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PREFACE TO SECOND EDITION

This second edition of ‘“Radio Engineering Principles” is a
revision and amplification of the first edition, which was written
after the conclusion in 1919 of the authors’ radio work as Second
Lieutenant and Captain, respectively, in the Signal Corps, U. S. A.

The new edition follows the same general plan and purpose as
the first, but the development of the art since the World War,
particularly with respect to the seience and practice surrounding
the three-electrode vacuum tube, has made considerable additions
desirable.

The book is intended to serve as a general textbook on radio.
It is devoted in large part to a study of the characteristics and
use of the three-electrode vacuum tube in radio telegraphy and
radio telephony, since it is around this device that the present
and future of the science seem mainly to center. But the prin-
ciples involved in the older forms of radio apparatus are also
treated with sufficient fulness to round out the student’s
information and to cover all the essential principles of wireless
communication.

In the detail development of the principles involved, the
electron theory is made use of frequently, as it often gives a
clearer conception of what takes place under certain conditions.
Mechanical analogies are avoided. Mathematics is resorted to
only to indicate the applications in the problems of design, or
the relations, in concise form, existing among the various quan-
tities of a radio circuit. The deseription of any specific apparatus
is purposely avoided, with the object in mind of devoting the
entire space of the book to the principles involved, though the
general means of utilizing these principles in practical work are
of course given. With the principles understood, it is a simple
matter to apply them to any specific radio apparatus.

THE AUTHORS.
December, 1927.



POSTSCRIPT

As this Edition is about to go to press word has come to me of
the sudden death of my co-author and friend Harry L. Brown.
His loss is keenly felt by his associates in many varied fields of
the electrical industry to which his activities were devoted. The
preparation of the present edition of our book had been the
object of careful attention on his part, and no later than a few
days ago did he put the final touches to the new Preface of the
book.

In remembrance of his kind cooperation and as a tribute to his
memory, I most respectfully dedicate this second edition to
his widow, Mrs. Harry L. Brown, with the expression of my
sincere grief and deep sympathy.

HexrI LAUER.
November 11, 1927.
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RADIO ENGINEERING
PRINCIPLES

CHAPTER 1
UNDERLYING ELECTRICAL THEORY

Electricity and Matter.—Electricity may be developed in
material bodies in a variety of ways, such as by contact, friction,
or heating. Thus, two pieces of matter rubbed or simply placed
in close contact with each other and then separated, acquire each
the property of attracting or repelling other bodies. Thispermits
a distinction between two kinds of electricity, called positive and
negative, like charges repelling each other while opposite charges
attract each other. When coming into contact, opposite charges
combine and the bodies supporting them revert to a neutral
condition.

Electricity is thus normally present in material bodies and may
be brought forth by placing these under suitable conditions.
When materials are not placed under such special conditions, they
do not display electrical properties and are said to be in a neutral
state.

Now the study of ¢hemical and other properties of matter hav-
ing shown every substance as made up of a large number of atoms
or molecules, all similar for a given substance, there are two possi-
bilities as to where electricity may exist in store within the
substance: it may be between the atoms, or within the atoms them-
selves. In fact, both theories must be merged into one in order
to account properly for such phenomena as electrical conduction,
emission of negative electricity by heated bodies, ete., which have
gradually permitted a better and closer understanding of the
atomic structure of matter,

An atom is thus considered as having a mass or charge of posi-
tive electricity at its center, around which rotate a number of
small masses or charges of negative electricity. The sum total of
the negative charges is normally equal to the positive charge, so

1



2 RADIO ENGINEERING PRINCIPLES

that the amounts of electricity of opposite polarities exactly neu-
tralize each other, and no exterior electrical force is observed.
All these negative charges are equal, and are called electrons.
They constitute the smallest possible fractions of electricity
obtainable, and have a diameter which is estimated as 1 X 10-13
cm. (The hydrogen atom is about 60,000 times larger.) The
entire structure resembles a miniature solar system in which
the planets, represented by the electrons, are allequalinsize. The
difference between atoms of various substances is in the number
and arrangement of the electrons revolving around the central
positive charge, which accounts for the atomic weights and other
characteristic properties. Thus, while an atom of hydrogen
probably has only two electrons, an atom of mercury has several
thousands of them.

Another similarity with a solar system is the existence of elee-
trons in the atoms of certain sustances, such as the metals, which
follow very eccentric orbits, like the comets of our solar system.
Such electrons, being thus projected at comparatively great dis-
tances from the atom center, may even go so far as to escape the
action of one atom and enter the system of another one, and are
therefore called ‘“free electrons.” They may easily be torn from
any one atom system under the attraction (or repulsion) of some
electric charge external to the body and will then travel between
the atoms in a common general direction, creating within the body
a drift or current of electricity. This electric current will be
studied later in greater detail.

It is not within the scope of this book to study the forces acting
on the revolving electrons within the atoms, such as the attrac-
tion of the positive center charge on the electrons, the mutual
repulsions between different electrons of the atoms, the cen-
trifugal forces attending to the rotation of the electrons, ete.
It should be stated, however, that the atomic structure just
described is a stable one, owing to the action of these internal
forces an attempt to shift the electron ring with respect to the
central positive charge encountering their opposing action.
This tends to restore the original shape of the atomic structure
when the external distorting forces are removed.

In view of this electron structure of matter, substances may be
divided into two elasses, according to whether they contain free
electrons or not. In the latter case they are called insulators or
dielectrics, and in the former case, conductors. Actually, all
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materials contain at least a few free electrons, but some contain
them in such small numbers per unit volume that they may be
considered substantially as insulators.

Coulomb’s Law.—The action of electric charges upon each
other takes place in vacuum as well as in material media, and irre-
spective of whether the charges are free or bound to material
bodies. Thus consider first fwo charges concentrated at two points,
having no material support and placed in empty space. The respec-
tive values of the charges, that is, the quantities of electricity
constituting them being m and m/, and r designating the distance
between the charges, each charge will exert a force f upon the
other along the straight line mm' numerically equal to

mm’
f==5

as was discovered experimentally under conditions approximating
the above. The product mm’, and hence the foree f, is positive
or negative depending respectively on whether the charges have
the same or opposite polarities. In the former case the force f
tends to set the charges in motion away from each other. In the
latter, the force produces mutual attraction of the charges and
tends to make them move toward each other.

Field Intensity.—Applying this to the definition of the unit of
electric charge or quantity of electricity, a unit charge is that
which, placed at a unit distance from an equal charge, is repelled
by the latter with unit force. In the practical unit system, this
unit charge is called the coulomb.

The force exerted by a charge m on a unit charge placed at a
distance r from it is then equal to

and is called the intensity of the electric field due to the charge m
at the point of location of the unit charge.

The field intensity of a charge m isolated in space is thus the
same for all points of the sphere of radius r having the charge m at
its center. The direction of the foree at each point of the surface
is normal to the latter along the radius passing through the point
considered.

Potential.—By definition, the work done by the force of the
field of a charge m in moving a unit charge from a point 4 to an
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infinite distance from m is the potential at point A. The differ-
ence of potential between two points of the field is hence equal to
the work done in moving a unit charge from one point to another.
If the two points are a unit of length apart, and the work accom-
plished in moving a unit charge from-one point to the other is
equal to the unit of work, then the potential difference between
the two points is a unit potential difference. In the practical
unit system this is called the volt.

From the above remark, that the field intensity is the same
for all points of a sphere having the charge m at its center, it
follows that all points of that sphere are at the same potential.

Electrostatic Field.—Coulomb’s equation expresses the effect
of a stationary charge m on any other charge. That is, it
expresses the peculiar condition around the charge m whereby a
force will be exerted on any other charge which may be present,
which force produces work when allowed to move this other
charge. An amount of latent or potential energy is thus stored
and distributed in the space surrounding the charge m, part of
which is converted into work whenever some other charge placed
in the field moves under its action.

The amount of potential energy available at any point, being
expressed by the value of potential at that point, may be repre-
sented graphically by indicating (a) the direction of the force at
each point, and (b) the potential at each point of the field. The
electrostatic field of a single charge m is thus represented in
Fig. 1. The direction of the force at any point is along the
straight line joining that point to the charge m, as shown for -
various points by the dotted radial lines. The potential is shown
by means of equipotential surfaces, obtained from the value of
potential gradient along a radial line of the field, for instance mX,
as expressed by Coulomb’s equation.

Dielectric Constant.—If, instead of considering electric charges
in a vacuum, they are placed in a material insulating medium,
such as air, the conditions differ from the preceding ones in-
that the space surrounding the charges is not empty but contains
a number of molecules or atoms, or in other words, a number of
sets of small positive and negative charges, each set being
arranged in a stable structure as described heretofore to form an
atom. Through its electrostatic field the negative charge m
will then, in accordance with the above, attract the positive
central charge of each atom of the insulating medium and repel
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the negative electrons, without however attracting or repelling
the atom as a whole, the forces exerted by the charge m on its
positive and negative component charges being equal and oppo-
site. The charge m will hence simply produce a distortion of the
atomic structure, which may be visualized as a shift of the elec-

Potential
Gradient Curve

[l —
0 Distanee from Charge —=>»

©mpwen e am o Potential, Volts

Fia. 1.

tron ring with respect to the positive atom center. This dis-
placement of the component charges of the atoms represents a
certain amount of work on the part of the electrostatic field of
the charge m, and a consequent decrease of its potential energy,
as explained in the preceding section, which correspondingly
reduces the radii of the equipotential spheres representing the
field of the charge m. In order to restore the field to the value
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which it would have in a vacuum, it is then necessary to increase
the charge m to some value m.” The ratio

142
LUy
m
obviously depends on the nature of the dielectric substance which
surrounds the charge and is called its dielectric constant or specific
inductive capacity. To fix ideas, this is approximately equal to
1.0006 for air, 2.3 for paraffin, 6.6 for mica, 10 for glass, and 80
for water.
In a material medium, Coulomb’s relation therefore takes the
form
1 mm’

T=k

also valid for vacuum, for which & is equal to unity.
Electrostatic Induction.—Consider a charge m (Fig. 2) of, say,

negative polarity, setting up an electrostatic field as represented

Fia. 2.

in the figure by its equipotential spheres. Let AB represent a
rod of a material containing free electrons, a metal for example,
placed with its ends lying in different equipotential spheres,
for instance, along one of the lines of force of the field. A dif-
ference of potential being thus established between the ends A
and B, the free electrons are, under the repelling force of the
charge m, driven toward the end B of the rod which, being fur-
thest away from the charge, has the weakest negative potential.
This causes a deficiency of electrons at the end A of the rod
and a corresponding excess of electrons at the end B. These
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ends therefore become, respectively, positively and negatively
charged, since in the end A the sum of the central positive charges
of the atoms now slightly exceeds that of the negative electrons
remaining in that part, while the reverse is true of the other
end B.

The charges thus created at the ends of the rod AB produce
electrostatic fields in their vicinity, which combine respectively
with that of the charge m, increasing the negative potential
around the end B, decreasing it around the end A, and thus tend-
ing to neutralize the potential difference originally set up by the
field of the charge m between the ends A and B. 'When this neu-
tralization is complete, the transfer of free electrons ceases within
the rod and a condition of equilibrium is reached.

Condenser, Capacitance.—This property is made use of in
devices called condensers for storing electrical potential energy
in a dielectric (or insulating) medium.

Such condensers consist essentially of two conductors placed
some distance apart and insulated from each other. In most
cases these conductors are given the shape of
parallel plates A and B (Fig. 3). If these plates
are connected to a source of continuous potential,
such as a battery or direct-current generator @,
a potential difference will be established between the
two plates, making, for instance, the plate A posi-
tive and the plate B negative. This is accom-
plished by the battery or generator removing some
of the free electrons from the metal of the plate A
and placing a like number of electrons on plate B,
the process constituting a temporary flow or current
of electricity along the metallic circuit AGB as in the preceding
case. When the electrostatic field ereated between the two plates
by the presence of the chargeson them exactly counterbalancesthe
electromotive foree of the generator G, the transfer of electricity
along the circuit ceases and the condenser is said to be charged.

The value of the electrostatic field in a given condenser being
directly proportional to the charges on its plates (as follows from
Coulomb’s law), the charge of a condenser is, conversely, directly
proportional to the potential difference between its plates, this
potential difference being a measure of the electrostatic field.
The ratio M/V of the charge of a condenser to the potential
difference between its plates has, hence, a constant value C,

Fi1a. 3.
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characteristic of the condenser, called its capacitance or electro-
static capacity. In the practical unit system the unit of capaci-
tance is the farad. This is the capacitance of a condenser which,
for a potential difference of 1 volt between its plates, will store
a quantity of electricity of 1 coulomb. Subdivisions of this unit
frequently used in radio are the microfarad (mfd.) and micro-
microfarad (micro-mfd.) which are respectively the millionth
part of a farad and of a microfarad.

Since a charge M produces, in a vacuum, the same field as a
charge kM in an insulating medium of dielectric constant k, as
shown above, it follows that if C = M/V is the capacitance of a
condenser in a vacuum, its capacitance in an insulating medium
of dielectric constant k& will be

o =M ke,

This, incidentally, gives a method for measuring % in measuring
the capacitance of a condenser in a vacuum and then of the same
condenser having as a dielectric the material under test, the ratio
of the latter value to the former giving the value k.
The capacitance of a parallel plate condenser may be ecalcu-
lated from the formula
C =0.0885 X kS

d X 10¢

where C is the capacitance in microfarads, S the area in square
centimetres of one side of one econducting plate, d the distance
between the plates in centimetres, and k the dielectric constant
of the insulator separating the plates.

Condensers may be built with a fixed or adjustable capacity.
The former are generally made up of sets of alternate metal foil
and paper, mica films, or glass plates, all even and odd numbered
metal foils being commonly connected respectively to form the
two “plates” or armatures of the condenser. The latter gener-
ally consist of a set of fixed parallel metal plates and a set of
movable plates. The movable plates are separated from the
fixed ones by air or oil and mounted on a shaft or on rails so that
a rotation or a sliding motion will permit a variable portion of the
movable plates to be inserted between the fixed plates, thus
varying the capacitance of the condenser. Depending on the
shapes of the plates, the capacitance variation may be made
almost any desired function of their relative motion.
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Energy Stored in a Condenser.—The charging process of a
condenser consisting, as explained, in the transfer of a charge M
from one of its plates to the other, may be considered as effected
through the successive transfer, from the one plate to the other,
of a large number » of small equal charges m, and

M

=

n

The transfer of each charge m then raises the potential difference
between the plates by a same amount » so that the final potential
difference of the fully charged condenser is

V = un.

From the definition of a potential difference, a certain amount
of work is performed when transferring any one of the charges m
from the one plate to the other, and the energy required for this
work is substantially equal (if » is large and hence m and v
small) to the product of the charge m by the potential difference
existing between the plates at the time of its transfer. The total
energy spent for charging the condenser is thus substantially equal
to
W=vm+20 -m+3v-m<+-'+ 4+ m
=v-m(l+24+3+4+-- -4 n)

and since, as known,
142+3+ - +n =
the expression becomes
_VM a(n+1) _VM nn+1)
nt 2 2 n?
and n being large, the expression n(n -+ 1)/n2 may be considered
as equal to unity, so that

Finally, since, from the preceding section
M =CV,

the energy spent in charging the condenser is equal to
WOV

2
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which is stored in the condenser in the form of potential energy.
This may then perform work when the condenser is allowed to
discharge.

Field of a Uniformly Moving Charge.—The charging process
of a condenser leads to the study of the conditions attending to
the motion of an electric charge, and the flow of electric current.

Consider a single electric charge m (Fig. 4) traveling along a
straight line X’X at an unvarying speed s, carrying its electro-
static field along with it. No driving or accelerating force need
then be applied to the charge, a force being by definition the cause
of a variation in the state of motion(or of rest), and there being
no resistance to motion in empty space. Designating by P a
stationary point outside the path X’X, the radial lines of force
of the electrostatic field will,
as the charge m moves along
X'X, sweep in succession past
point P with a speed » equal to

v = s-sina,

where a is the angle of X'X
with the line mP joining the
point P to the position of the
charge at the instant consid-
ered. The speed v is simply the component of the speed sin a
direction normal to the line mP.

As a result of this motion of the electrostatic lines of force
past point P, a new force is found to arise at this point in addition
to the force of the electrostatic field. This is called a magnetic
force, for it will cause the deflection of a freely pivoted magnet
needle (compass needle) when placed at point P. The direction
of this magnetic force at point P, which is the direction taken by
the pivoted needle under the action of the force, is normal to the
plane of mP and X’X. It is particularly normal to the direction
of the electrostatic force at the point P considered and to the
direction of motion of the charge. The 2niensity h of the mag-
netic foree at point P is directly proportional to the electrostatic
force intensity f at this point and to the speed of motion » of the
electrostatic lines of force past point P. It may be expressed

Fic. 4.

h=fr="2

r2
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where m is the value of the charge and r the distance mP at the
instant considered. Thus, the magnetic field intensity, like the
electrostatic field intensity, varies inversely as the square of
the distance.

The line X’X being an axis of symmetry for the figure, this
may be rotated around it, and point P then describes a circle
having its center on X’X and its plane normal to X’X. At any
given instant the electrostatic and magnetic forces are the same,
respectively, for all the points of this circle. The electrostatic
force is directed along the straight line joining m to the point
considered (line of force of the electrostatic field of the charge m)
while the magnetic force h is tangent to the circle, which thus
constitutes a line of force of the magnetic field of the moving chargem.

If any of the factors affecting the magnetic field intensity
vary, such as, for instance, the speed or value of the moving
electric charge, the circles constituting the magnetic lines of
force, and along each of which the magnetic field strength has a
constant value, correspondingly shrink or expand.

The magnetic field of the moving charge m represents an
ability, on the part of the charge, to perform work by acting on
magnetic masses (displacing a pivoted magnet needle, for example).
In other words, it represents for the charge m a store of magnetic
energy, in addition to its store of electrostatic energy, equal to
the amount of energy expended at the time the charge was set
into motion. This energy will in turn perform work against
retarding or accelerating forces applied to the charge when the
state of motion of the latter is to be altered. The magnetic field
of the charge thus gives to the charge an effective inertia, which
tends to oppose changes in the state of motion.

Summarizing the foregoing, an electric charge possesses an elec-
trostatic field through which it exerts an action on other electric
charges. When in a state of motion, it possesses, in addition, a
magnetic field through which it can exert an action on magnetic
masses with respect to which it is moving.

