.

that the system will generate sustained oscillations. As a
matter of fact, amplifier systems designed to operate at high
frequencies are very likely to generate sustained oscillations
unless precautions are taken to adjust the system so that
oscillations cannot take place.

The most effective way of eliminating the effects of the
plate-to-grid capacitance is to shield the grid from the plate
in such a way that charges placed on the plate have little
or no effect upon the potential of the grid. Such a shielded
tube has recently been developed.! The shield of this tube
consists of thin metal strips placed between the plate and

18ee Hur, A. W., and N. H. WirLiams, “Characteristics of Shielded
Pliotrons,” Phys. Rev., Vol. 27, No. 4, April, 1926.
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grid as shown schematically by Fig. 80. The shield must
be maintained at a potential above the common bus as
indicated in the diagram. These tubes have not as yet
come into commercial use.

The effects of the plate-to-grid capacitance can be
balanced out under certain conditions by the following
method. Consider the system shown by Fig. 81. In
this system let C; = C,, and let the adjustment of the
coils be such that the potential of the point b above the
common bus is at all instants of time equal in magnitude
but opposite in sign to the potential of the point a. Under
these conditions C; neutralizes the effect of (,,. This
arrangement is the basis of the neutrodyne method of
preventing sustained oscillations in radio frequency ampli-
fiers. The balance need not be exact in order to eliminate
oscillations, and C; may be used as a control of regenerative
amplification.



APPENDIX A
PART 1

a. Voltage and Frequency of the Generators Replacing
Voltage Induced in a Receiving Antenna by an Inter-
rupted Continuous Wave Transmitter.

The schematic diagram of the electromotive force
induced in the antenna in this case is assumed to be as
given by Fig. 47. The signal is taken as a series of dots
and spaces. The time duration of each space is repre-
sented by 2pT and of each dot by 2¢7. In order to simplify
the calculations, the wave is taken as symmetrical with
the origin, and the time intervals pT and ¢7T are assumed
to be exactly divisible by the period of the operating fre-
quency. Under these conditions the voltage induced

in the antenna is expansible from { = — o tof{ = + o« in
the form
e(t) = 2 A Sin M 1)
where
2 . mwA
m = 7 ) e()\) sin —T—dx (2)
But
e®) =0fromt=0toi=pT (3)

= FE sin [w(t — pT)) from ¢ = pT to T (4)
Upon substituting Eqs. (3) and (4) in Eq. (2), we obtain

an = 2E ("
T T

sin w[(A — pT")] sin ’Ln;—)‘d)\ (5)
T

4 o[- Fp

on[(- 4y

231
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If o= mT:r, this becomes

0. — E[sin [wqT — mr] _ sin [wgT + mx]

T w—'m;q;’r w+%
E,. 1 1
+T(s1n mpm) w_{_fnj—l_ — @J (6a)
T T

Because of the conditions on pT and ¢T the first term is
zero, and we therefore arrive at

E . 2
Un = 7 (sin mpr) 2——wm—27r—2 )
w" - T2
for w = @TI
Ifow= m_’;, Eq. (6) becomes

™

E T
Qor = —f [1 — cos (2oN — wpT)]dr
TJor

_ __ E[sin 2ox — wpT)]”
- By =g PR
= Bq — P [sin[sT@ — p)] — sin wpT]

20T

Both sine terms vanish in the last equation because of the
conditions on p, ¢, and T. We therefore have

aur = Eq ®)

b. The Approximation in Deriving Eq. (48) from Eq. (46)
of Sec. 31.
The approximation involved in this step entered because

1+ 47n7, was taken equal to unity. At a transmitting
0

speed of 30 words per minute 77 = 0.05 second. If f, =
10® cycles per second, the value of the term dropped is
equal to (n)5 X 10-% That is, the term for which » =
2,000 is in error by only 1 per cent; all terms for which n
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is less are in error by less than 1 per cent. If f, = 20,000
(wave length 15,000 meters), the value of the term dropped
is 2.5n X 10~* and n may have a value of 40 before the
error reaches 1 per cent. At 150 words per minute the
value of n for which the error becomes 1 per cent is one-
fifth of that given above, namely 400 at a frequency of
1,000,000 cycles per second and 8 at a frequency of 20,000
cycles per second.

PART II

c. Voltage and Frequency of the Generators Replacing
the Voltage Induced in a Receiving Antenna by a Spark
Station.