Conversely, this action of an electric charge on a magnetic mass
with respect to which it is moving may be considered as an action
of the magnetic mass orfield on the electric charge. Thisreciproc-
ity of interaction of moving electric charges and magnetic masses
or fields is a consequence of the relativity of their state of motion.
More specifically, the magnetic field of the moving electric charge
and the magnetic field with respect to which the charge is
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moving, add to each other at some points and oppose and neu-
tralize each other at other points, causing forces to arise which
tend to draw the electric charge toward the points of reduced
magnetic field intensity.

Thus consider, for instance, a negative charge m (Fig. 5), mov-
ing at constant speed between the poles of a magnet in a direction
Xm perpendicular to the lines of magnetic force H set up by the
magnet. As explained before, the lines of magnetic force devel-
oped by the charge m as a result of its motion are circles enclosing
the path Xm of the charge. One of these circles is shown in the
figure, from which it is
seen that the magnetic
force developed by the
charge is, at some points,

P in the same direction as
the lines of magnetic force
H of the magnet (points
" located, in the figure,
around the upper portion
of the circle), and at
other points (the lower
portion of the ecircle) in
opposite  direction. In
accordance with the pre-
ceding statement, the charge will be drawn toward these
points of weakest magnetic field by a force E directed per-
pendicularly to both the trajectory Xm of the charge, and the
magnetic lines of force H and proportional to (@) the value of
the charge m, (b) the intensity of the magnetic field, and (¢) the
speed of the charge. The charge, being thus deflected from its
original direction of travel, and moving in a new direction, its
magnetic field will again combine with the fixed field H, and a
new deflecting force arises, as may be seen by reasoning as before,
The charge, ultimately, describes a circle.

Electric Current Intensity.—Referring back to Fig. 3, an
electric current was seen to flow in a metal rod having its ends
placed in different equipotential surfaces of an electrostatic field,
that is, having a potential difference established between its
ends. Such an electric current is temporary, however, the trans-
fer of electricity along the rod accumulating electric charges
at its ends which neutralize the original electrostatic field.

Fic. 5.
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If by some means the original potential difference is sustained,
for instance, by removing the neutralizing charges as they accumu-
late at the conductor ends, the electric current will flow in a
continuous, steady manner. Such a constant potential difference
may be established between the conductor ends A and B by insert-
ing the conductor in a closed conducting circuit containing a
battery or generator G (Fig. 6). The resulting potential gradient
along the circuit, setting the free electrons into motion at all points
of the circuit in a common direction, creates a continuous electric
current flow. The intensity of thiselectric , B
current, as measured by the quantity of m—
electricity passing through one cross-sec- |4
tion of the wire during a unit of time, is |
obviously the same for all points of the cir- /@
cuit. Inthe practical unit system theunit - +
of current intensity is called the ampere.

Before the application of the electron theory, the electric
current was arbitrarily defined as flowing from the positive to the
negative end of the conductor. The free electrons being nega-
tive, charges move from the negative to the positive terminal.
This distinction should be remembered when speaking of electric
current and electron current.

Resistance.—During the process of electric conduction
through a metal (or other substance) the free electrons, moving in
a common general direction to constitute an electric current, enter
into frequent collisions with the atoms of the metal (or substance)
which happen to be in their path. This tends to reduce the
velocity of the electrons, as if a retarding force were applied to
them. The number of collisions per unit of time, and hence the
equivalent retarding force being directly proportional to the speed
of the electrons (since this is equal to the conduector length
covered by the moving electrons in a unit of time), is also directly
proportional to the intensity of the current flowing in the wire,
as defined in the preceding section.

In order to maintain constant the average speed of the electrons
and current intensity I, it is then necessary to apply to the elec-
trons a driving or electromotive force E, equal and opposite to
the retarding force due to the collisions. As just shown, this force
is proportional to the current intensity, and this may be written

' E =RI,~
which is the familiar Ohm’s law.

PP —

Fig. 6.
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The factor R is the resistance of the conductor. It isa constant
determined by the substance and shape of the conductor, since it
depends on the number of free electrons present and on the space
arrangement of the atoms within the substance. If r is the
resistivity of the material (resistance across opposite faces of a unit
cube of the material), the resistance of a conductor of length I and
cross-sectional area a is thus
_rl
=

Energy Lost through Resistance.—Work is done whenever a
force displaces its point of application along its own direction,
equal to the product of the force by the distance traveled by this
application point. A steady electric current in a wire being pro-
duced by the application of an electromotive force E to its free
electrons, which then travel in it at a constant average speed s,
work is done during every second by this force E in dragging each
electron through the wire, equal to

R

p = sE.
If N is the number of moving electrons per unit length of the wire,
the total work done per second, or power expended, is then

P = Np = NsE.
The product Ns being the number of electrons which pass, during

one second, through one cross-section of the wire, is by definition
equal to the current intensity I, so that
P = NsE = IE,
and since from Ohm’s law £ = RI, the expression becomes
EZ

= = 2=—-
P=1JE=RI R

The applied electromotive force being, as explained in the pre-
ceding section, solely required for the purpose of neutralizing the
retarding force due to the collisions between moving electronsand
the atoms of the conductor, the energy P thus spent during every
second represents the energy gained by the electrons during their
periods of free travel, when they accelerate under the effect of the
applied electromotive force, and surrendered by them to the
atoms when their speed is decreased by a collision. In this man-
ner the atoms receive energy and enter into vibration about their
average position of equilibrium, raising the temperature of the con-
ductor substance. The energy expended is thus completely trans-
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formed into heat, at the expense of the source of electromotive
force. '

Inductance.—Since the electromotive force applied to a con-
ductor exactly counterbalances the retarding force due to the con-
ductor resistance, the condition of motion of the electrons in the
conduector at a constant average speed may be likened to that of
uniformly moving electric charges in a vacuum, as considered in a
preceding section.

For points outside the conductor however, the electrostatic
(radial) field of these electrons being, as known, neutralized by
the positive atom centers of the conductor substance, there only
remain the magnetic fields of the moving electrons, the lines of
force of which are circles enclosing the electron trajectory. The
magnetic field which thus surrounds the conductor when carrying
an electric current, being the sum total of the magnetic fields of
the individual moving electrons which constitute the current, is
therefore directly proportional to the current intensity. This
may be expressed by the relation

® = LI,
where ® is the magnetic field flux, I the electric current intensity,
and L a constant called the ¢nducfance of the circuit element
considered.

The inductance is thus equal to the magnetic flux when a unit
current is flowing through the circuit. The unit of inductance is
then the inductance of a circuit in which a unit current creates a

unit magnetic flux. Inthe
' practical unit system, this
19 AW O IA is called the henry.
VAYAY ——
e

Fia. 7. Fic. 8.

The inductance thus depending on the same factors as affect
the magnetic field surrounding the wire, depends on the shape
of the circuit and the nature of the medium surrounding it.

This dependence on the shape of the circuit may be readily
understood when it is considered that the magnetic fields sur-
rounding various parts of a circuit combine with each other, add-
ing or subtracting according to their relative positions in space.
Thus Fig. 7 represents the magnetic field about a straight wire
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carrying an electric current I.  If this wire be bent over itself like
a hairpin (Fig. 8) the current will low up one branch and down
the other, and the magnetic fields about the two branches being in
opposite directions, neutralize each other. This combination
has therefore substantially no inductance.

Similarly, in winding a wire into a coil, the successive turns
will carry current in the same direction, creating a considerable
magnetic field about the coil, which may thus have a very great
inductance. TFor a single-layer solenoid coil, the inductance may
be calculated from the formula '

L = 4anNS8,
where 7 is the number of turns of wire per centimeter length of
coil, N the total number of turns, and S the cross-sectional area
(in square centimeters) of the coil.

The dependence of inductance on the nature of the surrounding
medium is due to the fact that, similar to the electrostatic field,
the magnetic field produces an atomic distortion of the medium.
This introduces in the formula a multiplying factor, called the
permeability of the medium. While this issubstantially a constant
for most substances, it is for some substances, like iron, steel, or
nickel, a function of the magnetic flux. The inductance of a coil
having, for example, an iron core is therefore variable, and use is
made of this property in a number of radio devices.

Magnetic Energy.—As in the case of a single moving electric
charge, the magnetic field of an electric current represents a store
of energy accumulated during the period when the free electrons
were set into motion and the current established.

Let ¢ be the current intensity in a eircuit of inductance L at a
certain instant of the transient period, and & the corresponding
magnetic flux around the circuit. When the currentincreasesby an
amount dz the magnetic energy stored as a result of this increase is

aW = @dy,
and since from the definition of induectance
& = L4,
the equation becomes
dW = Lidi.

Integrating over the time ¢, required for the current to reach its

final intensity I, the total energy stored in the magnetic field is
t=1h

W = |Lidi = LI,
=9
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Electromagnetic Induction.—Consider a straight wire AB (Fig.
9) in which an electric current of intensity I is flowing from A to
B. This current sets up a magnetic field, proportional to itsinten-
sity I, the lines of force of which are circles enclosing the wire, as
previously explained.

Suppose a negative charge m to be located at a fixed point P’ out-
side and in the vicinity of the wire A B, and let H be the magnetic
force at that point (directed tangently to the circular line of mag-
netic force passing through P). If now the current intensity I is
varied, say increased, in a continuous manner, the lines of mag-
netic force, corresponding each to a given magnetic field strength,
will expand. The magnetic force H then displaces itself in the
direction D perpendicular toit (H thus remaining parallel to itself)
at a speed which depends on the rate

of change of the current intensity I. H / D
B’ E A

The stationary charge m located at _B____ o A
point P hence finds itself in a mag- f== Vi -
netic field the lines of force of which, * \

parallel to H, move in the direction
D. It may, therefore, be likened to
a charge moving in a direction opposite to D in a fixed magnetic
field—a case already studied in connection with Fig. 5, from which
it is seen that, here too, an “induced electromative force’” K finds
itself applied to the charge m, perpendicular to the directions H
and D.

The magnitude of this force E is directly proportional to that of
the magnetic force H and to its displacement speed in the direc-
tion D. It is therefore directly proportional to the intensity I of
the current and to its rate of change, and is also inversely propor-
tional to the square of the distance between the point P con-
sidered and the wire A B,

The direction of the force E depends on the polarity of the
charge m, on the direction of the force H and on the direction of
motion of this force H. In the figure it has been drawn for a
negative charge m and for a motion of the force H away from the
wire AB corresponding to expanding lines of magnetic force due
to increasing current intensity I. It would be reversed if the cur-
rent were decreasing, or if the current should increase while flow-
ing in a reverse direction, that is, from B to 4.

If the electric charge m is one of the free electrons in a
wire A’B’, the force E will set it into motion along this wire, as
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well as all the other free electrons of the wire, which are all under
similar conditions. If this wire is connected in a closed cireuit,
an electric current will flow along it which, by definition, is directed
oppositely to the electron current. The induced electric current
in the wire A’B’ is thus seen to flow in a direction opposite to that
of the inducing current in the wire AB. This inducing current
is the current which, in the wire AB; must be added to or
subtracted from the current of intensity I when the latter is
varied.
In particular, if the wires AB and A’B’ are neighboring portions
of successive turns of a coil (Fig. 10) and a varying current is sent
through the coil, the current flowing in the portion
AB induces, in the portion A’B’, a current tending
A\ V4" to oppose the current variation. Extending this to
B| | B' the whole coil, a current variation in the coil thus
{/J induces in it an electromotive force of such
polarity that the resulting induced current tends
to oppose or neutralize the inducing current vari-
ations. This is a so-called self-induced counter-electromotive

force, which is proportional to the rate of change of the current.
Thus,

Fia. 10.

di

dt

The factor L is the inductance of the coil, as defined previously.
The minus sign expresses the fact, that the electromotive force is
directed oppositely to that producing the current change.

Mutual Inductance.—As stated above, induction takes place,
as well, in a circuit entirely separate from the inducing circuit. It
is simply necessary that a part of the varying magnetic field of the
first (inducing) circuit be made to link with the second circuit.
The induction effect is of course smaller the greater the distance
between the two circuits, since the field intensity varies in inverse
proportion to the square of the distance.

If a unit current is made to flow in a circuit A, then the flux M
linking with a circuit B is called the mutual inductance of the two
circuits. Likewise, if a unit current is made to flow through cir-
cuit B, an equal flux M will link with circuit 4.

From what has been said before, it is seen that the mutual
inductance of two circuits depends on their respective induct-
ances, on their relative positions, and on the permeability of the
medium.

= —L
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If at each point the direction of the wire making up the second-
ary circuit is perpendicular to the direction of the field at that
point, the electrons in the wire will not be set in motion along the
wire, and there will be no induced electromotive force or current
. in the circuit. In this case the mutual inductance M is zero.

Electromagnetic Radiation of Energy.—Consider a straight
wire AB (Fig. 11) carrying an electric current of intensity I
flowing from A to B. Let H and K represent two lines of mag-
netic force due to this current, the line K being of somewhat
greater diameter than the line H (and hence corresponding to a
weaker magnetic force). Suppose the current intensity to be
increased to some value I’. The mag- BAI
netic field about the wire being increased
in proportion, the lines of force along T
which the magnetic force has the same H) K(@ )
values, respectively, as along the original X
lines H and K are now circles H’ \
and K’ of greater diameters than A
before.

Irrespective of how slowly or quickly the current intensity
has been made to increase from the value I to the value I, the
same amount of time as required for this increase is also required
for the lines H and K to expand into, respectively, the lines H’
and K’. But the line H will start to increase in size, and also
will cease to expand a little before the line K. This time lag is
due to a property of the electromagnetic field, whereby changes in
it (such as the increase of magnetic field strength for instance)
are not transmitted instantly throughout the field, but propagate
from the change center or source (which here is the wire AB)
outward at a constant speed, characteristic of the surrounding
medium, and entirely independent of the slowness, abruptness,
or other characteristics of the change considered.

This speed, as results from both experimental and theoretical
investigation, is equal to the speed of propagation of light,
300,000 kilometers per second (182,000 miles). This propagation
process may be compared to the propagation of a ripple or wave
over the smooth surface of a liquid. But taking place in all
directions of space, the wave is not circular but spherical, like
a sound wave in air.

The same remarks apply, of course, to the case when the
current intensity in the wire AB is decreased from some value I’

Fia. 11.
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to some other value I: the circular lines of magnetic force H’
and K’ shrink into the lines H and K respectively, at a speed
depending solely upon the rate of change of the current in the
wire, and with the line H’ beginning and ending its motion a
little before the line K’.

Simultaneously with this motion of the magnetic lines of force
there appears at every point an electrostatic force, as explained
in a previous section, perpendicular to the circular lines of mag-
netic force (hence parallel to AB), proportional to the speed of
motion (expansion or contraction) and directed in one way when
the lines expand, in the other when they shrink. These two
induction fields (magnetic and electric) vary inversely as the
square of the distance from the wire 4 B. O

Now, as long as the electric current in the wire A B retains a
constant intensity I or I’ the electrons in it travel at a constant
average speed. The constant electromotive force which is
applied at the wire ends, it was shown, then counterbalances
exactly the retarding effect of the wire resistance. Both this
and the constant applied electromotive force may be disregarded,
the electrons being then considered as moving at constant speed
in a wire having no ohmie resistance and having no electromotive
force applied to it.

A change in current intensity, however, meaning a change in
the electron speed, requires the application of some accelerating
or decelerating force to the electrons (which electromotive force,
in the actual case, will add to or subtract from the constant,
resistance neutralizing electromotive force applied to the wire).
Since this force displaces its points of application (the moving
electrons) along its own direction, it accomplishes positive work,
and the energy thus spent represents the energy changes of the
electromagnetic field, which, as stated, propagate with the speed
of light in the form of a wave. In other words, the energy spentis
removed from the wire (radiated) in the form of a spherical wave
having the circuit element AB at its center, and distributed
throughout space in the electromagnetic field.!

1If @ is the acceleration of the individual electrons, the speed s at some
instant ¢ is equal to
s = al,
counting the time from the instant the accelerating force was applied to the
electrons at rest.
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Consider then a fixed point P (Fig. 12) and let w represent the
energy flow or energy current passing through an elementary
unit area of the sphere surface containing point P. As mentioned
before, this has two ‘“‘ components’’! i and e which are respectively
the magnetic and electrostatic components, and which are
related to the energy vector by the vector equation

w = h-e.

Fig. 12.

It will be noted that the energy vector is inversely proportional
to the square of the distance r of the point P considered: the
radiated energy, crossing in its outward motion successive con-
centric spheres of increasing radius, the surface area of which
increases as the square of the radius (that is, as 72), and the energy
per unit area of sphere surface decreases in inverse proportion
to ri.

The distance d covered by each electron during a short time interval At

being substantially equal to
d =8 At =at Al
the energy radiated by each electron during this time interval A¢ (work done
by the accelerating force in driving the electrons over the distance d) is
hence
w=a-d=aS Al =a%i-Al

and is thus proportional to the square of the acceleration.

1 These are not geometrical components, combining in accordance with
the parallelogram law, but vector components following the rules of vector
algebra.
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A consequence is that the components ¢ and % of the radiated
energy decrease each in inverse ratio to the first power of the
diameter . This, together with their propagation speed, radi-
cally differentiates the radiation fields from the induction fields
previously considered, which were seen to decrease inversely
as the square of the distance, and which therefore become negli-
gibly small at any great distance from the circuit as compared
with the radiation fields.

Furthermore, the radiation fields being directly proportional
to the rate of change of the current, considerable radiation fields
may be set up by periodically and frequently reversing the electric
current in the circuit—in other words by using high-frequency
alternating currents. The radiation fields will then alternately
reverse with the same frequency as the current in the radiating
circuit. When sweeping over any distant circuit they will in
turn set up in it an alternating current of like frequency and of
an amplitude directly proportional to that of the current in the
radiating circuit. ‘

Underlying Principles of Radio Communication.—Radio com-
munication is effected through a transfer of electrical energy
from the transmitting station to the distant receiving station,
achieved through the medium of radiation fields.

These, consisting as shown above, of interlinked electric and
magnetic fields, are set up at the transmitting station by high-
frequency alternating currents generated by appropriate appara-
tus, which energize so-called antenna circuits, designed to radiate
large amounts of energy, either equally in all directions, or else
more particularly in certain directions, depending upon the
purpose in view. The amounts of energy radiated are varied or
modulated in accordance with the signals to be transmitted.

The modulated radiation fields, sweeping over the receiving
station, energize its circuits which are, for this purpose, given
suitable dimensions, shape, and position (receiving antenna) and
the resulting high-frequency alternating currents of modulated
amplitude actuate translating devices and serve to reproduce the
original modulations,

Before describing the methods, apparatus, and devices used
for these various functions, a brief survey of some alternating-
current phenomena is made in the following chapter, which are of
particular importance for the study of radio circuits.



CHAPTER 1II
PROPERTIES OF OSCILLATORY CIRCUITS

FORCED OSCILLATIONS

Capacitive Reactance.—Consider a condenser of electrostatic
capacity C having, as in Fig. 3, its plates A and B connected
respectively to the positive and negative terminals of a source of
continuous potential, a direct-current generator G, for instance,
so that a potential difference » (equal to the generator voltage),
is established between the plates. As explained in the preceding
chapter, this condition is the result of the transfer, around the
circuit AGB, of a certain number of (negative) electrons from the
plate 4 to the plate B, the condenser charge being then

m = Cu.

The condenser having thus been charged, no further motion of
electricity takes place in the system, and a stable condition is
reached. If now the generator voltage is gradually increased at
a constant rate, that is to say by a certain fixed number of volts
during every second, the condenser charge correspondingly
increases, the voltage » and charge m being at every instant tied
by the above relation. In other words, during every second the
same number of electrons are transferred from the plate A to the
plate B, through the circuit AGB, creating a constant flow or
current of electricity around this circuit.! The intensity of this
current increases and decreases with the rate of change of the
potential difference between the condenser plates. The direction
of current flow reverses with the direction of variation of the poten-
tial difference. Thus, 1 being the current intensity, as measured
by the charge (or number of electrons) passing through a cross-
section of the circuit during every second, and dv/dt and dm/dt

1 Although the free electrons which constitute the current around the
condenser circuit do not cross the dielectric separating the condenser plates-
it is often said that a varying potential difference between the plates pro-
duces a current flow through the condenser,

23
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being the rates of variation of the condenser potential difference
and of the charge respectively,

. dm dv
2*3{20%'

If, instead of continually varying in a same direction, the poten-
tial difference alternately increases and decreases, the condenser
current flows in alternately opposite directions. The average
rate of change of a thus pulsating or alternating potential differ-
ence being directly proportional to the frequency and amplitude
of the potential variation, the current intensity is also proportional
to these two quantities.
In particular, if a sinusoidal electromotive force
e = Eysin 2xft = E, sin i

of frequency f (or of cyclic frequency & = 2xf) and maximum
value E, is impressed upon the condenser, the corresponding
condenser-current intensity is

. de
1= C%
and calling T and E the effective values of condenser current and

voltage, '

= wCE, cos wt,

I = oCE,
from which
E 1
I~ a0 =%
The expression X, = 1 is called the reactance of the condenser.

oC

These results are represented graphically in Fig. 13, where the
instantaneous values of the alternating electromotive force e and
condenser current z are plotted against time. The rate of change
of the voltage, which is equal at every instant to the slope of the
curve ‘““¢,” is seen to be positive when the voltage passes from its
negative to its positive maximum, and greatest when the curve
crosses the time axis. This corresponds to a condenser current ¢
flowing in the circuit in a positive direction, and having its maxi-
mum value when the voltage becomes zero. The rate of change
of the voltage reverses and becomes negative when the voltage
passes from its positive to its negative maximum, and is greatest
when the “e” curve crosses the time axis. This corresponds
to a current flowing in the circuit in the opposite (negative) direc-
tion, having its maximum intensity when the voltage is zero.
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The condenser current thus passes through its positive and
negative maxima respectively one-quarter period before the con-
denser voltage. It is said to ‘““lead” the voltage by 90 deg., or
what amounts to the same, the voltage is said to “lag” behind
the current by 90 deg.

These same results are represented vectorially in Fig. 14, the
sinusoidal electromotive force and current being represented by

1/\f KRN
NN ==, E

Fia. 13. Fic. 14.

vectors OF and OI, respectively, having a common origin O and
forming an angle of 90 deg., and rotating about this point O at
constant speed, making during every second a number of turns
equal to the frequency f of the electromotive force and current.
The current vector OI, leading the voltage, is directed in such a
way as to assume, in its rotation, the successive positions which the
voltage vector will assume one-quarter period after it.

Considering now the condenser reactance X, = 1/«C, suppose
the condenser to be connected to an alternator generating an
alternating electromotive force of

gradually increasing frequency. i,
The reactance, varying inversely as §
the frequency, is represented, in 5
function of the latter, by a hyper- 2
bola as in Fig. 15. This simply 3
means that for an alternating volt- éL
age of unvarying maximum ampli- o

A Frequency —»
tude, the condenser current is small Fie. 15

at low frequencies and increases

directly as the frequency due to the fact, stated above, that the

rate of change of the voltage increases as the frequency.
Inductive Reactance.—It was shown in the preceding chapter

that if a current of intensity ¢ flowing through a coil of inductance

L is varied, an electromotive force e is induced in the coil equal to

L‘_i}
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If the variable current ¢ is a sinusoidal alternating current of
maximum intensity I,

2 = I, sin ot
then the self-induced electromotive force across the coil is

di
dt
and, calling I and E the effective values of current and voltage,

E = oL,

e = =L~ = —wlLlcos wt

from which
E

T=wL=X,,.

The quantity X, = oL is called the

reactance of the coil. It increases

directly with the frequency of the

Frequency —> alternating current flowing through

Fe. 16. the coil, and expresses the fact that

the higher the variation frequency of

the current, the greater the electromotive force induced across

the coil. This dependence of the coil reactance on the frequency
is represented graphically in Fig. 16.

Representing now, in function of time, the sinusoidal alternating
current ¢ flowing through the coil (Fig. 17) the self-induced elec-
tromotive force ¢ is proportional to the instantaneous rate of
change of the current and of opposite polarity, and is thus seen to

Inductive Reactance =

Fra. 17. Fra, 18.

“lead’ the current by 90 deg. The equivalent vector representa-
tion is given in Fig. 18,
Impedance.—Suppose now an alternating current

7 = Iqsin wi

to be flowing in a reactance X (inductive or capacitive) connected
in series with a resistance B (Fig. 19). This current, flowing
through the resistance, produces a potential difference ez between
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its ends M and N which, according to Ohm’s law as stated in the
preceding chapter, is equal to
e = 1R = RI, sin ot.
This potential difference thus passes through its positive and
negative maxima, and becomes zero, at the same time, respec-
tively, as the current 7. Inotherwords,itisin phase withit. The
corresponding relation between maximum or effective values is
- Ep = RI.

This same alternating current ¢ passing through the reactance
X sets up between its ends N and P a potential difference ¢, which
is in quadrature with the current, leading it or lagging behind it,
depending on whether the reactance is capacitive or inductive, as
explained in the preceding seetion. Thus,

ey = 1 X
0
R X

——/ AW —
M N P

EX

Capacitive Inductive
Reactance Reactance
Figa. 19. Fia. 20.

and the corresponding relation between maximum or effective
values is
Ex = XI.

The overall potential difference between the ends M and P of
the circuit branch MNP is, at every instant, equal to the sum of
the instantaneous values e; and ex of these two potential differ-
ences, thus

e = ez + ex.

But, owing to the fact that these two potential differences are not
in phase with each other, the maximum or effective value E of the
overall potential difference e is not equal to the sum of the maxi-
mum or effective values By, Ex of the individual potential differ-
ences eg, ey, it being necessary to take this phase difference into
account. Representing the conditions vectorially (Fig. 20) the
total potential difference E is seen to be

E='\/ERZ+EX2 =I'\/R2+X2=IZ
E -
where Z = 7= VR* F+ X2 is called the impedance of the cir-
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cuit branch MP. TFor respectively capacitive and inductive
reactance X, it is equal to

Z= \/RZ + Lo

and
Z = /R + o2
Also, the potential difference E is seen to lead the current I, or
lag behind it (depending on the nature of the reactance) by an
angle a such that
tan a = Ex = X,
Er. R
Like the reactance, the impedance and phase angle are thus
functions of the frequency of the current flowing through the cir-
cuit. This is of fundamental importance in radio, for it permits,
through combinations of induective and capacitive reactances in a
given circuit system, to constitute impedances which may be
almost any desired function of the frequency of the applied elec-
tromotive force or of the current flowing through it. The
current, voltage, and phase relations being, in such circuits,
primarily dependent on the frequency, it then becomes possible
to separate currents or electromotive forces of different fre-
quencies selectively. Some simple cases are studied in the
following paragraphs.
Series Resonance.—Consider an alternating current of maxi-
mum or effective intensity I and eyclic frequency o flowing
L c through an inductance L
_‘JUGG\—'—II_—W&/\’_*‘ connected in series with a
M LR S capacity C and resistance R
Fre. 21. (Fig. 21). As explained
before, this current produces alternating potential differences E,,
E; and Er between the ends MN, NP, PS of the inductance,
capacity, and resistance respectively equal to

B, = oL,
I

EC = m’

ER = RI.

The potential difference Ej is in phase with the current I,
while the potential differences E, and E, respectively, lead the
current and lag behind it by 90 deg. These two potential differ-
ences are hence 180 deg. out of phase with each other. In other
words, they are in phase opposition, the one reaching its positive
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maximum when the other reaches its negative maximum, and
conversely. The potential difference Ex between the points
M and P is therefore equal to the difference between Er and K,

Bx = By — Be = oLl — 2 = I<wL -~ wlc>

This potential difference Ex
leads the current I or lags _ 1,
behind it, depending, respec- : 2
tively, on whether the induc- i
tive reactance wL is greater or o
smaller than the capacitive
reactance 1/wC. Now this,
for fixed inductance L and
capacity C, depends solely -
upon the frequency « of the
current flowing in the circuit;
and if this frequency be
varied (say, increased) from
a very small value up, the
inductive reactance wl will
increase directly as the fre-
quency, while the capacitive
reactance 1/wC decreases, as
already shown in Figs. 16
and 15.

The resultant reactance
X = oL — 1/wC being equal
to the difference of the two, 0
these two Figs. 16 and 15 are
reproduced on a single diagram
(upper diagram of Fig. 22), the
inductive réactance being, for
greater clearness, plotted posi-
tively while the capacitive :
rfaactance is plotted nega- W, Frequency —>
tively. The resultant react- Fra. 22.
ance, represented by the heavy
line eurve in the diagram, is thus, at the smaller frequencies, of
the nature of a large capacitive reactance. As the frequency
increases, the value of this resultant reactance decreases until,

+

Frequency —

Yoc

Reactance

B e ————

Current

Volts across L

Volts across C
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for a given frequency w, the inductive and capacitive component
reactances being equal, the total reactance is zero. Thus,
X =wL-— 1 =0,

from which 1 wC

w —\/ITC wo
which is called the resonance frequency of the circuit. For greater
values of the frequency, the total reactance now becomes induc-
tive, and increases with the frequency.
Now, saying that the total reactance X is zero at the frequency
wy means, according to the definition of reactance, that for

this frequency

_ Ex _
X=F=0

Ex being, as stated above, the potential difference between points
M and P of the circuit (Fig. 21) and I the current flowing through
it.

If, then, an alternating current of maximum or effective inten-
sity I is flowing in the circuit, the potential difference Ex must
be zero, or else, if the circuit is connected to the terminals of an
alternator generating an alternating electromotive force of fixed
maximum amplitude E, and the resistance R of the cireuit is so
small that it may be neglected, then the alternating current I
flowing in the circuit must be infinite. This latter condition
is represented by the full line resonance curve in the second
diagram of Fig. 22 where the intensity of the alternating current
flowing in the circuit is plotted in function of the frequency of
the applied alternating electromotive force, the latter being
assumed to be of constant maximum amplitude at all frequencies.

Actually, the resistance R of the circuit is never equal to
zero, and limits the current intensity, which hence does not
become infinite, but simply passes through a maximum at reso-
nance frequency, as shown for various values of resistance by the
dotted line curves in the second diagram of Fig. 22.

The ecircuit impedance being, according to the preceding
section,

Z =X+ R?
this is, in the present case,

1 2
— —_ 2
Z—\/(wL wC) +R
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When the frequency is such that the reactance is zero, the
impedance reduces to

Z=vVO0O+R=R
and the current flowing in the circuit is then equal to

=%
E being the applied electromotive forece. This current is then
in phase with the applied electromotive force. When the fre-
quency is different from the resonance frequency w,, the react-
ance is no longer zero, and the current leads thé applied
electromotive force, or lags behind it, by an angle a such that

R

according to whether the frequency is, respectively, greater or
smaller than the resonance frequency w,.

Referring again to diagram 2, Fig. 22, the shape and maximum
height of the resonance curve depend in each case on the value
of the resistance R. The greater this resistance, the smaller
the maximum, and also the flatter or broader the curve, so that the
circuit is correspondingly less selective, responding more equally
to all frequencies instead of showing a markedly increased current
at one particular “resonance frequency.”

As a conclusion and summary of the above discussion, when
a circuit contains inductance, capacity, and resistance in series
and is energized by a source of alternating current, the intensity
of the current flowing in the circuit is (if the resistance is slight)
negligibly small at all frequencies with the exception of one
particular frequency, called resonance frequency and equal to
1/4/LC, when the current passes through a sharp maximum.

If the frequency of the energizing source cannot be altered,
resonance may be established by altering either or both the cir-
cuit inductance L and capacity C, in order that the expression
1/+/LC will become equal to the frequency of the energizing
source. This process of bringing the circuit into resonance with
the source frequency is called tuning. If several alternating-
current sources of different frequencies energize the circuit simul-
taneously, the circuit may, through tuning, be successively

tana=§=
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brought into resonance with each of these sources, the current
in the circuit rising sharply every time the circuit is in resonance
orin tune. In particular, if the electromotive force impressed on
the circuit comprises a plurality of different frequency compo-
nents, the circuit may be tuned to any one of these components,
and the current flowing in the circuit will then be substantially
proportional to the amplitude of the corresponding electro-
motive force frequency component.

Finally, the potential differences E, = oLl and E; = I/oC
between the inductance and capacity terminals MN and NP,
respectively are functions of both the frequency and current
intensity.” For an alternating applied electromotive force of con-
stant maximum amplitude and variable frequency, the current
varying with the latter as shown in diagram 2 of Fig. 22, the poten-
tial differences Ey, E¢ will in turn vary as shown in diagrams 3 and
4, of Fig. 22. The full line curves correspond to zero resistance,
the dotted line curves refer to cases where resistance is associated
with the inductance and capacity. The potential difference
between the inductance terminals is thus small when the frequency
of the applied electromotive force is less than the resonance
frequency, becomes a maximum at resonance, and tends to
become equal to the impressed electromotive forece F above the
resonance frequency.

The potential difference between the condenser terminals varies
in reverse manner, being substantially equal to the impressed elec-
tromotive force E at frequencies below the resonance frequency,
and becoming negligibly small at frequencies greater than this.

This permits the filtering out of electromotive forces having
frequencies below or above, as the case may be, a particular fre-
quency wg. Depending on whether the potential difference
between the inductance terminals or condenser terminals is used,
the ecircuit may thus serve as a so-called high-pass or
low-pass filter. However, the abruptness of the cut-off is in most
cases too small for practical purposes, and more complicated cir-
cuit combinations are then resorted to, as pointed out in a later
section of the present chapter.

Parallel Resonance.—The case of Fig. 23 differs from the pre-
ceding one in that the capacity C and inductance L are connected
in parallel across the energizing source, represented here as an
alternator generating an electromotive force

¢ = E sin wt,



PROPERTIES OF OSCILLATORY CIRCUITS 33

which is impressed simultaneously upon the condenser and induec-
tance coil. Thus, while in the case of the series circuit, the capac-
ity and inductance were carrying a similar current, which would
set up across each of them electromotive forces depending upon
the frequency of the current, the capacity and inductance have,
in the present case of parallel connection, a like impressed elec-
tromotive force, and carry currents which depend on their respec-
tive impedances, that is, on the
frequency.

Thus, the current ¢ supplied by
the alternator divides between the
condenser and inductance-coil
branches in inverse proportion to
their respective impedances.
Referring to maximum or effec-
tive values, and temporarily
neglecting all resistances, the condenser current /¢ and inductance
coil current I, are equal to

e
|
b~

Fia. 23.

b :
IC—X—C-—wCE,

E E
L=x=u

Since the condenser current leads the applied electromotive
force E by 90 deg. while the inductance-coil current lags behind
this same electromotive force by 90 deg., the currents in the two
branches flow in opposite directions, and the alternator current is
equal to their difference. Thus,

E 1
I—IL—IC—wL—wCE—E<w—L—wC>-

If then the alternator frequency is gradually increased, the fac-
tor 1/wL will continually decrease while the factor wC constantly
increases. Their difference therefore becomes zero for a fre-
quency given by the relation

1
;E = wC',
and thus equal to
1

= ——— = Wy.

vLC
At this frequency, the currents in the two branches are equal
and opposite, and the current supplied by the alternator is equal
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to zero. In other words, an alternating current of intensity I,
= o and of frequency wo, will then flow in the closed circuit
formed by the two branches L and C, but no current will
flow through the alternator. At this frequency there is therefore
no interchange of energy between the alternator and the circuit
LC, and the alternator may consequently be entirely disconnected
and removed from the circuit, in which the current will, never-
theless, continue to flow indefinitely, constituting in this circuit a
so-called free electrical oscillation. This condition is taken up in
detail in later section of this chapter.

Actually, the resistance being not zero, the alternator will, at
resonance, supply a current to the circuit, equal to

E
I'=%
and the alternator current, instead of becoming zero, simply
passes through a minimum.

Trom the above relation

1

the reactance of the circuit connected to
the alternator (Fig. 23) is seen to_be

 equal to
Frequency E _ 1 wl

+

t
!
|
1
!

Reactance
S
™

]

1

|

|

o

If the alternator frequency is gradually
increased, the reactance, which is induc-
tive for small values of w, increases in
magnitude, becomes infinite when 1 —
w!LC = 0, that is, when @ = 1/4/LC = wy,

W, Frequency after which, for frequencies greater than
Fic. 24. this, it becomes a capacitive reactance of

gradually smaller magnitude.

These conditions are represented in the upper diagram of Fig.
24. 'The lower diagram represents the alternator eurrent in funec-
tion of frequency, and summarizes the above discussion.

Resonance in Coupled Circuits.—Consider a closed circuit 4
(Fig. 25) containing inductance and capacity in series (all resist-
ance being neglected for simplicity) and energized by an alter-
nator S connected in the eircuit, or coupled to it in any suitable

|
|
i
!
!
1
I
|
|
|
|

Alternator Current
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manner, generating in the circuit an alternating electromotive
force of constant maximum amplitude E. If the alternator fre-
quency is varied, the current will, as explained before, pass
through a maximum at resonance.