For the purposes of this discussion the voltage induced
in a receiving antenna is taken to have the wave form
shown schematically by Fig. 49. The voltage is assumed

to have a peak value equal to E, a frequency f, = 2%’ and
a logarithmic decrement equal to ;ﬁ The decrement is
large enough so that the voltage due to one spark falls
substantially to zero before the next spark takes place.
Under these conditions the voltage can be represented as

a function of time from ¢t = —« to¢{ = +» by
m=+ o .mt
et) = D, And T (9)
where
T
1 —mm
An = 5p | T (10)
-

The expansion is used in the above form to facilitate the
evaluation of the Eq. (10). Aswe have taken the wave form

o) = B sin [ut + D) ", (11)

= B sinwt|_ (12)
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Substituting these values in Eq. (10), there results

E

0 .
oT fe‘“Te_(‘H—LT—)X sin [w(X + T)]d\

T

T ) ‘
—+ fe~ (a+JT )\Sin w)\d)\} (13)
0

In the first integral put ¥ = A + T and in the second put
¥ = 2. Equation (13) then becomes

. T (47, .
A, = E(l + e"’”’)f € ( 7 sin wydy (14)
27T 0

E (-
= —2—7‘,(1 + éjmr)[(e ( T) )
—<a +]/7l%1z> sin wy — « COS wy
; 2
(7Y 4o

Since ¢ ** 1is nearly zero, Eq. (15) vanishes at the upper
limit, and we have

E .
A = 5]l + ™)

v=T

(15)

r=0

aT

w
y 2
[1 4+ €™ = [1 + cos mr + 7 sin ma]
= 0 if m is odd and 2 if m is even

(16)

&

An =15 e for m even (17)
)
= 0 for m odd (18)

Equation (9) may be written in the form

e(t) =40+ §1 I (Aymt+A_,) coslan—t +j(Aym—

A_.)sin ﬁq’,_'f (19)

Now A.. and A_, are conjugate complex numbers.
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Let
Aim =0an + jbnand A_,, = @, — jbn (20)

Then Eq. (19) becomes

i wl i
e(t) = 4, +m§1[2am cos % — 2b,, sin _71/{»[7_7] (21)
= A+ 3 B, cos (’-”'T—”t + o,,.) (22)
m=1
where
B. = 2v/a%, + b, = 24|, (23)
6 = tan—! 2—: (24)
From Eqgs. (17), (18), and (23) we write
B, = 0if m is odd . (25)
2E @
= 2= 2
T \ \ m2r2 )2 da’min’ ( 6)
't o — |+
2F 1
. . (27)

- IT at mm\?]a? mmr\?2
ar ot () Je+ [ - ()
4
In any spark transmitted % is very small compared to the

other terms under the radical and may therefore be dropped
without appreciable error. The value of m which gives the
operating frequency is m = 2f,T, if f,T is an integer. Take
fo.T as an integer, and since m must be a positive even
integer, take _

m = 2T + 2nand n = 0, £1, +2, etc. (28)
From Egs. (27) and (28), we find that the generator whose
frequency differs from the operating frequency by —;-b, cycles

per second has a voltage given by

2E 1
By=p—— (29)

T  2n n? Ja? 2n n? 2
\/2_[2 T +_f,?T2]F + [ﬁ +f_T]
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For the poorest transmitting stations (log dec = 0.2),
2
% does not exceed 10-3. Therefore the term under the

radical of Eq. (29) has the form 2[2 + A]10-3 + A2 If
A is small compared to 2, the 4 in the first term may be
dropped. If A is of the same order of magnitude as 2 or
greater, the whole first term may be dropped. Therefore in
all cases B, is given very closely by

R

PART III

(30)

d. Voltage and Frequency of the Generators Replacing
the Voltage Induced in a Receiving Antenna by Static.
For the purposes of this discussion, the wave form of the

voltage induced in a receiving station by static is assumed

to be as given by Fig. 51. The time duration of the impulse
is 2qT seconds, and the time between impulses is 2pT
seconds.