Suppose a second closed circuit B having the same inductance
and capacity, respectively, as circuit 4, to be coupled to this cir-
cuit, its inductance coil linking for instance with some of the mag-
netic lines of force set up by the alternator current flowing in the
coil of circuit A. An alternating electromotive force will then be
induced in circuit B, which in turn sets up an alternating current
in this circuit. :

Suppose first that the two circuits A and B are so loosely coupled
that the alternating current flowing in circuit B does not set up,
through its alternating magnetic "
field, any appreciable electromotive —
force in circuit 4. As the alternator L Lp
frequency is varied, resonance phe- A B
nomena will then take place in circuit
A as if circuit B were not existant,

.On the other hand, the electromotive force induced in circuit B,
being of the same frequency as the alternator electromotive force,
will produce similar resonance effects in circuit B. That is, the
current in this circuit will be a maximum when the alternator fre-
quency is equal to the resonance frequency 1/4/LC of the circuit.

However, while the alternator electromotive force which ener-
gizes circuit A is assumed to be constant at all frequencies, the
electromotive force induced in circuit B, being proportional to the
inducing current (which is the current in circuit 4), will be a max-
imum when the frequency is the resonance frequency of the circuit.
This effect will add itself to that of the alternator frequency
variation, so that the resonance curve of circuit B, representing
the current intensity in this circuit in function of alternator fre-
quency, will be more peaked than that of circuit A, although the
actual intensity of the current in ecircuit B is, in view of the
looseness of the coupling between the two circuits, smaller than
that in circuit A.

Tightening the coupling between the circuits seems an obvious
way of increasing this induced current. But then the portion of
the magnetic field of one circuit linking with the other circuit
becomes an appreciable fraction of its total magnetic field, and itis
necessary to take into account the electromotive foree induced

Fia. 25.
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back into circuit 4 by the current flowing in circuit B. As will be
shown presently, this alters the conditions completely.

Saying that the circuits are closely coupled is equivalent to con-
sidering them as having a part of their respective total inductance
in common (if they are inductively coupled; more generally
they may be considered as having a portion of their reactance in
common). In effect, it makes circuit B a part of the circuit sys-
tem which is connected to the alternator.

Thus L, and Ly, being the total inductance in the circuits A
and B, respectively, (Fig. 25) and M their mutual inductance, an
equivalent system will be that of Fig.
26 in which two directly coupled cir-
cuits have each respectively the same
R B total inductance as the circuits of Fig,
25 but have a part M of their total

L, L,

Cy Cp

Fre. 26. inductance in common. Thus,
LA = Ll + M;
Ly=L,+ M.

The alternator generating an alternating electromotive force of
adjustable frequency w, the resonance points of this system may
readily be found by computing its reactance. Thus, consider
the circuit branch C,L; as connected in series with the parallel
arrangement of the two branches CpL, and M. The reactance of
C L1 being, as shown in a previous section,

1
R U (ot~ 5)
1 oM 1 N 1
the total reactance of the circuit of Fig. 26 is
1
LOM (O)Lz - w’g>~
1
w(ly + M) — —
wLp
The value of frequency for which the alternator current is a max-
mum is then that which makes this reactance equal to zero (since
by definition I = E/X), the current being then, as in the simpler
cases considered before, limited by the circuit resistance.

1
X = le - ;CTA + - ———
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Assuming each of the two circuits 4 and B to have a same reso-
nance frequency wo when considered separately, that is, when not
coupled to each other, equal to
1 1

VIC:  VLCy
and representing the coupling of the two circuits by their so-called
coupling coefficient

wo

e M
VLiLy
it is found that the above value of the reactance X of the circuit

combination becomes equal to zero for fwo values of the alternator
frequency,! equal to

— W
b V1+k
and
= W
wa = \/m

Thus, when the alternator frequency is varied continuously,
the alternator current passes through two maxima, corresponding
to the two resonance frequencies w; and w., respectively. It is
seen also that for|zero coupling (or, in practice for very loose
coupling), when & = 0, there is only one maximum of current, for
the frequency wo [which is the resonance of each of the two
uncoupled circuits| As the coupling is made tighter, two reso-
nance frequencies ¢; and w, appear, one below and one above the
uncoupled individyal frequency w, until, for maximum coupling,
when k = 1, the two frequencies are

Wy
w1 = —
V2
and ‘
Wy = 0,

! In the more generpl case where the two circuits have different resonance
frequencies w4 and wg{when not coupled together, the coupled circuit system
has, as above, two resonance frequencies, equal to

© = \/w,{" + wp? + V(0 — wp?)? + 4k2wA2wB2~
. 2(1 — k%)
One of these frequencjes is smaller than the smallest of the two frequencies
w4, wp while the other is greater than the greatest frequency wa, wa.
When making w4 = wg this expression simplifies and gives for » the two
values wi and ws given in the text.
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which corresponds to the case when the two circuits have all of
their inductance in common.

These results are represented in Fig. 27, where the curves 1, 2,
3 and 4 correspond to increasing values of the coupling coefficient.
It should be noted that, for reasonably small values of coupling,
such as used for curve 2 for instance, the two-current maxima are
comparatively close together, and the curve, while rising and fall-
ing steeply, has a substantially flat top, contrasting with the
single, sharp peak of the single-circuit eurve (curve 1). Thus,
while a single oscillatory circuit will carry an appreciable current
at substantially one frequency only, an arrangement of two such

Current in Circuit B-—>

Frequency ——>

F1a. 27.

circuits, having individually a same resonance frequency and
coupled not too tightly, will carry an appreciable alternating cur-
rent over a band of frequencies, that is, at frequencies comprised
approximately between the two resonance frequencies of the cir-
cuit-pair arrangement, which may hence serve as a frequency band
filter.

However, such a two-circuit or two-cell filter may be used for
narrow bands only, for when the coupling is made tighter the
two resonance frequencies separate and the arrangement will
respond, substantially, to these two well-defined frequencies only.

Finally, it is important to note that the currents in the two
coupled circuits A and B are substantially in phase with each
other at the lower of the two resonance frequencies, while they
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are 180 deg. out of phase (that is, in phase opposition) at the
higher resonance frequency, a condition which finds its applica-
tion notably in certain vacuum tube circuits, as pointed out later.

FREE OSCILLATIONS

Oscillatory Discharge of a Condenser.—Physical Explanation.
Consider a condenser C (Fig. 28) which may be connected
by means of a switch to a battery E or to a circuit of inductance L
and resistance R. If the condenser is first connected to the
battery E by connecting A to A’ and B to B’, the condenser will
become charged. That is, an electric current will for a short
time flow in the metallic circuit in the direction EB'BCAA'E,

— - L

+
+I

Fia. 28,

accumulating a negative charge on the upper condenser plate
and a positive charge on the lower plate, as explained in a previous
section. This charging current flows in the circuit until the
electrostatic field created between the condenser plates by the
charges on them exactly equals and counterbalances the battery
electromotive force. The condenser being then fully charged,
the amount of energy stored in it as potential energy is, as known,
15 OV

where C is the electrostatic capacity of the condenser and V the
potential difference between its plates.

Suppose now that the condenser, having thus been charged,
is connected to the circuit LR, by disconnecting A and A’ from
B and B’, and connecting A to A" and B to B””. The potential
difference V between the condenser plates being thus applied
to the ends of the wire constituting the circuit branch LR, an
electric current will start flowing in the circuit CLR in the direc-
tion CBB”RLA"AC, opposite to that of the tharging current.
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In other words, the excess of electrons accumulated, during the
charging process, on the negative condenser plate, will start
moving along the wire LR to reach the positive condenser plate
and reestablish a neutral (discharged) state of equilibrium.

But these electrons do not, after the closing of the circuit,
reach their final speed at once, the magnetic field resulting from
their motion and enclosing the circuit tending to oppose speed
variations, as explained in Chap. I. Under the continuous °
acceleration due to the potential difference between the condenser
plates, however, the electron speed and therefore the current in
the circuit, increase at a rate depending on the inductance of the
circuit (since this governs the magnitude of the magnetic field)
and on the instantaneous condenser voltage. And since the con-
denser is discharging, the energy of the system, which at first was
entirely stored in the condenser as electrostatic energy, is being
gradually transformed into magnetic energy. At the same time,
a certain amount of energy is spent in the circuit resistance R
and is thus converted into heat. When this energy transfor-
mation is complete, the condenser is fully discharged and its
electrostatic energy entirely disappears.

At this moment the potential difference between the condenser
plates is zero, and there being no longer any driving electromo-
tive force in the circuit, the current flow in it will stop. The
energy stored in the magnetic field about the circuit tending to
prevent changes in the velocity of the electrons, however, the
current will not stop instantly, but will continue to flow in the
same direction for some time after the condenser is completely
discharged. This will, consequently, charge the condenser again,
but this time in a direction opposite to the original one, the
electrons now accumulating on what was at first the positive
plate of the condenser. This creates between the condenser plates
a potential difference of a polarity opposite to the original one,
and the magnetic energy of the system gradually transforms
itself again into electrostatic energy, which is stored in the electro-
static field of the condenser, and into heat, resulting from the
expenditure of a part of the energy in the circuit resistance.
When the entire magnetic energy has thus been converted, the
conditions are therefore similar to the original ones, except for the
polarity of the condenser plates. Also, in view of the transforma-
tion of a part of the energy into heat, the amount of potential
energy now stored in the condenser is less than at the beginning,
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and the potential difference between the condenser plates is
correspondingly smaller.

The charged condenser being still connected to the circuit
LR, will again start discharging, but this time in the opposite
direction, and the phenomenon will repeat itself a number of
times with an electric current flowing in the circuit in alternately
opposite directions. The condenser discharge is therefore said
to be oscillatory, and produces alternate transformations of
electrostatic energy into magnetic energy, and of magnetic energy
into electrostatic energy, each transformation being accompanied
by a loss in the form of heat of a part of the energy of the system.
The oscillatory discharge is therefore said to be damped, and the
oscillation will stop when all the energy originally stored in the
condenser has been dissipated as heat in the resistance.

It is evident that the total number of cycles of the oscillation
is directly dependent on the value of the circuit resistance,
it being greater the smaller the resistance.

It is possible that the resistance may be so high as to prevent
the discharge from being oscillatory, all of the energy originally
stored in the condenser as electrostatic energy being dissipated
asheat. The discharge is then said to be aperiodic.

From the above explanation of the oscillatory condenser
discharge, it may be shown that the frequency of the resulting
alternating current (number of eycles per unit time) is determined
by the constants of the circuit (resistance, inductance, and capac-
ity). Neglecting the resistance R, no energy will be lost as heat
during the discharge process, and the original amount of electro-
static energy, equal to 24CV?2, will be entirely converted into an
equal amount.of magnetic energy 14LI2, designating by V the
original condenser voltage, and by I the maximum current flowing
in the circuit when the condenser is fully discharged. Thus,

%CW - %le or Vv C = IVL.

Hence, the smaller the inductance L, the greater the discharge
current I. And since, by definition, the current is equal to the
quantity of electricity passing one section of the circuit during
a unit of time, the greater the current, the more rapidly will the
charge or quantity of electricity stored in the condenser be set
into motion in the ecircuit. The above expression thus shows

that, for a given condenser capacity C, the time required to once



42 RADIO ENGINEERING PRINCIPLES

discharge the condenser, and hence also the time required to go
through one eycle of the oscillation, that is, the period of the
alternating-current oscillation, will vary directly as the square
root of the inductance. The frequency, therefore, varies inversely
as the square root of the inductance. In a similar way, for a
given inductance L, the period varies as the square root of the
condenser capacity, and the frequency therefore varies inversely
as this.

The period and frequency of the free oscillatory discharge of
a condenser through an inductance are called the natural period
and natural frequency of the circuit. The value of this frequency
in terms of the circuit constants is given quantitatively in a
later paragraph.

Summarizing the above discussion, an alternating current may
be generated in a circuit containing inductance and capacity by
first charging the condenser and then letting it discharge through
the inductance. The amplitude of this alternating current
continually decreases, due to the resistance of the circuit. The
frequency of the current is determined by the inductance and
capacity of the circuit, and
hence may be made substan-
tially as great or as small as
desired. Indeed, it has in this
manner been possible to gener-
ate oscillations of frequencies of
many million ¢cyeles per second.

However, on account of the damping of the oscillations, the
actual duration of a train of oscillations is, in general, not more
than a fraction of a second. In order to have a succession of
oscillation trains, it is then necessary to recharge the condenser
after each oscillation has died out. This may be done by
inserting a spark gap in the oscillatory circuit and charging the
condenser by means of a source of alternating or pulsating
voltage.

This method is illustrated in Fig. 29. The oscillatory circuit
comprises the condenser C, inductance coil L, and gap ¢. The
plates of the condenser are connected to the two terminals of
an alternator A generating a sine wave electromotive force. If
the gap @ is so wide that it will withstand the maximum voltage
of the alternator without breaking down, the potential difference
between the condenser plates will at every instant be the same as

Fia. 29,
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the alternator electromotive force, and may be represented by a
sine curve as in Fig. 30, the potential difference varying between
the maximum values +V and —V.

If the gap G, which like the condenser C receives the full
alternator voltage, is set so that a spark will jump across it
when a voltage V’, smaller than V, is impressed upon it, then
the conditions become very much different. Thus when the

Fra. 30.

+

Condenser Voltage
o

<1

alternator voltage rises from zero to the value V'’ (Fig. 31) the
condenser voltage rises similarly, and an amount of potential
energy equal to 24CV’2 isstored in the condenser. As the voltage
reaches the value V' for which the spark gap is set, the latter
breaks down, a spark bridging the gap, ionizing the gas between
the electrodes, and filling the space between them with conduect-
ing metal vapors. This suddenly closes the oscillator circuit

Condenser Discharging

Condenser Charging
Gup Breaks Down

Fie. 31.

LGC, and the condenser C discharges through the inductance L.
If the resistance of the wires making up this circuit, and that of
- the spark across the gap G are not too great, the condenser dis-
charge will be oscillatory, as explained before. This creates
in the circuit LGC a damped alternating current of a frequency
determined by the values of L and C, and produces across the
condenser C an alternating electromotive force of this same
frequency, as shown in Fig. 31. When the entire amount of
potential energy originally stored in the condenser by the alter-
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nator has been dissipated, the oscillation ceases, and the current
stops flowing across the gap @, which is again open. The poten-
tial across the condenser then again follows the alternator voltage,
until the latter reaches the value — V' in the next half cycle, when
the process repeats itself,

A series of successive oscillation groups may thus be obtained
in the oscillatory circuit LC. The frequency of the oscillations in
each group, being determined by the constants of the oscillatory
circuit, is entirely independent of the alternator frequency.
The frequency of the oscillation goups, however, is in the above
explanation equal to twice the alternator frequency, there being
one oscillation group for each half-cycle. Further, if the voltage
A (Fig. 31) impressed on the condenser after the discharge is
sufficient to again break down the spark gap, a new discharge
will take place before the end of the half-cycle of the alternator.
The frequency of the oscillation groups thus depends on the
alternator frequency as well as on the gap adjustment. In
general, this adjustment is such as to give but one discharge for
every half-cycle of the alternator.

The periodical succession of oscillatory discharges, requiring
the periodical charging of the condenser to a certain potential,
may also be accomplished by using an induction coil (spark coil)
instead of the alternator, as is done frequently in low-power radio
sets. The electromotive force charging the condenser is then
pulsating, instead of being alternating, which does not materi-
ally change the above explanation.

It should be noted that the decrement of the oscillations, that
is, their rate of decrease in the oscillatory circuit, depends not
only on the resistance of the wires making up the cireuit, but also
on that of the spark which bridges the gap. The latter resist-
ance is, in turn, a function of the current passing through the
‘gap, and increases as the current decreases. The decrement
of the oscillation thus increases as the oscillation amplitude
decreases, and the oscillation is therefore damped more rapidly in
such a circuit than in the same circuit without the gap, but having
approximately an equivalent constant resistance.

Mathematical Interpretation of the Oscillatory Condenser Dis-
charge.—As explained in the preceding section, the amount of
electrostatic energy variation in the oscillating system of Fig. 28
during a certain interval of time is equal to the sum of the energy
lost as heat and the magnetic energy variation during the same
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time interval. The algebraic sum of these three quantities is,
therefore, equal to zero.
In the time interval df the variation of electrostatic energy is

d(14Cv?) = Cudy,
while the variation of magnetic energy is

d(34Li%) = Lidi,
and the amount of heat produced is

Ri2dt.
The equation may then be written
Cvdv + Lide + Ri*dt = 0,

where C, L, and R are the constants of the oscillatory circuit, ¢
the eurrent intensity in the circuit at the instant considered, » the
condenser voltage at the same instant, and d7 and dv the current
and voltage variations during the period of time dt. Since, by
definition, the current 7 is equal to the quantity of electricity dgset
in metion in the time dt,

_dq
T dt
and since
q = Cv,
it follows that
dq = Cdv
and
_dq
=5 = C
so that finally the above equation becomes
dw , Rdv
@t LaTio
or

v<a2+fa+Li0) = 0.

There are, hence, two cases to be considered, according to whether
the values of a, which will make the quantity between brackets
equal to zero, are real or imaginary.

If the values of a are real, that is, if

R? 1
ar» ~L¢ >
or
R* >4 L

C
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then » and 7 are not periodic functions of time, and the discharge
is aperiodic. The current and voltage in the circuit may then be
represented by curves similar to those of Fig. 32.
If the values of a are imaginary, that is, if
L

2 =~
y i <4C

the current < and voltage v are periodic and exponential functions
of time having a cyelic frequency
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and a decrement

R C
) =771 =7rR\/E-

The current and voltage in the circuit may be represented, in
function of time, by curves similar to those of Fig. 33.

The decrement 6 is merely a representation of the damping
action due to the circuit resistance, which continually decreases
the amplitude of the alternating-current oscillation. The maxi-
mum amplitude of the voltage and current decreasing logarith-
mically, that is, by a constant percentage during every cyele, the
value & given above for the decrement is the natural logarithm of
the ratio of the maximum amplitudes of two successive cycles, this
being easier to deal with, in the calculations, than the actual ratio.
The decrement is zero when there is no resistance in the circuit
(R =0).

The damping action may also be represented by the ratio of the
average energy lost in the circuit resistance to the average mag-
netic or electrostatic energy, the logarithmic decrement § given
above being equal to one-half this energy ratio.
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Attention is here drawn to the fact that the natural frequency
w, of the free oscillation is different from the resonance frequency
wo = 1/4/LC of the circuit, defined before as the frequency for
which the eircuit is in tune or in resonance with an external alter-
nating-current energizing source. This natural frequency w,
of an oscillatory circuit becomes equal to its resonance frequency
wp when its resistance R is zero. In this connection it is pointed
out that the free oscillation of a circuit having no resistance, being
undamped, is comparable to the undamped forced oscillation sus-
tained, in a circuit having resistance, by an external alternating-
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current energizing source of frequency equal to the resonance
frequency of the circuit. The alternating-current source in this
case furnishes, as shown before, a current I = E/R through which
it synchronously replenishes the energy lost in the circuit resist-
ance. In other words, the alternator neutralizes the damping
action of the resistance.

Most radio circuits are designed with so small a resistance that
their natural and resonance frequencies may generally be con-
sidered as substantially equal to each other.

Free Oscillations of Loosely Coupled Circuits.—Consider an
oscillatory circuit A (Fig. 34) containing fixed inductance and
capacity and a spark gap, and in which free oscillations may be set
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up as explained in the preceding section. Consider also a second
oscillatory circuit B loosely coupled to circuit A (that is, as
explained before, so coupled that the current in circuit A inducing
a current in circuit B, this latter current will not induce an appre-
ciable current in circuit A). Assume circuit B to have a fixed
inductance and adjustable capacity constituted, for instance, by -
a variable condenser.

Circuit A oscillating at its natural frequency, determined by
its inductance, resistance, and capacity, as explained before, the
damped alternating current flowing in it at each spark across the
gap, induces in circuit B an alternating electromotive force of
decreasing amplitude. Con-
ditions in circuit B are thus
the same as though an alter-
nator were inserted in series
with it, generating an electro-
motive force equal at every
instant to the electromotive
- force actually induced by cir-

cuit A in circuit B. This was
studied previously, except that oscillation in circuit A being
damped, the electromotive force acting in ecircuit B is of con-
stantly decreasing amplitude.

Reasoning then for circuit B, as in the case of alternator-
excited series resonance, it follows that the alternating current
set up in circuit B is 2 maximum when its variable condenser is
- adjusted to tune this circuit to resonance with circuit A. And if
an ammeter be inserted in circuit B and the condenser in this
circuit be varied, the resonance curve of eircuit B representing
the current intensity in this circuit in function”of its natural
frequency, will pass through a single maximum when circuit B
has substantially the same natural frequency as circuit 4.

If the decrement of circuit B is smaller than that of circuit 4,
the oscillation in circuit B will be dhmped less than that in
circuit A, and may continue after the latter has died out. If,
on the other hand, the decrement of circuit B is equal to or greater
than that of circuit A, the oscillations in the two circuits will
have substantially the same characteristics as the oscillations of
cireuit A.

Free Oscillations of Closely Coupled Circuits.—If the two
circuits 4 and B are closely coupled, the current set up in eircuit

Fia. 34.
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B by the alternating current flowing in circuit A induces in the
latter an electromotive force which, combining with the electro-
motive force operating in circuit 4, modifies the current flowing
in this circuit. As in the case of coupled circuits energized by an
alternator, the two circuits constitute a single-circuit system
having two oscillation frequencies, even though the two circuits
A and B may have, individually, the same natural frequency.

And since at each of these two resonance frequencies the phase
and amplitude relations permit a stable operating equilibrium,
the system of two closely coupled oscillatory circuits will simulta-
neously oscillate freely at these two frequencies. Thus, the
circuits A and B will each carry two damped alternating currents
of more or less different frequencies, which, combining in each
circuit according to their respective instantaneous intensities,
periodically add and subtraect, producing beats similar to those
resulting from the combination of two sounds of slightly different
pitches. These beats, furthermore, occur in the two circuits in
such a manner that the resulting oscillation current in one of the
circuits is a maximum when the current in the other is a minimum,
and conversely.

These conditions may be clearly interpreted, as shown below,
in considering the energy producing the oscillation as being
alternately stored in the one and in the other circuit A and B,
the surging back and forth of the energy from one circuit to the
other taking place at a frequency equal to the difference of the
two oscillation frequencies of the circuit system A B.

Consider, then, the two oscillatory circuits A and B as before,
closely coupled, and having, individually, the same natural fre-
quenecy, this condition being chosen for greater simplicity of
explanation. An oscillation is set up in circuit A by first charg-
ing its condenser until the spark gap breaks down, when the
condenser discharges. This oscillating discharge, represented
by the upper curve of Fig. 35, is daraped due to a continual
transfer of energy from circuit A to circuit B, and a partial loss of
energy in the circuit resistance. This corresponds to & gain of
energy on the part of circuit B, in which the induced alternating
current increases in amplitude, as shown by the lower curve of
Fig. 35.

At a certain time ¢, all the energy originally stored in circuit A4
will have been transferred to circuit B or dissipated in the resist-
ance. Cireuit B, at the same instant, is in full oscillation, having
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continually received energy from ecireuit A up to this time {1
This supply of energy having now dissappeared, the oscillation
in cireuit B will start decreasing in its turn, on account of the
energy losses in the resistance of this circuit. However, due to
the extremely short time required for the entire process, the con-
ducting vapors in the spark gap of circuit A have not had time to
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escape, cool down, or deionize, so that the gap is still in a con-
ducting state, making A virtually a closed circuit. The alternat-
ing current in circuit B therefore reacts upon circuit A andinduces
an electromotive force which again sets up an alternating current
in circuit A. There will thus be a transfer of energy from circuit
B to circuit A during the oscillation of circuit B. This increases
the decrement of circuit B, in which the oscillation, at a time ¢,
will have entirely died out. At this same instant, circuit A is
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again oscillating, with an amplitude less than that of its original
oscillations by an amount equal to the losses in the resistances
of the two circuits. The alternate transfer of energy from one
circuit to the other thus repeats itself a number of times, until
all of the energy has been dissipated in the resistance of the
system.
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It is nevertheless possible, with the circuits closely coupled,
to avoid this alternate transfer of energy between the circuits,
and thus set up in circuit B a single-frequency alternating current.
This may be acecomplished as follows:

If, at the time ¢; when all the energy of circuit A has been
transferred to circuit B, the spark gap in circuit 4 is made non-
conducting, circuit A will be open and ineapable of absorbing
energy back from circuit B. The resulting conditions are then
as represented in Fig. 36. The oscillation set up in circuit A4
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dies out at the time {,, after having transferred to circuit B that
part of its energy which is not lost in the resistance. At the time
t, the gap in circuit A is made non-conducting by one of the
methods indicated later. Circuit B being then in full oscillation,
and setting up no current in circuit 4, which is now open, the
oscillation in circuit B will decrease at a rate determined solely
by the decrement of circuit B, as if circuit 4 had been entirely
removed. :

With this method of setting up or exciting oscillations in the
secondary circuit B, the primary circuit generally oscillates for
a short period of time only as compared with the oscillation in
circuit B. The action of the primary current may be compared
to a hammer blow which, although lasting a very short time, may
set a gong into vibration for a considerable length of time. By
analogy, this method of exciting the secondary circuit is called
“impulse excitation.”

With this method, the secondary becomes the main oscillatory
circuit. It does not include any spark gap, and is generally a
cireuit of low resistance and small decrement, in which the oscilla-
tions are less damped than in the single oscillatory circuit
having a spark gap. The spark gap, which is located in the
primary circuit, is of a special “‘quenched’ type, operating as
explained presently.

This rapid quenching of the spark gap, which insures the open.
ing of the primary circuit and avoids secondary reaction, may be
obtained in a variety of manners which all accomplish a rapid
deionization and cooling of the air between the gap electrodes.
Thus, one type utilizes a blower which continually changes the air
within the gap. Another type comprises a multiplicity of small
gaps connected in series, the electrodes being provided with metal
flanges, which cool down the air between them by heat conduction
and radiation. In a third model, known as the rotary gap and
used principally in damped wave radio sets in which the primary
circuit is periodically charged by an alternator, one of the elec-
trodes is a toothed metal disc or wheel rotating close to a fixed
metal stud forming the other electrode. This gap is generally so
arranged that one tooth of the rotary electrode will pass in front
of the stationary electrode every time the alternator voltage
becomes a maximum, The gap then breaks down, but the spark
is rapidly extinguished, due to the fact that the rotation of the
disc removes the tooth from the stationary electrode.
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Wavemeters.—An application of resonance phenomena is
embodied in the “wavemeter.” This is a device which may be
used for measuring the frequency of an oscillating or alternating
current, the natural frequency of a circuit, the electrostatic capac-
ity of a condenser or inductance of a coil, the decrement of
a circuit or an oscillation, and the radio wave length, which is a

% iy
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quantity defined in the following chapter. It may also be used
for generating oscillations of known frequency.

The wavemeter, in its simplest form, is a closed, low-resistance
oscillatory circuit, the natural frequency of which may be altered
by means of a variable condenser or inductance coil, and which is
calibrated so that its natural frequency or its constants are known
for each setting of the variable condenser or inductance coil.
When used as a measuring instrument the wavemeter circuit also
comprises a sensitive current or voltage
measuring or indicating device. Thus, a
hot-wire ammeter (Fig. 37) may be con-
nected in series with the inductance coil —77é
and condenser, or a thermocouple con-
nected to a sensitive galvanometer, or else
a neon or Geissler tube may be connected
in shunt with the condenser (Fig. 38).

Current measuring devices, such as
ammeters or thermocouples, are {re-
quently of relatively high resistance. In
order to keep down the resistance of the wavemeter oscillatory
circuit and thereby increase the sensitivity of the device by
reducing the energy losses in it, the current measuring instru-
ment may be loosely coupled to the circuit (Fig. 39) instead
of being connected directly in it.

If the wavemeter is used simply asanindicating instrument, the
sensitive device may be a small low-resistance incandescent bulb,
which glows when the current in the circuit is maximum; or else a

Fi1ac. 39.
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telephone receiver may be used in conjunction with a rectifying
detector, when working with damped, or modulated, ordiscon-
tinuous oscillations, as explained in a later chapter.

The use of the wavemeter for measuring the frequency of an
oscillation has been explained: it is merely necessary to couple the
wavemeter loosely to the circuit under test, and vary the wave-
meter constants until maximum current is observed by means of
the indicating device. The wavemeter isthen in tune with the fre-
quency of the oscillation, and this frequency may then be
obtained from the wavemeter setting and calibration. The
‘“apave length’’ of the oscillation, which, as explained in the follow-
ing chapter, is equal to the ratio of the speed of light (300,000
km. per second) to the frequency of the oscillation, is then
obtained at the same time, and many wavemeters are calibrated
directly in wave lengths.

The wavemeter may be used for measuring the decrement of an
oscillation, and if this oscillation is generated by a circuit
oscillating freely, such as is the case when it is excited by
the impulse method described before, the decrement measured
will also be that of the oscillatory circuit. The measurement is
effected by tuning the wavemeter to resonance, as just explained,
the reading I of the ammeter being recorded, and also the corre-
sponding electrostatic capacity C of the wavemeter condenser.
The condenser setting is then varied until a current equal to I/2
is observed, when the electrostatic capacity C’ of the wavemeter
condenser is recorded. The decrement D of the oscillation is then
given by the relation ,

D+a=-EC20,
where d is the decrement of the wavemeter circuit, which,
expressed as a function of the wavemeter constants, is equalto

=R %

Wavemeters may be specially constructed and calibrated to
read decrement directly (decremeters). The description and
theory of an instrument of this type is given in Bureau of Stan-
dards Scientific Paper No. 235.

The above measurements may be done in a similar manner with
a wavemeter having a variable inductance instead of variable
electrostatic capacity. This, however, may not be quite as satis-
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factory, for a change in the inductance generally alters the degree
of coupling of the wavemeter to the circuit generating the oscilla-
tions, and the change in the current, as indicated by the ammeter
in the wavemeter circuit, is then due to this change of coupling,
as well as to the change in the natural frequency of the wavemeter,
thus making the result less reliable.

The electrostatic capacity of a condenser may be determined
by means of a wavemeter by connecting the condenser to the
terminals of an inductance coil of known inductance L and of a
resistance sufficiently low to be negligible. The oscillatory
circuit thus formed is then excited, and the frequeney f of its free
oscillations is measured with the wavemeter, as explained above.
The unknown ecapacity is then calculated from the relation

jo L
271'\/ LC

Similarly, the inductance of a coil may be determined by con-
necting the coil to a condenser of known capacity and proceeding
along similar lines.

T
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Finally, the wavemeter may be used to generate oscillations of
standard or known frequency. To this effect the wavemeter con-
denser is shunted by a buzzer and battery (Fig. 40). The wave-
meter circuit is set to the desired frequency, and the buzzer is set
into operation. When the buzzer vibrator closes the contact 4,
the battery is connected across the wavemeter condenser through
the buzzer winding and thus charges the condenser. But the
buzzer circuit being also completed through the inductance L, the
vibrator is attracted toward the buzzer coil, and the contact 4 is
opened. The wavemeter condenser C then discharges through
the coil L at the natural frequency of the wavemeter circuit. As
the buzzer vibrator springs back to its original position, the
contact A closes, the condenser recharges, and the process
repeats itself.
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The three-electrode vacuum tube has greatly improved the
above methods, in increasing the sensitivity of the device, in
permitting the generation of continuous oscillations of known
frequency in a calibrated oscillatory circuit, and also in adapting
the heterodyne methods to the accurate measurement of fre-
quency. The principles underlying the operation of such devices
are fully developed in later chapters of this book.



CHAPTER III
ANTENNA SYSTEMS AND RADIATION

Closed and Open Oscillators.—The mechanism of energy
radiation was explained in Chap. I, where it was shown that
electromagnetic waves are sent out by an accelerated electron,
and hence also by a circuit carrying an alternating current, and
that the radiation fields (electric and magnetic) are directly
proportional to the electron acceleration, and, therefore, to the
frequency of the alternating current. The freely oscillating
discharge of a condenser, permitting to attain extremely high
frequencies, should therefore provide means for radiating large
amounts of energy. All oscillatory circuits are not suitable for
this purposeihowever.

AT/“\IA' | P
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Fig. 41.

Thus, for instance, consider the oscillatory circuit of Fig. 41
comprising a condenser C connected to the ends of an inductance
coilL. When a high-frequency, alternating-current oscillation
is established in this circuit, in the manner explained in the
preceding chapter, interlinked alternating electric and magnetic
fields are established around it, which set up alternating electro-
motive forces and currents in any external circuits which may
be present and in a suitable position. Now consider a point P
at a comparatively great distance from the oscillatory circuit.
When alternating current is flowing in the cireuit LC, the current
in the section AB of that circuit alternately flows upward and
downward, creating an alternating field at point P. But the
section A’B’ of the circuit carries at every instant a current equal
to that in the section AB but in opposite direction, creating at
point P a field neutralizing that of the section AB. There will

57
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hence be no appreciable radiation from the circuit, except when
the point P is so near to the circuit that its distance to the various
sections of the circuit can no longer be considered as equal.

Such ““closed” oscillators are therefore not generally suitable
for long-distance radiation of energy, and so-called ‘““open’
oscillatory ecircuits are used for this purpose, the prineciple of
which is illustrated by Fig. 42. Consider a straight metal wire
A’'B’ cut in its cenfer by a small sphere gap AB. This system
constitutes a condenser (from the very definition of a condenser),
and electrostatic energy may be stored in it. Thus, connecting
A and B to a source of continuous potential charges this condenser
by removing some free electrons from one wire and placing a
like number on the other. In the case of Fig. 42, the upper wire

4

A A . — —
\
1
\
\
1
\
— AN
A _:_+ A _:‘;:—
By __T- == 1B
“
\
\
1
B’ B’
Fia. 42. Fra. 43.

A A’ will be positive and lose some electrons, while the lower wire
BB’ gains a like number of electrons and becomes negatively
charged. This establishes a potential gradient along the system
A'B’, as shown in Fig. 43, where the deficiency or excess of elec-
trons is plotted at each point of the wire A’B’ perpendicularly to
it. An electrostatic field is thus created about the wire, repre-
senting a store of potential or electrostatic energy.

If the potential difference between the two sections A4’ and
BB’ is large enough, a spark will bridge the gap AB and the
electrons accumulated on the lower section BB’ start moving
upward under the action of the electrostatic field into the upper
section AA’, tending to reéstablish the original neutral electro-
static equilibrium. This produces an electric current flow in the
wire A’B’, with a corresponding continual decrease of electro-
static energy and the setting up of a magnetic field and store of
magnetic energy, as explained before. When the entire amount
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of electrostatic energy has thus been transformed into magnetic
energy (with a partial loss due to the resistance of the circuit),
the potential difference across A B is zero, but, due to the presence
of the magnetic field and exactly as in the case of an ordinary
oscillatory circuit, previously considered, the current continues
to flow in the direction B’A’ until the entire amount of magnetic
energy has, in its turn, disappeared. This continued electric
current flow accumulates a number of electrons on 44’ and
removes a like number from BB’, charging the system with a
polarity opposite to the original one. This first discharge and
recharging is followed by a discharge in the opposite direction,
and so on, until the entire original store of energy has been
dissipated. Thus, the system A’ABB’ having inductance and
electrostatic capacity, an oscillatory current may be set up in it
by the sudden discharge, exactly as in the case of the oscillatory
circuits considered in the previous chapter.

The process may be interpreted as consisting in the surging
back and forth along the wire of a charge of electricity resulting
M

Fi1g. 45.

from the electrostatic unbalance originally created. That is, a
mass or agglomeration of electrons will oscillate back and forth
along the wire between its ends A" and B’, these electrons aceumu-
lating at the end of each half-cycle of the oscillation, at one end
or the other of the wire A’B’, and moving with maximum speed
past the center AB of the wire at the middle of each half-cycle,
produce along the wire A’B’ a voltage and current distribution
as shown in Fig. 44 (maximum voltage at the ends, maximum
current intensity at the center of the wire A’B’). During each
half-cycle the motion of the charge results in the radiation of a
certain amount of energy in the form of a wave, in the manner
explained in Chap. I.

Contrary to the case of Fig. 41, the oscillations of the straight
wire or open oscillator MN of Fig. 45 produce in this a current
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flowing alternately up and downward, and which is at every
instant in the same direction at all points of the wire MN,
The alternating field set up at a distant point P by this current
in a section AB of the circuit M N is then no longer in opposition
with the field, due to some other section of the circuit, and
energy radiation thus takes place effectively.