The voltage as a function of time in the intervalt = —T
tot = 4T is then given by

el) = —pt + D) |
rt=+pT

p(t — pT)‘

(31)

t=pT

Since the voltage wave is symmetrical with respect to the
voltage axis, it may be represented from?¢{ = —w tot = 4
by the cosine series

e(t) = %’ + 2 @, COS I'ﬁ%—t (32)
m=1

§ T T
L f e(n) cos "ty (33)

Am
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Upon substituting Eq. (31) in Eq. (33), we obtain

T
Am = %f (n — pT) cos T i
T

T
= 3;;:; (cos mr — cos mpr) if m = 0 (34)
' _ 2p r _ 20 )ﬁ T
ay = TLT()\ — pT)dx = T[ g — pT)\l,T

= 2pTl4 + }4p* — p] (35)



APPENDIX B

Solution of the Differential Equations for the Circuit of

Figure 25
Summing voltages around circuit 1 gives
. d@l 1 d’tp _
E—“Rl'Ll—Ll—d?—a—'Mp‘%—O (1)
dE diy %, 1 %,

@ By —bgp —o, Mg =0 @

The voltage induced in the plate circuit is

di,
— M”W
The voltage induced in the grid circuit is
di
-M a% (4)
The total plate voltage is
di di .
€p = _ijtl - Lp—df - Rﬂp (5)

The plate current (neglecting the plate capacity) is

= %] M6 - M6 - 1,657 - RGA, ©

=0
The solution of Eqs. (2) and (6) for the permanent terms
has already been obtained by means of the complex algebra.
The solution for the transient terms will now be taken up.
The two equations to be solved are

&i d% | % d*, :
Rig + Ligs + ¢ + M3 = 0 @)
1,65 = G| -MGo — MG, |+ Dl =0 @®

where
D = (1 + RpGp) (9)
238
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The solution will be of the form
’l.l = Ale”' (10)
Tp = Agett (11)

Upon substituting Eqgs. (10) and (11) in Eq. (7), there
results

1
[ng + L,g® + a]Al + M, g%A, =0 12)
Substituting in Eq. (8) gives
h
[LpGpg + D]A, — QM—AI =0 (13)
rd
where
h = Mp[""MaGw - MpGp] (14)
Solving Eq. (13) for A.,
ghA1

A (15)

*T LGy + DM,

Substituting Eq. (15) in Eq. (12) and collecting terms, there
results

D

[RlL,,G,,g2 + DR.g + L,L,G.g* + DLg* + o

L,G.g
C

b4

+ + gsh]Al -0 (16)

Since A, cannot be zero, the bracketed term must equal zero
and there results

(ILL,G, 4+ h)g* + (R1L,G» + DLy)g* +

L,G, D
(DR1+_C%)9+C'—1=O Qa7

For the oscillatory solution the roots of Eq. (17) will be
of the form (a + jB), (@ — jB), and g; where qa, 8, and g; are
real numbers. Setting up an equation with the above
terms as roots, we have

(g—a—3B)g—a+jB)g—gs) =0 (18)
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or

g® — (95 + 2a)g*> + (2ags + a® 4+ 99 — gs(a® +
) =0 (19)

Upon comparing Eq. (19) with Eq. (17), we write
_ DL, + R\L,G,

—gs — 2a = L.L,G, + b (20)
_ R.DC, + L,G,
a + 8% 4+ 2ag; = C\L.L,G, + Ok (21)
D
—gs(a2 + 32) = ClLleGp + Clh (22)

A practical solution of these equations may be obtained
by neglecting relatively small terms. In order to obtain
an idea of the relative magnitude of the terms in Egs. (20),
(21), and (22), we will consider the data given in Sec. 14.
a should not be far from the exponent of the damping factor
of circuit 1 alone, and g¢; should not have a value far
different from the exponent of the plate circuit alone, so
that approximately we have

R 60
¢ =50, = @)@0,320)i0° ~ A7
‘ 12
! 10 — 1.47 X 108

9 = .G, = (3,350)(200)

Neglecting 2a compared to g¢g; in Eq. (20), there results

DL, 4+ R\L,G,

%= TTLLLG, + h (23)

Neglecting a? compared to 82 in Eq. (22), there results
DL,

1
B8 = Q. D—"—“Ll T R]L—pGp where @, = \/m (24)

Neglecting a? compared to g% + 2ag; in Eq. (21), we have

BLL,G, + 8% — DR, — 72
1

=T 9L ¥ RiLG) (2)
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If in the first term of the numerator of Eq. (25) we write

1
2 2 _
B - Qr - LlCl .
we have
DR, — 8%h

@ = =3Pl + RiL,G) (25a)