Wave Length. Wave Front.—The electric charge surging
back and forth along the wire MN, as just explained, may in
every respect be likened to the simple electric charge m of Fig.
12. From this it follows that energy is radiated with greatest
intensity along a plane perpendicular to MN and cutting MN
in its middle, and not at all in the direction of the wire MN,
Such radiation results in the setting up, at distant points P
(Fig. 46), of alternately and
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other and to the line PO joining point P to the center O of the
radiating circuit M N, the electric force F being contained in the
plane of OP and MN, while the magnetic force H is normal to
this plane.

Now, when an alternating current flows in the conductor M N,
the radiation fields around the wire reverse periodically. These
reversals, however, do not occur simultaneously at all points of
space, but travel from the wire MN outward in all directions
with a definite speed equal to the speed of propagation of light.
Thus, in Fig. 47, in the first half-cycle when the alternating current
rises from a minimum to a maximum, the fields at a point P, in
the immediate vicinity of the wire, rise similarly and simultane-
ously. At point P, the fields will also rise, but will start doing so
a small fraction of time after the corresponding field change at
point P;, the time of lag being that required for the disturbance or
wave to travel from P, to P;. Similarly, the fields at points Ps,
Py, P, ete., will increase, but will start increasing only when the
wave traveling with the speed of light has reached them in turn.
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Now suppose that the alternating current in M N has reached
its maximum value and started decreasing when the wave of
increasing field has reached point P, This wave will go on
traveling outward, while a wave of decreasing field will start out
from MN the moment the current in it begins to decrease. The
field at point P, after having reached a maximum simultaneously
with the current in MN, will now begin to decrease with the
current, at a time when the field at P; or P¢ has not yet reached its
maximum and is still increasing. The wave of decreasing field
now travels outward from MN at the same speed as the preced-
ing wave of increasing field, and reaches all points in succession.
At each point of space the field reversals thus follow the current
reversals in the wire, at a frequency equal to that of the alter-
nating current in the wire. But, due to the finite speed of prop-
agation of electrical disturbances, these field reversals do not
take place simultaneously at all points. With an alternating
current flowing in the wire MN, there will be a succession of
waves of alternately increasing and decreasing fields traveling
from MN outward.

It may then readily be imagined that points P; and Ps, for
instance, might be at just such a distance apart that the field
variations at P would lag one complete cycle behind the varia-
tions at Pj, which would be equivalent to a synchronism of the
field variations at these two points. The distance between two
such points, located on the same line of travel of the wave, is
called the wave length of the radiation or oscillation sent out by
the circuit MN. It is obviously equal to the velocity of propaga-
tion of the disturbance, divided by the frequency of the alternat-
ing current in the circuit. Thus,
velocity of light _ 300,000,000

frequency f
where M ,, is the wave length in meters. It follows that the higher
the frequency, the shorter the wave length. The wave lengths
used in radio communication range all the way from several
thousand meters to 50 or even 10 to 5 m. Wave lengths as short
as a few millimeters have been obtained in the laboratory by
means of specially constructed oscillatory circuits.

Another expression of wave length may be derived from the
formula

wave length = = Anm

7= VI,
T
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whence

A = 2rVA/LC,
where A is the wave length, V the velocity of light, and L and C
the inductance and capacity of the oscillatory ecircuit. This
wave length, being that of the wave emitted by a eircuit oscillat-
ing at its natural frequency, is called the natural wave length of
the cireuit. '

It also follows from the above explanation that synchronous
field variations occur at all points of a sphere having the radiat-
ing circuit MN at its center.! That is, the fields at all these
points are a maximum, minimum, or zero together. The fields
at points located on a concentrie sphere of slightly greater diam-
cter are also synchronous with each other, but lag slightly in
phase behind the fields on the smaller sphere. That is, they
pass respectively through their maximum, minimum, or zero
values slightly later, when the sphere of maximum, minimum, or
zero field intensity has expanded to include these points. This
expanding spherical surface, tangent to the lines of force of
synchronously varying magnetic and electric radiation fields,
is called the front of the advancing wave.

Antenna Resistance.—It was shown in Chap. I that electrical
energy is dissipated or lost in a circuit on account of its resistance.
In an antenna or radiating circuit, energy is lost by the cireuit
in three different ways.

First, electrical energy is dissipated in the ohmic resistance of
the wire making up the circuit, being transformed into heat.
The loss is equal to the product of the current squared by the
ohmic resistance (I’R).

Second, the circuit loses energy by radiation, this energy
being removed from the circuit and stored in the emitted electro-
magnetic waves, following a mechanism explained in Chap. I.
It was then shown that the amount of energy radiated is propor-
tional to the square of the frequency, and therefore inversely
proportional to the square of the wave length. It is also propor-
tional to the square of the antenna-current intensity, and is
therefore of the form 724. By similarity with the ohmic resist-
ance R, which expresses the energy lost in heat, the factor 4,

1 This is true in empty space only, as otherwise the surface is not a sphere
when, as is actually the case in long-distance radio transmission around the

globe, the propagation speed of the waves is not the same in all directions.
This is studied in a later section of this chapter.
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representing the energy lost or radiated into space, is called the
radiation resistance of the antenna or radiating circuit. The
greater this radiation resistance, the greater the amount of
energy radiated by the circuit.

Third, energy is lost due to the fact that the dielectrie surround-
ing the radiating circuit is not perfect, but partially conducting.
Thus, on account of the “open’’ structure of the circuit and its
generally large dimensions, energy is absorbed by the conducting
materials in the surrounding objects, such as supporting masts or
towers, trees, houses, metal structures, etc. This dielectric

Resistance ————>

Ohmic Resistance

R
adiation Resistance

o Wave Length ——>
Fra. 48.

absorption loss is approximately proportional to the wave length.

The effective resistance of the antenna or radiating circuit is the
sum of the three components indicated above. It therefore varies
with the operating frequency, as represented in Fig. 48, which also
shows that this resistance passes through a minimum value for a
given value of wave length, at which the sum of the three compo-
nents is a minimum.

Antenna Constants and Types.—As stated before, the natural
wave length of a freely oscillating circuit is determined by the eir-
cuit constants (inductance and capacity). For open oscillators,
these constants are more or less uniformly distributed along the
entire circuit. Thus, in the oscillator of Fig. 41, the capacity
comprises the small capacity of the extreme wire ends A’ and B’
with respect to each other as well as the larger capacity of the
neighboring central wire portions,
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Theoretical investigation, as well as wavemeter measurements,
show that the free oscillation of a circuit, as shown in Fig. 41, has
a wave length substantially equal to twice the overall length A’ B’
of the wire. The practical conditions

} of installation of such an antenna

| system therefore restrict its use to

/ l’ very small wave lengths only, of the
| order of only a few meters.

' / Voltage / For the longer wave lengths, only

b one of the two conductors AA’ and

o /' BB’ is used, the other being replaced

/ Gurrent
o // by the ground on which the antenna

ll / is erected, or a so-called counterpoise
/ consisting of a network of wires buried
! / in or laid on the ground. A simple
| sQ/ antenna circuit then takes the form of
, (?Grouud a single wire suspended vertically and
grounded at its lower end (Fig. 49).
This being, as just explained, essen-
tially one-half of the antenna of Fig.
41, it oscillates at one-quarter wave length, meaning that its
natural wave length is roughly equal to four times the height of the

vertical wire.

i
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In order to change the wave length of a vertical wire antenna,
it is then necessary to vary the length of the wire. Or an induc-
tance coil L (Fig. 50), may be inserted in series with the antenna.
This increases the total inductance of the circuit, and hence also
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the wave length, as shown by the wave length formula given on
page 62. In order to shorten the wave length, a condenser C
(Fig. 51) may be inserted in the antenna, the total capacity of the
oscillatory eircuit being thereby reduced. This is due to the fact
that this condenser is in series with the capacity of the antenna
system.

Another method consists in changing the distributed constants
of the antenna by changing its shape. Thus, in Fig. 52, by sus-
pending horizontally a length AE of the originally vertical
antenna wire, a so-called ¢nverted-L antenna is obtained. This
will have only slightly greater inductance than the vertical
antenna of Fig. 49, but the wire above point ¥ being brought closer
to the ground, the capacities of the various elementary condensers
formed by the wire sections AB, BC, CD, DE and the ground will
be increased, the dielectric between these sections and the ground
being reduced, which correspondingly increases the wave length.
Thus, while the wave length of an inverted-L: antenna increases
with the length of the wire making up the antenna, the simple
rule of the quarter wave length given for the vertical antenna does
not hold true in this instance.

Still other arrangements may be used by using a plurality of
horizontal branches instead of the single branch EA of Fig. 52.
Antennae, such as the well known “T” and ‘“umbrella’ types,
are then obtained. These have a comparatively smallinductance
and great capacity. It is generally difficult to ealculate accur-
ately the constants of these more complicated types of antennae.
Approximate formule may be found in Bureau of Standards Cir-
cular No. 74, and other publications.

Receiving Antennae.—Reasons similar to those which made the
use of ‘““open” oscillators desirable for emitting or radiating
energy have led to the use of open oscillators for receiving energy.
In a closed oscillatory circuit, such as that of Fig. 41 above, the
waves emitted by a distant oscillatory circuit P would set up a cur-
rent generally too small to be observed, because the electromotive
foree induced in a section A B of the circuit would be practically
equal and opposite to that induced in a section A’B’.

With an open oscillatory circuit (Fig. 42) this objection is
avoided, and reception takes place effectively. Also, in view of
the generally great distance separating the transmitting and
receiving circuits and the consequent weakness of the fields at the
receiving station, the receiving antenna should be linked with as
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large a portion of these fields as possible, which naturally leads to
the use of an open oscillator.

Directional Characteristics.—Consider a vertical wire antenna,
shown in plan view by the point A (Fig. 53) and assume that a
number of observers equipped with receiving circuits, all iden-
tical, are scattered about the antenna. Assume also that each of
these receiving circuits has some device permitting one to measure
the current set up in it when the antenna A is oscillating. Now,
if the observers move toward or away from the antenna A until
they all obtain a same current reading in their receiving appara-
tus, they will find themselves on a circle having A as its center,
showing that a vertical-wire antenna radiates with equal strength
in all directions.

A similar test repeated with an inverted-L. antenna results in
a radiation curve, as shown in Fig. 54, where A and B are respec-

tively the grounded and free

) ends of the antenna. This
” shows that this type of
antenna radiates energy with

greater intensity in the direc-
tion of its grounded end.

More generally, the energy emitted by an antenna may or may
not be radiated with equal strength in all directions. Similarly,
a receiving antenna may or may not receive signals equally well
from all directions, depending upon the shape and arrangement of
the antenna. These directional properties are important when
communication is to be established between two definite stations,
or on the contrary between a plurality of stations scattered in
different directions. In order to study these properties it is nec-
essary, however, to distinguish between long and medium waves
on the one hand, and short waves on the other, the mode of propa-
gation being different in some respects.

Long and Medium Waves.—It was pointed out before that the
energy emitted by a radiating circuit travels away from it in all
directions in the form of a spherical wave having the radiating cir-
cuit at its center. This is true provided such propagation takes
place in a perfect dielectric and with the same speed in all
directions.

In radio communication, however, the waves propagate in the
earth’s atmosphere. This consists essentially of a layer of air
(which is a good dielectric) surrounding the globe, bounded on the

Fia. 53. Fia. 54.
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one side by the earth’s semi-conducting surface and on the other
by rarefied gases, which are strongly ionized and rendered con-
ducting by the solar and other cosmic radiation.

The waves set up by the grounded oscillator A (Fig. 55), thus
enclosed in the layer of insulating air, hence propagate away
from the oscillatorin all directions. The earth’s surface, however,
being a poor dielectric and a poor conductor, some energy is
absorbed at the foot of the wave, resulting in a dephasing of the
magnetic and electric field components and an elliptic polariza-
tion of the wave, not studied here. Also, the propagation speed
is altered (lowered) so that the wave advances more slowly near
the ground than higher up in the __ & _i_: . -
alr, The wave front thus becomes \B) { f f [
tilted forward at the foot of the fﬁ’\\
waves.! Fig. 55.

On the other hand, in the upper regions of the atmosphere
where the air is rarefied and ionized, the propagation speed is
greater than in the denser portions below. The wave advancing
more rapidly, the wave front here also becomes bent forward so
that, generally speaking, the entire wave front is inclined toward
the ground. And since the direction of propagation of the
radiation fields, which are at every point tangent to the wave front
surface, is perpendicular to the wave front, this tilting forward of
the latter explains why the waves emitted by the antenna follow
the curvature of the earth, permitting communication to be estab-
lished between distant points on the globe.

It also explains the directional properties of geometrically
asymmetrical antennae, such as the inverted-L antenna GAB of
Fig. 56, for example.2 Suppose signals to be coming from a dis-
tant station located at the left of the figure, the incoming waves
traveling from left to right. The electric field set up at the
receiving station, instead of being vertieal, is then inclined in the
direction OF, as just explained. It may, therefore, be considered
as the combination of a vertical electric field F and a horizontal
component F, respectively, setting up electromotive forces in the

18mitH RosE, Dr. R. L., and R. H. BarriELD, ‘“Some Measurements on
Wireless Wave Fronts,” Experimental Wireless and Wireless Engineer,
pp. 737-749, September, 1925,

Krusg, R. S., “Horizontal Reception,” Q. S. T'., pp. 9-17, February,
1926.

2 Zenneck, Annalen der Physik, 1907, vol. 23, p. 846.
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vertical and horizontal antenna portions GA and A B as shown by
the arrows, which operate in the same direction in the antenna
circuit. If, on the other hand, signals come from the opposite
direction, that is, from the ungrounded side of the antenna, the
waves travel from right to left of the figure, the field is tilted as
shown by OF (Fig. 57). The electromotive forces set up in the
two branches GA and AB then oppose each other, totally or par-
tially neutralizing each other and hence reducing the intensity of
the recorded signals.

Referring again to Fig. 56, and recalling previous discussion:
When an alternating current is flowing in the distant transmitting
antenna, the electric field OF at the receiving station alternately
reverses, acting sucecessively in the directions OF and FO. In
this manner an alternating electromotive force is set up along the
antenna cireuit GAB in which, as explained before, a mass or

- - 'F % -
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charge of electricity is set into oscillation, traveling back and forth
along the antenna wire and accumulating at each half-cycle end
in the ground or at the free antenna end B. This effect, of course,
is a maximum when the free oscillation frequency of the circuit is
equal to the frequency of the incoming oscillations.

Stated in other terms, an electrical disturbance travels back

and forth along the antenna, being reflected back every time it
reaches its free end B.

These oscillations build up gradually during the successive
cycles of the exciting field, that is, as the successive
incoming waves sweep past the antenna, each yielding some
of its energy in giving a new impulse to the oscillating charge in the
circuit. And these oscillations continue for some little time after
the end of the signal, the circuit continuing to oscillate freely until
all of the energy gradually accumulated in it is fully dissipated.

Such a system therefore permits unidirectional reception due to
the differential action, in the circuit, of the horizontal and vertical
field components, and the gradual butlding up of a large signal cur-
rent, through the cumulative action of the successive incoming
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waves acting in synchronism with the natural oscillations of the
system, in other words through resonance.

These same characteristics of unidirectional reception and large
received current may be obtained in a different manner by means
of a so-called wave antenna,! to be described presently, in which
the accumulation of energy collected from the wave isnot obtained
through resonance (brought forth through the cumulative action
of successive waves, and reflection of the impulses at eitherend of
the antenna circuit), but through the continuous action of a single
wave during a comparatively large portion of its travel.

A wave antenna consists essentially of a long, horizontal wire
AB (Fig. 58) pointing toward the station transmitting the signals
which are to be received. Contrary to the inverted-I. antenna
described before, the wave antenna is connected to ground

[ . L5
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F1a. 58.

through the radio receiving set S at the end farthest away from the
transmitting station. When a wave (traveling from right to left
in the figure) reaches that end B of the antenna nearest to the
transmitting station, the horizontal component of its slightly
tilted electric field sets up an electromotive force E in the end
portion B of the antenna wire. If the wave should then suddenly
stop orvanish, this small electromotiveforce E would propagate or
travel from the end B down the wire toward the end A, and the
disturbance would thence pass into the ground through the receiv-
ing circuit. Actually, the wave continues traveling along the
wire with the disturbance,inducing a small electromotive force in
each successive portion of the horizontal wire as it is reached.
All these elementary electromotive forces, like the initial electromo-
tive force, travel along the wire together, coinciding, adding con-
tinually, and building up to many times the initial value, until
they finally reach the end A and actuate the receiving set.

It would thus seem that the signal intensity would increase
indefinitely with the length of the horizontal antenna wire.

18ee Breveragr, H. H., C. W. Ricg, and E. W. KeLLocq, ‘“The Wave

"Antenna,” Jour. Am. Inst. Elec. Eng., March, April, May, June and July,
1923.
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This would be the case if the speed of travel of the wave were the
same as that of the disturbances along the wire. Actually, this
latter speed is less than that of the wave (being substantially
equal to 1/4/LC, where L and C are, respectively, the inductance
and capacity of the wire per unit length), so that after a certain
time, the wave traveling faster than the disturbance, the latter
is left behind in its motion along the wire, and caught up by
the following wave, of opposite field polarity, when the disturb-
ance ceases to grow and begins to decrease in magnitude. The
maximum antenna wire length which may be effectively used
is, hence, limited to approximately one wave length of the
received signals, although this need not be realized very closely
(a difference of even 25 per cent will not greatly reduce the signal
strength).

A signal coming from the opposite direction (wave traveling
from A to B) sets up but a very small disturbance at the receiver
end A. This disturbance travels along AB with the wave and
builds up in a manner similar to that explained above, and attains
its maximum upon reaching the end B. If now this end B were
left open, or were grounded through a low resistance connection,
this disturbance would be reflected back into the antenna, in the
manner explained above in connection with other types of anten-
nae, and would actuate the receiving set at A. The antenna
would then not have any unidirectional property. If, on the
other hand, the end B is connected to ground through a resistance
R, the energy of the disturbance traveling from A to B and thence
to ground is transformed into heat and dissipated, and can no
longer operate the receiving set. The damping resistance R
must, for properly performing this function, be adjusted to the
antenna characteristics to a value substantially equal to v/L/C.

The antenna is thus made unidirectional, receiving with max-
imum intensity signals which propagate in the direction BA,
being substantially unaffected by signals coming in laterally
from either side, and, if properly adjusted, completely non-
responsive to signals traveling in the direction A B.