The equation for the current in the circuit 1 may now be
written ;
1 = 1, + AlatiBt 4 4 ,ela—iBt | A jenat (26)

And the current in the plate circuit is
Tp = Ups + B1e@ T8t | Boela — it  Byeodt (26a)

In these equations 7, stands for the steady-state terms.
Since ¢;, the exponent of the damping factor associated
with the terms introduced by the plate circuit, is very
large compared to ai, the last term of Eqgs. (26) and (26a)
will be very rapidly damped out as compared to the other
two transient terms of these two equations. The last
term will therefore be dropped from Eqs. (26) and (26a).
Substituting Eqs. (26) and (26a) in Eq. (2), there results

¥ [ e (0 + o) Aser + (@ = jo)eewidy
+ gaAaé”“]
[‘2;; + (a + j8)2 s+ @i + (a — jB) Aseleis
+ gidses

— _Cl'—[i‘ + Ale(a+jﬁ)l + A2e(a—jﬂ)l + Aaeyat]
1

4%,
i

+ (a + jB)2Ble(a+iﬁ)t + (a — jB)2B2e(a—iﬁ)t

_ M,,[
+ g Bseh‘] =0 (27)

Since the coefficients of er,e2 and e must separately
add to zero if Eq. (27) is to be satisfied at all instants of
times, we have
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Ri(a +jB)A1+(a'l'jﬁ)2A1L1+—01—1A1+Mp31(a+j3>2=0 (28)
Rl(a—jB)A2 +(a—j6)2A2L1+*‘];A2+MpB2(a_jB)2=0 (29)

1gsA3 + ng Aa + A3 + M Bsga =0 (30)
For the instant ¢t = 0 (the instant from which time is
measured),

Let I, represent the value of the current ¢,

I, represent the value of the current 7,

E ., represent the value of the voltage of the condenser
€.

Setting ¢ = 0 and 7; = I, in Eq. (26), there results
A1 + A2 -+ A3 = Io ot (7/,)g=0 = Id (300/)

The voltage of the condenser is

e = —(—7 = —E + Rili, + Ao+t + Apelomi®t + Agess!]
+ L [d% + (a +JB) Arelet Pt 4 (a — jB) Aoee=i#* + gaAse'"‘]

+ M [dz' + (a + jB)Bicer @i+ (a — jB)Buele—t
+ giBot | 3D

Now
—(E)emo + (Bri)emo + ( %Lt!):o-l_ (M,,%)h -
(Ep)—o  (32)
Let
— (Epimo = By (33)

When ¢ = 0, Eq. (31) becomes
E.; = Rds+ Lif(a + jB)A1 + (a — jB) A2 + ¢34,
+ M,[(a + jB)B: + (a — jB)B: + gsBs] (34)
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Adding Eqgs. (28), (29), and (30), there results

M [Bi(a + jB) + B:(a — jB) + Bsgs] =
—RiI; — Ll[Al(a + .76)

+ Ay(a— Jﬁ)+Aag3]——[ Ao A +‘;—] (35)

a+jB —JB
Substituting Eq. (35) in Eq. (34), there results
' 1 A A As]
E,=——~ ; . ==
¢ Cl[a + 78 t a— jB T gs (36)
Neglecting the coefficient of e+, we have
1 A1 Az ]
E.,= ——~ . - 36
‘ Cx[a+JB+a—JB (36)
A+ 4, =1, (37)
from which we have
CiE..(a*> + 8% | Tis(a+38)
A, = 38
1 %75 + 58 (38)
CiE.a(a® + 8%) _ Ii(a — jB)
Ay = =21 - - 39
: %8 %8 (39)

Ajeletipt + Agela—ip)t = €'”[(A1 + Az) cos Bt + j(A1 — Az)
sin gtf] (40)
A1 + Az = Id (41)

2 2 -

J(dy — Ay = OFACH By a0 T g
B B

Since in most cases R.L,G, is small compared to 2L; and

D is very near unity, we may write

_ _R,— 8%
a= L, (43)
Then the expression for the current in circuit 1 becomes
. E
1 = cos (wft —7 — A +[Icost
VR ey T TN A Taes

+ (—‘E”(‘[‘; il ““) sin Bt]ea‘ (44)
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In Eq. (44) if a? is neglected compared to 82 and the value
of a is written in as given in Eq. (43), Eq. (44) becomes
. E
1, = cos (wft — 7 — A -l—[I cos Bt
1 \/(Rl = wzh)2 T sz‘ (w T ) d
Ri—B%

+ (CIBE'M + %Id> sin Bt]e‘T‘ (45)

in which o represents the impressed angular velocity.

Multiplying Eq. (29) by eGtit Eq. (30) by ete—ip
and Eq. (40) by e# and adding and substituting the result
in Eq. (31), there results

= —E + Ry, + le“ + M,,d;;” -
Ay ) .
= =D (a+ig)e
(Cl(a + J8B) )
A2 ) — A3
—_{_——— % _ =D (a—jgit L7 _ggt 46
<Cl(a — 78) A * Clga6 (46)
Neglecting the coefficient of e+, we have

D,+ D, = —E. (47)

. ,,da
J(Dy — Dy) = + CIB (48)

The condenser voltage is

2 (t+5-7-2)
L+ 2~ =2
OB — o g xS\ g T

+ [Ed cos Bt — (Ecda ﬁ) sin ﬁt]e“‘ (49)

€. =

B CiB
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TABLE OF SYMBOLS

The numbers wheni given refer to the section in which the symbol is intro-
duced or in which it is most used.

A
a
a

4,

Bw

represents an amplification factor (8).

represents the area in square centimeters of an antenna network (29).
represents the real part of a generalized damping coefficient in
Appendix B.

represents the power abstractive factor of an antenna (29).
represents the modulating and demodulating constant of a triode.
It is defined by the equation /3, = A 4 Be, (48).

represents the transmitted frequency band width (39).

b and b, are coefficients in the Taylor expansion of the variable plate

current as a function of the variable grid voltage (48).

represents capacitance. It is generally used with subscripts to
denote particular capacitances.

represents the grid-to-filament capacitance of a triode (53).
represents the plate-to-filament capacitance of a triode (53),
represents the plate-to-grid capacitance of a triode (53).

represents 1 4+ E,G, (11). Appendix B.

represents distortion in telephone reception (41).

represents voltage.

E. and e. represent the voltage introduced into a circuit by a resistance

E,
E,

Egpp
Eyp
Fm

i)
Je
Je
ft
Jr
g
ch
Gy
ch

neutralizer (12, 13, 14, 15).
represents the grid voltage, generally the r.m.s. value of the grid
alternating voltage.
represents the plate voltage, generally the r.m.s. value of the plate
alternating voltage. .
represents the continuous grid voltage at the operating point.
represents the continuous plate voltage at the operating point.
represents the peak value of the electric intensity in volts per centi-
meter (29).
represents frequency in cycles per second.
represents the frequency of the correspondent station (27).
represents the cutoff frequency of a radio receiving system (33).
represents the frequency of the interferent station (27).
represents the resonant frequency of a circuit.
represents a generalized damping coefficient (54). Appendix B.
represents the controlled grid conductance (4).
represents the grid conductance (4).
represents the controlled plate conductance (4).

245
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=

represents the plate conductance (4).

represents a resistance neutralization factor except in Sec. (29)
where it represents the height of an antenna network in centimeters.
represents current.

represents the r.m.s. value of the current in the main oscillating
circuit.

represents the grid current, generally the r.m.s. value of the grid
alternating current.

represents the plate current, generally the r.p.s. value of the plate
alternating current.

represents the continuous plate current at the operating point,
represents plate space current.

represents the rotative operator v/ —1.

represents the coefficient of magnetic coupling (8).

in Sec. 51 represents the modulating constant of the system.

R, + R, .
represents % (29). Chap. V in general.
represents self-inductance.
represents mutual inductance.
represents the amount by which the neutralizer lowers the resist-

ance of a circuit (12).
number of sparks per second (32).

2
is defined by the equation o (31).

represents power in watts. Various subscripts are used to designate

various powers.
represents the voltage transformation ratio of an ideal transformer

(49).

p: and p; represent circuit parameters defined by

Pa

Do

p
2pT
2pT
q
2qT
29T
R
Rq
R,
R,
RYI
R,
SC

s

Es = (p1 + 72,
represents the decimal parts of the resonant frequency of a circuit
by which the interferent station is detuned (27).
represents the permittivity of free space. It equals 8.85 X 10~14,
represents the frequency spacing of static generators (35).
represents the Morse space interval (31).
represents the time interval between static impulses (34).
in general represents quantity of charge.
represents the time duration of a Morse dot (31).
represents the time duration of a static impulse (34).
in general represents resistance.
represents detector resistance.

represents the external resistance in the plate circuit.

represents radiation resistance.

represents the net effective resistance of a circuit.

represents the wasteful resistance of an antenna circuit.

represents the selective coefficient of a system (27).

represents the velocity of light in free space. It equals 3 X 101
centimeters per second (29).
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T  represents a time interval equal to one-half the time of a Morse dot
and space (31). .