An improvement of this method of reception consists in placing
the receiving set S at the same end B as the damping resistance
R, thus permitting all adjustments to be made at one end of
the antenna line. The receiving set S and resistance K are then
both at the end of the antenna nearest to the transmitting
station. To obtain this effect, the antenna is made up of two
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wires AB, A’B’, connected as shown in Fig. 59. The received
signals, traveling from right to left, set up in the two wires identi-
cal electrical disturbances which arrive simultaneously at the
ends 4 and A’, where they flow to the ground through a winding
W, magnified through the building-up process as explained before.
This winding W constitutes the primary of the transformer

Received Signals
B
w 5
E A 54‘ % g
P
i

Fia. 59.
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T. The current flowing through it induces an electromotive
force between the ends A and A’ of the antenna wires, setting up
a current in the closed circuit AA’B'BA which energizes the
receiving set S through the transformer P. On the other hand,
a signal coming from left to right produces a surge in the two
wires AB and A’B’ which, upon reaching the ends B and B/,
flows to ground through the resistance R, where its energy is
dissipated and does not
affect the receiving set S, ---
since it flows in opposite
directions in the two
halves of the primary
winding of the trans- M
former P, therefore in-
ducing no electromotive
force in its secondary.

In order to reduce fur-
ther or to eliminate com-
pletely currents interfer-
ing with the desired signals, the current which flows to ground
through the resistance R may be combined with the current
in the receiving set S for neutralizing the interfering signals.
In order that this neutralizing current may be impressed
upon the receiving circuit with the proper phase and amplitude,
a phase-adjusting device D (Fig. 60) is connected in the input
circuit of the receiving set S, in series with the winding of its
energizing transformer P, and coupled more or less closely through

|

Fia. 60.
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the transformer M to the eircuit branch carrying to ground the
current of the resistance R. Another method consists in connect-
ing an inductance L and capacity C in series with the resistance

R (Fig. 61) and adjusted to set up in the antenna circuit a neutral-
izing wave for compensating, notably,

a possible reflection wave originating
at the far end of the antenna.

Finally, the antenna circuit being
untuned and its resonance at signal
frequency being rendered impossible
through the use of the damping resist-
== ance R, it may be used for multiplex

" reception, that is, the simultaneous
reception of a plurality of trans-
mitting stations located in a common general direction. To this

effect, a corresponding number of receiving sets S, S’ and S”,
, are coupled to the antenna circuit and tuned respectively
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to the frequencies of the stations to be received. In order to

prevent possible interactions between the various receiving sets,
these are electrostatically and magnetically shielded from each
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other, and furthermore are coupled to the antenna through
unidirectional relays, constituted by three-electrode vacuum
tubes, as shown in Fig. 62. The damping resistance R is adjusted
to damp out a mean wave length, and the compensating electro-
motive forces are obtained, for each set, by tapping off, through
an intensity-adjusting potential divider K, an artificial line ener-
gized by the damping resistance current. As many as nine
.different receiving sets have thus been actuated from a single
antenna.

Short Waves.—When radio communication is effected by
means of short waves, of, say, less than 150 m., certain factors
which were of lesser moment with the longer waves become of
great importance and must be taken into account.?

At such high frequencies the waves emitted by a transmitting
station T (Fig. 63) set up comparatively strong currents in the
ground, which consume a correspondingly great percentage of the
energy stored in the lower part or foot of the waves and weaken
their field intensity. A receiving set located on or near the
ground will, hence, receive signals which rapidly become weaker
when the distance between transmitting and receiving stations
increases, and soon disappear entirely, when some point R (Fig.
63) is reached.

That part of the waves which is at a higher altitude above the
ground is not absorbed however, and continues traveling in a
straight line away from the transmitter. The earth’s surface
being curved into a sphere, this straight-line propagation brings
the waves to an increasing height above the ground until they
reach the layer of ionized conducting air which, as stated
above, surrounds the earth’s atmosphere. At this moment, as
explained before for the longer waves, the waves become bent
forward, and several possibilities arise as to their further direc-
tion of travel.

Those waves, the line of travel of which rises steeply above the
ground (lines T'A in Fig. 63 for instance), simply alter their direc-
tion of propagation somewhat, but continue to travel away from
the earth, carrying along energy which is definitely lost for the
radio transmission.

t TavLor, Dr. A. H,, and Dr. E. O. Huwsurt, . S. T., pp. 12-21,
October, 1925. Also Baker, W. G. and C. W. Ricg, “Refraction of Short
Radio Waves in the Upper Atmosphere,” Jour. Am. Insi. Elec. Eng., June,
1926.
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Other waves, the lines of travel of which leave the ground sur-
face and strike the ionized layer under a smaller angle, like the
line TB, bend slightly upon reaching the layer of ionized
air, which then makes them travel down toward the earth, so
that they strike the ground at some point €, when the signals
from the transmitting station 7 will be heard again.

Finally, waves leaving the station T at a very small angle (line
TD) will, after a reflection at D, come down grazing the
ground surface at E and continuing in a straight line, rising again
toward the higher atmosphere, where they may be reflected down-
ward a second time, and so on, the waves thus circling the globe
in a succession of leaps or reflections,

« ~ .~ lonized Conducting
[ 7B \Air
= R C

garth SurfacE

Fic. 63.

Summarizing the above, signals from the transmitting station
T will be received, with continually weaker intensity, over a dis-
tance TR due to the so-called ground wave, the signals being set
up by the lower part or foot of the waves traveling directly along
the ground from the transmitter to the receiver. A silent zone
RC follows then, in which no signals are received, after which
signals are heard again with good intensity over a distance CE,
from waves reflected downward from the upper atmosphere. A
second, third, and even more alternate silent and signal zones
may follow after these.

The maximum distance of travel TR of the ground or direct
wave and the “skip distance’ T'C are, of course, dependent upon
the wave length, the former increasing and the latter decreasing
with increasing wave length. Above a certain value of wave
length the first silent zone RC may therefore not exist, the zone
TR over which the ground wave is being received reaching out
beyond point C. A receiving station within this overlapping
region of the two zones TR and CE, will hence receive the ground
(or direct) wave and also the sky (or reflected) wave. The paths
followed by these two waves between the transmitting and receiv-
ing stations being of different lengths, the fields set up by the two
waves at the receiving station may or may not be in phase with



ANTENNA SYSTEMS AND RADIATION 75

each other, depending upon the actual values of the path lengths.
The signal will be of maximum strength if the fields are in phase,
and of minimum strength (which may be equal to zero) if they
are in phase opposition. There will thus be points where the
received signals are of fair intensity and neighboring points
where the signals are very faint or even entirely absent.

Finally, all these phenomena, in addition to the signal wave
length, depend also upon the height above the ground at which the
waves radiated by the transmitting station encounter the layer of
ionized conducting air. Now, for a given locality, this height is
smallest during the day when the sun’s ionizing radiations pene-
trate the atmosphere to the greatest depth. At night, onthe con-
trary, the air is ionized only by weaker radiations (light reflected
by the moon and various other cosmic radiations), so that the
height of insulating, un-ionized air is then much greater. The
transmission ranges obtained by means of the reflected waves are
correspondingly greater during the night. Also, at dawn and at
sunset the air rapidly ionizes and de-ionizes, lowering or raising
the limit of the ionized layer, and consequently altering the posi-
tions, on the earth’s surface, of the zones of silence and of greatest
signal intensity.

Lastly, the limit between the ionized and un-ionized air is not a
smooth surface, being constantly disturbed by air currents and
winds which, changing the direction of the reflecting surface, also
change that of the reflected waves, sometimes to a considerable
extent. The effect is particularly noticeable in those regions
where both the direct and reflected waves are received, and where
the above-described interference phenomena take place (stand-
Ing waves resulting in points of silence neighboring with points of
great signal strength), and takes the form of rapid and erratic
changes in received signal intensity and direction, designated
under the general name of ‘“fading.”

Loop Antennae.—An open oscillator, as defined at the begin-
ning of this chapter, may be considered as obtained by spreading
apart the condenser plates of a closed oscillator. The circuit
condenser is then constituted by the antenna, one plate being
formed by the ground, the other by the aerial wires. Theopen
oscillator is characterized by the fact that its linear dimensions
are of the same order as the wave length of the emitted orreceived
signals, and that electrical energy is readily absorbed by the cir-
cuit from incoming electromagnetic waves (receiving antenna) or
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radiated by the circuit in the form of waves (transmitting
antenna).

Similar characteristics may be obtained by means of so-called
loop antennae, which may therefore be considered as “open’’ cir-
cuits, as just described, constituted in giving to the inductance
coil of an oscillator circuit as great linear dimensions as possible.
Such loop antennae provide pronounced directional effects. The

_basic principle, for transmitting, is the creation, in various parts
of the radiating cireuit, of high-frequency currents having such
phase relations as to set up electric fields, which add in certain
directions of space and neutralize each other in other directions.
For receiving, the same principle of phase difference is used.

In order to understand the underlying principles, consider first
two single-wire vertical antennae AB and A’B’ (Fig. 64) of equal

length and identical elec-

A ‘N Al . . .
! trical constants, oscillating
\ ;’ at the same wave length A,
-—d=3---J: --------------- = and separated by a distance
B b3 B d equal to A/2. Tempora-
7 7. rily neglecting the antenna
Frg. 64.

A’B’, it will be cecalled that
the electric field set up directly around the antenna A B by the cur-
rent flowing in it, is in synchronism with the field at all points at
a distance from the antenna equal to X\, or a multiple of A, that
is, 2\, 3\, ete.  Also, the field at a distance A/2 (or 34X, 34X, ete.)
from A B is at every instant 180 deg. out of phase with the field at
the wire AB. If, then, the alternating current in the antenna
A’B’ i3 180 deg. out of phase with that in the antenna A B, it will
produce in the plane ABB’A’ a field which is at every instant in
phase with the field produced by the ecurrentin AB. Under such
conditions, the fields of the antennae will add to each other at all
points of the plane containing the two antennae. On the other
hand, at all points equidistant from the two antennae, that is, at
all points of the plane at right angles to that of the two antennae
and located midway between them, the fields of the two antennae
will be exactly equal and opposite and will neutralize each other.
Energy is thus radiated by the system with maximum amplitude
in the plane of the two antennae and with zero amplitude in the
plane at right angles to this and midway between the antennae.

Now, if the two antennae are separated by a distance d smaller
than A/2, but kept oscillating 180 deg. out of phase, similar
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effects take place, with the difference however that the resultant
maximum field is less than in the previous cases. This may be
demonstrated mathematically as follows:!

Assume an antenna MN (Fig. 64) to be located midway between
the two antennae AB and A’B’. This antenna would produce
at a point P of the plane ABB’A’ a radiation field proportional
to the hypothetical current I, sin 2xft flowing in it. The field
set up a at point P by the antenna A’B’, which is nearer to it by
the distance d/2, is then proportional to

Io SiIl (27rft + 7%'1)}
and the field due to AB is proportional to?
—1TI, sin <27rft — 7r)fl>

The field at point P resulting from the currents in the antennae
AB and A’B’ is then proportional to their algebraic sum

I, [Sin (27rft + lrg) — €in <27rft — 7;:1)] = 2I, sin 71)? cos 2rft.
This expression, and hence the field, is a maximum when d = \/2
and gradually decreases as d increases or
decreases from this value.

Now consider the closed rectangular
metallie circuit or loop ABB’A’ (Fig. 65)
in which a high-frequency alternating
current is made to flow. At every ,
instant the current in the vertical £ B
branch AB flows in a direction opposite fie. 65.
to that in the branch B’A’. The condition is therefore similar to
that of two vertical antennae in which the currents are 180 deg.
out of phase and it follows, as shown above, that such a circuit
has a directional effect giving maximum radiation in the plane
of the loop, and zero radiation in a plane at right angles to that
of the loop. The radiation will be small, however, if the loop
is of small dimensions as compared with the wave length, that is,
if the radio d/\ is small. It increases as the wave length

4

S

t Tissor, C., Manuel Eléméntaire de Télégraphie sans Fil, Paris, 1918.

2 The currents in AB and A’B’ are 180 deg. out of phase, as explained
before and, hence, are of opposite signs at every instant. This explains the
minus sign before the next expression.
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decreases, since then d/\ increases and d tends to become more
nearly equal to A/2.

The most common method of setting up a high-frequency
alternating current in a loop of the kind just deseribed is to use
the loop as part or, preferably, all of the inductance of an oscil-
latory circuit, as stated at the beginning of this section. Figure
66 represents a simple damped-wave loop transmitting circuit.
The oscillatory circuit is made up of the loop L, condenser C,
and spark gap @, and is excited by connecting it in the usual way
to a source of high alternating or pulsating potential. In the
circuit here shown, the condenser C is charged periodically by

Fia. 67.

the secondary S of an induetion coil, the primary winding P of
which is energized by the battery B when the key K is closed,
the primary current being rapidly interrupted by the vibrator V.
The condenser D serves merely to quench the spark at the vibra-
tor, and thus bring about a quicker break of the primary current.

The circuit of Fig. 67 is a continuous-wave loop transmitting
circuit. This is essentially the same circuit as shown in Fig. 160
and represents a three-electrode vacuum tube coupled electro-
statically for oscillation generation. The inductance L of the
oscillatory circuit is at the same time the loop antenna.

In actual practice the loop for transmitting purposes is gener-
ally made of only one or a few turns of heavy wire—say less than
ten. Its linear dimensions seldom exceed a few feet (although
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much larger loops have been used in permanent stations), and
it may be of any convenient shape. Advantages of such loop
antennae are their comparatively small dimensions, sharp direc-
tional charaecteristics, and ease of orientation, it being necessary
merely to turn the loop to change the direction of transmission
of the waves. They are, however, for efficient operation, suited
for short waves only, for the reasons previously given.

Loop antennae may be used equally well for receiving signals,
for which they are particularly well suited when used in connec-
tion with vacuum-tube amplifiers. A simple form of damped or
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modulated wave-loop receiving circuit is shown in Fig. 68. It
consists simply of a loop antenna L, forming the inductance of an
oscillatory circuit which is tuned to the proper wave length by
means of a variable condenser C connected across the loop ter-
minals. These terminals are connected to a detector and tele-
phone receiver circuit. In the present instance a vacuum-tube
detector is used, although, in general, a multi-stage amplifier is
required, especially if a loop of small dimensions is used.

The loop antenna has directional receiving characteristics
which are similar to its transmitting characteristics, signals being
received with maximum intensity when the plane of the receiv-
ing loop is parallel to the direction of travel of the waves, and with
zero or minimum intensity when the plane is at right angles to
that direction. Thus, suppose the loop (Fig. 68) to be in a plane
parallel to the direction of motion W of the waves to be received.
The side a of the loop will then be reached by the wave before the
other side b, and all reversals of the field due to the transmitting
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antenna will occur at a a fraction of time before they take place
at b. In other words, the electromotive force induced across the
conductor a is out of phase with, and leads the otherwise equal
electromotive force induced in b, thus setting up a current in the
loop circuit. The effect, which is dependent upon the difference
of phase due to the space displacement of the two sides of the
loop, is greater, the greater the distance between a and b (as
measured along the direction of travel of the waves), and the
shorter the wave length received, being a maximum when this
distance between a and b equals one-half the wave length, as in
the case of the transmitting loop.

Now, if the plane of the loop is turned so as to make an angle
with the direction of travel of the waves, the difference of time
between the arrival of the wave at @ and b will be smaller and the
current set up in the loop correspondingly reduced. If the loop
is perpendicular to the direction of travel of the waves (hence
parallel to the wave front), then all the points of the loop are
reached by the wave at the same instant and no current will be
induced in it. No signal is then received. These directional
properties are made use of to determine the direction of travel of
the waves and thereby locate distant transmitting stations.
‘When used for this purpose, the loop is known as a “ goniometer”’
or direction finder, or radio compass.

Constants of Loop Antennae.—The electromotive force e
induced in the loop by the alternating magnetic flux & set up
about the loop by the incoming waves is at each instant expressed

by the relation!
dd

o'
from which it follows that the effective electromotive force induced
in the loop is

E = \/2rfNAH,
where N = number of turns of the loop,
A = cross-sectional area of the loop,
H = effective field intensity,
f = frequency of the incoming waves,

This alternating electromotive force sets up a current I in the loop
circuit, and if this circuit is tuned to the frequency f, its imped-
1 See Electrical World, vol. 73, No. 10, pp. 464467, March 8, 1919.
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ance reduces to the effective resistance R of the loop, and the
current is then

_E_2ifNAH

=5 = B

In the case of a vacuum-tube detector, connected as shown in
Tig. 68, the intensity of the received signals may be indicated by
the effective potential E. developed across the tuning condenser
C by this oscillating current I flowing in the loop circuit. If :
is the wave length of the received signals, this condenser voltage
is equal to

I

mNAL
Be==or

where m is a constant.
If, therefore, a given loop antenna is used for receiving signals
of different wave lengths, the condenser voltage, and hence the
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signal intensity, tends to increase as the wave length becomes
shorter. On the other hand, the effective resistance R of the
loop increases with the frequency, or increases with decreasing
wave length, thus having an effect on the signal strength tending
to offset that of the reduced wave length. The condenser volt-
age and signal strength, therefore, pass through a maximum
value as the wave length of the received signals is gradually
reduced. These relations are illustrated by the curves of Fig. 69,
which are self-explanatory. In general, the maximum signal
intensity occurs at a wave length of two or three times the funda-
mental wave length Aq of the loop. This is the natural wave
length of the loop closed upon itself without any tuning condenser
and oscillating by reason of its distributed inductance and capac-
ity. It is therefore good practice to use a loop antenna having
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a fundamental wave length not exceeding one-half or one-third
the signal wave length to be received.

The above formula also shows that the signal strength is
greater the greater the area, number of turns, and inductance of
the loop. Increasing the area reduces the inductance, however,
and increasing the number of turns while increasing the inductance
also increases the resistance and distributed capacity by requiring
a greater length of wire. These various factors must therefore
be considered in the design of a loop for the desired range of
wave lengths to be covered. In general, it may be said that a
loop for short wave reception should preferably have a large area
and very few turns, say, not more than three or four, thus having
small resistance, inductance, and distributed capacity. On the
other hand, for long wave reception the loop should be given a
greater number of turns, say at least twenty or thirty.

TFor a given loop the inductance and distributed capacity
increase when the turns are wound closely, and also when the
number of turns is increased. The turns of a loop should there-
fore be so spaced as to give a suitably high inductance without
giving too great a distributed capacity, as this would limit the
use of the loop to the longer waves. As a rough rule, it may be
said that for a given length of wire in the loop coil, the funda-
mental wave length of the loop can be kept approximately the

same for different loop dimensions and turn spacings.?