T  represents the time duration of a spark in spark telegraphy (32).

T, amd T, represent temperatures (2).

T.- represents the time constant of a circuit (27).

U represents a circuit parameter defined by E, = Ul (15).

U, and U, represent circuit parameters defined by the equation

E, = (U +5UI; (15).
V1 and V, represent circuit parameters defined by the equation
E, = (V1 4+ V2L (15).

v, represents the total grid voltage (2, 48).

v,  represents the total plate voltage (2, 48).

X  represents reactance.

Xs represents the reactance introduced into a circuit by the resistance
neutralizer (14).

X. represents capacity reactance.

X1 represents inductive reactance.

W, represents the static energy level (40, 41).

W. represents the telephonic energy level (41).

Z  represents impedance.

a  represents a damping coefficient (32). Appendix A.

B8  represents the natural angular velocity of a circuit (20). Appendix
B.

B8 represents the ratio of reactance at the end of the transmitted band

to the resistance at resonance (39).

R —N . .
5 represents B’ the resistance reduction factor of a neutralizer
when associated with a circuit of resistance B (12).
A represents an increment in the quantity following it.

.. E
represents a circuit parameter defined by E’E =8 = %
g

=2

represents the logarithmic decrement (32).
represents a static amplitude factor, (34) only.
represents the exponential base.
represents a circuit parameter defined by By = p(R: + R.) (39).
represents the voltage amplification constant of a triode (2).
represents angular velocity.

,  represents natural angular velocity (11a). Appendix B.

o  represents infinity.

DHET DT AT >



INDEX

Numbers refer to sections, not to pages

A

Abstractive factor, definitionof.......... ... ... ... ... ... 29
effect of resistance neutralization upon................. 29
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B
Band width, L.C.W. telegraphy. ........................ 31

spark telegraphy........ ... ... ... .. ... 32
telephony. ... ... ... . . ... 33
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C
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triode with tuned circuit in plate branch, equations for... 42
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expressionfor Nof........ ... ... .. .. .. ... . ... 44
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vector diagram for.............. ... ... 44
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. Corong amplifier............ .. ... ... .. ... . ... la
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Curves, conductance. .............. ... ... .. . 17
definition of characteristic............................ 2,3
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filament temperature—plate current... ..... ... ... ... .. 2
grid voltage—plate current.............. ... ... ... ... 3
method of obtaining characteristic..................... 2,3
N
/LR R 17
N . ..
iEs experimental determination of.......... ... ... ... .. 19
plate voltage—plate current......... ... ... .. ... ... .. .. 3
poweroutput......... .. ... . .. L 18
D
Damping exponent, effect of, on interference.............. 32
Detector resistance, best value for power abstraction. ... ... 29
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Demodulation, conditions for maximum power in voice, fre-
QUENCIES IM. .. oottt e et e 50
constant of triode. . . ...... ... ... .. L. 50
equations for.............. ... ... ... 50
frequencies present in wave after....... ... .. ... ... .. 50 .

power in voice frequenciesin.......................... 50
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E
Efficiency of triode generator............... .. ..... ... 24
conditions for maximum, triode generator. .. ... ... ... 24
Electron affinity............. ... ... .. ... .. ... . ... ... 1b
Electrons, effect of temperature on the emission of, from the
filament........... .. ... .. 15
of velocity of emission on plate current. ... ... . ... ... 1le
emission of, from hot metals. ... ........ ... ... ... .. 1b
veloeity of emission of. .. ... . ... ... .. ... . ... .. ... ..., 15
F
Filament current, definition of .. ........... .. ... ... .. ... 2
Filament temperature—plate current curves. .. ... .. .. .. . 2
Force, surface on electrons. .. ......... .. . ... ... .. ... 15
Fourier expansions. ... ..... ... .. .. . . .. Appendix A
Frequency, cutoff. ........... ... ... .. .. ... ... .. ... ... 33
of the oscillations, triode generator. .. .. ... .. . ... 25
Frequencies in demodulated wave. . .......... ... ... .. .. 50
in modulated wave....... ... ... ... ... ... ... . ... ... .. 49
transmitted band of, effect on, of discernment of signals
31, 32, 33
I.C.W. telegraphy. ........ ... ... ... ... ... ... ... 31
spark telegraphy. . ...... .. .. .. ... ... ... ... . 32
telephony....... ... ... ... 33
G
Glower oscillator. ... ... ... ... . ... ... .. ... . ... .. la
Grid, action of. . ... ... ... oo la, 3, 9
current. ... ... la, 3
definition of .. ... ... ... o la, 3
potential . ... ... ... ... . .. o la, 3
voltage—plate current characteristies............ ... ... 3
H

Heating of the plate. .......... .. ... .. . ... ....... 14, 9, 19
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1
I.C.W. telegraphy, energy-frequency spectrum of, waves 31
ideal receiver for.......... ... ... i 31
interference caused by......... ... ... .. ... .. ..., 31, 37
power available in wavesin........................... 31
utilized by.ideal receiver for.............. e 31
voltage induced in antenna in......................... 31
Impedance coupled amplifier.......................... 8, 57
Input impedance of amplifiers, impedance coupled. ... ... .. 57
resistance coupled......... ... .. ... .. .. . 57
transformer coupled. ... ...... .. ... ... ... .. ... .... 59
variation of, with frequency........... ... ... ... ... ... 54
with output impedanee................ ... ... ... . ... 54

L
Limitation of current by space charge............. ..... 1b, 1e
Limits of sine-wave operation........................... 24
Limits of amplification, impedance coupled amplifier... .. .. 8
Logarithmic decrement, effects of upon interference..... ... 32

M
Multistage amplification, impedance coupling. ........... 8, 57
transformer coupling. . ....... ... ... .. ... ... ... 8, 59

Modulation, grid circuit, conditions for maximum power

insidebands........... ... . ... ... ... ... 49
constant of for triode. .. .......... ... ... . ... ... .. .. 49
equations for........ ... ... ... . ... L. 48, 49
powerinside bands.............. ... .. ... ... ... ... .. 49
Modulation, plate circuit, conditions for complete. .. ... ... 51
equations for............ ... .. ... 51
fundamental basisof .................. ... .. ... ..., 51
power supplied at voice frequencies. ................... 51

N
N,definition of. ........ ... ... ... ... ... .. ... 12

" Neutralization of plate to grid capacitance................ 60
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0
Oscillations, amplitude of sustained...................... 21
building up of sustained.............. ... ... ... ... 20
conditions for maximum efficiency in the generation of sus-
tained. ... ... 24

for obtaining maximum power in sustained........... 24

leading to sustained. ............ ... ... ... ... . ..., 20
frequency of sustained............... .. ... .. ....... 25
stability of sustained................. ... ... ..., 21
variation of amplitude with plate potential............. 51

Oscillator, glower. ....... .. .. ... .. la
tubes, parallel operationof . ............ ... ... ... ... 26
P
Parallel operation of oseillator tubes..................... 26
Plate current, definition of ............ ... ... ... ..., 2,3,4
Taylor expansion for............ ... ... ... ... ... ...... 48
potential, definition of ......... ... ... ... ... ... 2,3,4
Point, definition of operating. ................. ... ... .. 4a
Power abstracted from impinging waves................. 29
alternating from continuous sources.................. 9, 10
available in waves of I.C.W. transmitter............... 31

of spark transmitter. .. ........... .. ... ... .. ... 32
conditions for maximum output of triode generators..... 24
delivered by a generator, effect of resistance neutraliza-

BION OM. ..o 13
flowing across a wave-length square. ................... 29
outpub CUIVES. . ...ttt e e 18

of amplifier, conditions for maximum.............. 6, 7, 55

of triode generators............... ... ... ... ... ... 23
relations in telephony........... ... ... ... ... ... 32, 41

in LC.W. telegraphy......................... ... 31, 40
utilized by ideal receiver in I.C.W. telegraphy.......... 31

in spark telegraphy.............. ... ... ... ... ... 32

R
Receiver, ideal radio. ...................... 31, 32, 33, 35,36

Receiver, simple series antenna circuit, power relations in
ICW.reception............ .. innn. 40
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power relations in telephone reception................... 41
signal-static power ratioof...................... 39, 40, 41
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