" Direction Finding.—As explained before, the intensity of
the signals received by means of a loop antenna depends upon the
position of the loop with respect to the direction of travel of the
waves, other things being equal. From the fact that the effective
electromotive force E and, therefore, the current in the tuned
receiving-loop circuit are essentially proportional to the magnetic
flux variations in the loop, it follows that this electromotive force
is directly proportional to the cosine of the angle of the plane of
the loop with the direction of travel of the waves. Thus,

E = a cos q,

where a 1s a constant, and « the angle defined. This is repre-
sented in polar cobrdinates by the two tangent circles of Fig. 70,
where the length of the vector OA is proportional to the received
current for the position OA of the loop. The current is thus

1 See paper by Dr. J. H. DELLINGER, Proc. Am. Inst. Elec. Eng., October,
1919.
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a maximum when the angle « is zero, and equal to zero when «
is equal to 90 deg.

Having then a loop receiving circuit, such as shown in Fig. 68,
with provisions for rotating the loop antenna about a vertical
axis, the loop may be turned, after being tuned to the signal wave
length, into such a position that the signals are heard with maxi-
mum intensity. Its plane will then coincide with the direction
of travel of the waves and point toward the distant transmitting
antenna. If the position of the loop is then recorded and a simi-
lar operation is repeated from another station of known location,
it is then possible by simple triangulation to locate the position
of the unknown transmitting antenna. Or, as in the case of a
ship or aircraft, if the loop is successively directed toward three
land stations of known location, it is possible for the ship to
locate its own position.

Direction of Travel

X/

of the Waves

Fia. 70.

It will be noted, however, that for a given variation of the
angle a, the cosine of this angle, and, therefore, the signal inten-
sity, varies by a greater amount when the angle is around 90 deg,.
than when it is approximately zero. That is, the device is more
sensitive if adjusted for zero signal instead of maximum signal.
To this greater sensitivity of the apparatus is added the greater
sensitivity of the human ear in determining the existence or non-
existence of a signal, rather than the maximum intensity of the
signal. The general practice is, therefore, to turn the loop into
a position for which the signals are not heard at all, this permit-
ting a more accurate adjustment. The loop is then normal
instead of parallel to the direction of travel of the waves.

This last statement is true, however, only for the ideal casein
which the detector and telephone receivers have infinite sensi-
tivity. Actually,a certain very small current is required to oper-
ate the receiving apparatus, and if the received current isless than
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this, no sound will be heard in the telephone receivers. If the
vector OM (Fig. 70) represents this minimum current producing
a sound in the telephone receivers, no signals will then be heard
when the loop occupies any of the positions between OM and ON,
or between OP and 0Q. In other words, if the loop is rotated
from its initial position OX, the signal gradually decreases in
intensity and entirely fades out when theloop comes to the angular
position OM. No signal is then heard between the positions OM
and ON. The sound then reappears when the loop passes the
position ON, increases to a maximum for the position 0X’,
decreases to zero for the position 0Q, reappears for the position
OP, and grows to the original maximum for the position 0OX.
The mean position between these four positions OM,ON,0Q, and
OP is then taken as corresponding to the absolute zero position
BB of the loop. It follows that the smaller the minimum cur-
rent required for producing a sound in the telephone receivers,
the closer the four loop positions OM, ON, 0Q, and OP will come
to the actual zero position BB. This minimum current is made
smallest by increasing the sensitiveness of the device, through the
use of multi-stage vacuum-tube amplifiers.

Unidirectional Goniometer.—The above explanation has
shown the loop antenna to have marked directional character-

istics, but these are essentially bilateral,
" b owing to the fact that when the loop is

pointed toward the transmitting station,

giving maximum signal intensity, and then
turned around 180 deg., the same maximum
intensity will be received.

It is, however, possible to obtain wunilateral reception through
the simultaneous use of a loop antenna, as just deseribed, and an
auxiliary antenna, preferably a simple vertical antenna receiving
equally well from all directions.! The method is based on the fact
that, although the signal strength is not altered when the loop
is pointed toward the transmitting station, and then turned
around 180 deg. as just explained, the phase of the current and
electromotive force set up in the loop by the received waves
becomes reversed. In other words, turning the loop around is
equivalent to leaving it in its original position and reversing its
terminal connections, as shown in Fig. 71.

A B A B
Fic. 71.

1 See BeLuiNT, E., “Nouveau Radio Goniométre avec Levée du Doute,”
Onde Electrique, pp. 233-253, May 1924,
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If, then, the current or electromotive force in the loop be made
to operate in the receiving set, and also the current or electromotive
force in the vertical antenna, the action of the loop may be made
to add to that of the vertical antenna in one of its positions and
subtract from it in the other position, so that these two positions
of the loop will give different signal strengths, say maximum and
zero, and unidirectional reception will be achieved.

It is necessary, for such operation, that the current and electro-
motive force set up in the loop by the incoming waves be respec-
tively in phase (or in phase opposition) with the current and
electromotive force in the antenna, or else that suitable compensat-
ing arrangements be used, in order that the loop and antenna
actions add or subtract exactly. Now,the electromotive force set
up in the loop by the waves is a maximum
when the rate of change of the magnetic field
component of the wave is a maximum, that
is, when this. magnetic component passes
through zero. On the other hand, the elec-
tromotive force in the vertical antenna is
in phase with the eleetric field component
of the wave, hence 90 deg. out of phase with
the loop electromotive force. And if both Fre. 72.
the loop and antenna are tuned to the
frequency of the received signals, the currents in them will,
respectively, be in phase with the loop and antenna electromotive
forces, hence, like them, 90 deg. out of phase with each other.

In order to bring the two actions into phase with each other
the receiving set (of which only the first input amplifier tube T
is shown in Fig. 72) is connected directly to the terminals A, B of
the loop L, which are also the terminals of the loop tuning con-
denser C, and coupled inductively, through a transformer M, to
the vertical antenna V, which is tuned by means of the condenser
D. In this manner, the eléectromotive force induced by the
vertical-antenna current in the receiving set input circuit is 90
deg. out of phase with this antenna current,! and hence in phase
{or in phase opposition) with the loop electromotive force.
Perfect balance may then be obtained between the two actions
by coupling the two windings of the transformer M more

! Because it is maximum when the antenna current variation is maximum,
and therefore when the current passes through zero.
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or less closely, so that zero signal is obtained in one of the
loop positions, and maximum signal in the other, 180 deg. away
from this.

A simplification of this scheme consists in using the loop itself as
a vertical antenna, in addition to its function as a loop. The pre-
ceding circuit arrangement then takes the form shown in Fig. 73.
The loop tuning condenser is here split in two equal parts C, C’
mounted on a common shaft and adjustable simultaneously, and
connection to the ground G is made from their common point
through the transformer M and vertical antenna tuning condenser
D as before. The loop current then circulates in the circuit
LACC'BL while the vertical antenna current flows in the parallel
branches GDMCAL and GDMC'BL. Asin Fig. 72, the receiving
set is connected directly to the loop terminals A and B, and
coupled inductively to the vertical antenna LG through the trans-
former M.

If instead of usinga tumed vertical antenna, an untuned or
apertodic antenna is used, the vertical antenna current is no longer
in phase with the antennaelectromotive force, but substantially 90

deg. out of phase with it, and is hence in

I phase or in phase opposition with the loop
electromotive force and current, with which

¢ g _L it may be combined directly, avoiding the
aAr B - inductive coupling between the antenna and

o> receiving set provided heretofore by the
u % ] transformer M. The arrangement is repre-
D ' sented in Fig. 74, the mid-point of the loop
tuning condenser CC’ being here connected
to ground through a condenser F of such
capacity as to considerably detune the ver-
tical antenna LG. The receiving set is connected directly to the
loop and vertical antenna, and is thus energized by the electro-
motive forces developed across one of the loop condensers €’ and
the vertical-antenna condenser F.

In order that the vertical antenna electromotive force may
be so adjusted to be equal to the loop electromotive force acting
in the receiving circuit, as is necessary for obtaining zero response
in one of the two loop positions, the upper end of the vertical
antenna is, as shown, connected to ground through an adjustable
resistance EB. The effect of the vertical antenna on the receiving
set may thus be adjusted by setting the resistance E to some

Fia. 73.
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suitable value.! This most suitable value of course depends on
the wave length of the received signals.

A further simplification which experiment has shown to operate
practically as well consists in omitting one of the two loop tuning
condensers, as in Fig. 75.
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Loop Unbalance.—Referring back to the simple loop arrange-
ment of Fig. 68, it is seen that one of the loop terminals is con-
nected to the grid, the other to the filament of the receiving tube.
Since the filament is connected to battery 4, telephone receivers,
and battery B, a comparatively large electrostatic capacity to

Direction of Travel
X

of Waves

Fia. 76.

ground is established through these between this end of the loop

and the ground. This unbalances the circuit and allows the loop

to operate in addition, as a vertical antenna, as just described in

the preceding arrangements, this capacity to ground operating like

the condenser F of the last two figures. This, as just explained,
! BeLuing, E., loc. cit.
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produces a distortion of the ideal curve of Fig. 70, as shown in Fig.
76. Under these conditions, the four positions of the loop for
which the signals become inaudible are no longer symmetrical
with respect to the direction of travel of the waves, which may
seriously impair the accuracy of the direction measurements,
particularly when the detector and telephone circuit are of lesser
sensitivity.

This asymmetry of the curve may be corrected by connecting a
condenser of suitable capacity between the grid and the other
terminal of the loop (the side connected to the grid of the tube).
Or else it may be increased and a truly unidirectional effect
obtained by connecting the filament end of the loop to ground

"through a large condenser, or directly to ground, which gives the
same results as indicated in the preceding section.

Aircraft Radio Compass.—The single-loop direction finders
described above were shown to have maximum sensitivity when
adjusted for zero signal. That is, the loop is turned until no
stgnals are received, when the plane of the loop is normal to the
direction of travel of the waves. When such a direction finder is
used on an airplane, it is found that only the strongest signals
can be heard, because of engine and wind noises, and the setting
of the loop in the position of zero signal with any degree of
aceuracy becomes impossible. On the other hand, the setting
for maximum signal has the advantage of being readily audible,
but the maximum signal is quite inaceurate, as explained before,
on account of the small variation of intensity of the signals for
relatively large angular rotations of the loop about its true maxi-
mum signal position. This made it desirable to devise a method
which would have the accuraey of the zero signal setting with the
loop on maximum signal.

These requirements are successfully fulfilled by the circuit
of Fig. 77, which illustrates the principle of the method used.
The device comprises two vertical loops L; and L, permanently
mounted at right angles to each other. They may be rotated
simultaneously about some vertical axis, When the double-
pole, double-throw switch S is closed to the left, the two loop
windings are connected in series, and their two extreme terminals
are shunted by a variable tuning condenser C; and by some
detector, amplifier, and telephone-receiver circuit. In the case
of the figure, a vacuum-tube detector D is shown, which is
generally used on acecount of its greater sensitivity, and because
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a crystal detector may not operate satisfactorily under the vibra-
tion of the airplane engine. When the switch S is closed to the
right, the loop L, is disconnected from the circuit, and is not used,
but a condenser Cs is connected in the circuit. The loop L, is
then shunted by the two parallel connected condensers C; and C..

The tuning of the circuit to the wave length of the station
to be received by the airplane and on which the latter will direct
its course, is generally done on the ground before the flight, by
. exciting the circuit with a wavemeter emitting the desired wave
length. The circuit is first tuned with the switch S closed to the
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right, by adjusting the condensers C'; and C, until maximum
response of the receiving circuit is obtained as evidenced by a
maximum sound intensity in the telephone receivers. Then,
closing the switch S to the left, the condenser C, is disconnected
and the loop L, connected in its place. Thisresultsina decreased
electrostatic capacity and increased inductance of the receiving
oscillatory circuit. If the condenser C; were given a suitable
setting before throwing the switch, the product LC of the total
inductance and capacity of the circuit, and therefore its natural
wave length, may be made to remain unchanged when the induc-
tance of the loop L, is substituted for the capacity of the con-
denser C,. The circuit can thus be made to tune for both
positions of the switch S.

With the circuit so adjusted and tuned, its use and operation
on an airplane is as follows: The problem is to direct the airplane
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by having certain radio stations on the ground emit prearranged
signals at certain wave lengths. The radio direction finder on
the airplane is used to indicate the direction of these stations of
known position, and it is then possible for the navigator to locate
his position on the map. Other uses of the device follow. They
all involve the orientation of the receiving loops, which is done
in the following manner:

With the airplane flying, and a ground radio station emitting
signals, the switch S (Fig. 77) is first closed to the right, thus
disconnecting the loop L,, and making use of the loop antenna L
only for the reception of the signals. The circuit having been
tuned on the ground before the flight, it is simply necessary to
turn the system around its vertical axis until the signals from the
ground station are of maximum audibility. This brings the
loop L, to point toward the emitting station, that is, in a position
parallel to the direction of travel W of the waves. At the same
time, the loop Ls, which is mounted at 90 deg. to the loop L,
will be normal to this direction W, and the waves therefore
induce no electromotive force in it. Now if the switch S is
closed to the left, the oscillatory circuit will remain in tune and no
change will be observed in the signal intensity. If, however, as
is generally the case, the loop L1 is not exactly in the direction W,
the loop L, will be somewhat away from its position corresponding
to zero signal, and since the loop L, is then around its most sensi-
tive position, this small deviation from the actual zero position
will manifest itself in a sharp increase or decrease in the intensity
of the signals when the switch S is closed from right to left. This
method thus permits great accuracy despite the fact that the
setting is made for maximum instead of zero signal intensity.

Two methods have been used to construet and instal loop
antennae on airplanes. In one, the loops are mounted perma-
nently on the wings and vertical struts of the airplane, and in
order to turn the loop antennae, it is necessary to turn the entire
craft. The other method makes use of two small loops wound
on rectangular wooden frames which are held together at right
angles to each other and mounted on a common vertical axis,
within the fuselage. They may then be rotated over a suitable
graduated dial.

The wing loops are used mostly for direct flying toward or away
from a given station. The bow of the airplane is pointed directly
in line with the radio station, in which course the signals are
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heard with maximum intensity. The navigator then throws
the switch S alternately to the right and left, and the course of
the airplane is maintained in such a direction as to give no change
in sound intensity when operating the switeh. The fuselage
loops are used when it is desired to find the direction of a ground
station without altering the course of the aircraft.



CHAPTER 1V
DAMPED-WAVE RADIO TELEGRAPHY

Recalling the previous discussion, radio telegraphic communi-
cation is accomplished by generating high-frequency alternating
currents in a radiating circuit (open oscillator or antenna),
currents being then set up in a distant receiving circuit through
the medium of wave-propagated radiation fields. Systems of
radio telegraphy making use of the oscillatory discharge of a
condenser for producing the high-frequency currents are called
damped-wave radio telegraph systems, for the reason that the
oscillations are not truly constant or continuous alternating
currents, but are periodically damped. The condenser discharge
circuit generally comprising a spark
gap of some sort, the name of
“spark set’ is also sometimes used
for designating a damped-wave
KX transmitting set.

Damped-wave Radio Trans-
O4 mitting Circuits.—The operation

g of the circuit of Fig. 78 as a
(r damped-wave radio transmitting
circuit may readily be understood
by referring to the preceding chap-
ters. The key K being closed and
the spark gap A Bsuitably adjusted,

Fia. 78. an oscillating discharge takes place

in the open oscillator circuit A'B’

every half-cycle of the alternator G, as explained for the
closed oscillator of Fig. 29. Thus a succession of groups of
damped oscillations takes place in the open oscillator as long
as the key K is closed, producing the radiation of a succes-
sion of damped wave trains into space. The frequency of the
oscillations is equal to the natural frequency of the circuit A’'B’,
while the frequency of the groups of damped waves, that is, the
number of wave trains per second, is equal to twice the alter-
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nator frequency, there being one oscillating discharge per
half-cycle.

As explained in the preceding chapter, the actual radiating
circuits used in practice generally take the form of an antenna, so
that the circuit would be as shown in Fig. 79. On account of the
rather small electrostatic capacity of such an antenna, it is
necessary to charge it, before every oscillating discharge, to a
high potential, in order to provide a large store of electrostatic
energy for producing the oscillating discharge. If this is not
done, the oscillatory current will be of small amplitude, and the
range of transmission correspondingly reduced. For this reason,
the aerial and ground are connected to the alternator ¢ through a
step-up transformer T developing several thousand volts differ-
ence between the aerial and ground.

<1
Aerial
T L
Kx_
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G@ R ¢ P Gap
q
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Fia. 79.

The key (operated by hand or automatically) is usually
connected in the low-voltage circuit, in series with the trans-
former primary winding, as shown in the figure. When the key is
closed, an alternating electromotive force is impressed through
the transformer on the oscillatory antenna circuit, and a train of
damped waves is sent out at every half-cycle. By closing the
key for shorter or longer periods of time, a short or long series of
wave trains is radiated, corresponding to the dots and dashes of
the Morse code.

A disadvantage of using the key in this manner is that the
alternator is thus made to work at either no-load when the key is
open or at full-load when it is closed, this sudden and large
change in load resulting in variations of the alternator speed
and poor operation. The key may therefore be shunted by a
resistance R which, when the key is open, reduces the current
through the transformer primary, and cuts down the secondary
voltage to a value just below the break-down voltage of the spark
gap, thus greatly minimizing the alternator load variations.



94 RADIO ENGINEERING PRINCIPLES

The key may also be placed in series with the field winding of
the alternator. The alternator is then excited only when the key
is closed. 'With this method however, the inductance of the field
winding prevents a rapid building up of the alternator field cur-
rent, and thus reduces the maximum possible sending speed.

As pointed out before, if it is desired to send out a wave length
different from the natural wave length of the antenna, a coil L
may be connected in series with it, or else a condenser, and so
adjusted as to give the desired wave length.

The above method, whereby the antenna circuit is directly
excited, has certain disadvantages. The presence of the spark gap
in the antenna ecircuit introduces in the latter a high resistance
which causes a rapid damping out of the oscillations, in other
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words, the oscillations have a high decrement. This results in a
flat resonance curve and prevents sharp tuning at the receiving
station, as studied further below.

In order to avoid such a high decrement of the oscillations, and
prevent a large part of the energy supplied by the alternator from
being wasted in the spark resistance instead of radiated, a so-called
indirect excitation method is employed. This is illustrated in
Fig. 80, and reference is here made to what has been said in Chap.
II on impulse excitation of coupled circuits. The method con-
sists in coupling the antenna circuit to an intermediate oscilla-
tory circuit containing the spark gap. Oscillations are then
excited in the closed oscillatory circuit CLG when the key is closed,
in the same manner as described above for the direct excitation
of the antenna circuit. These oscillations are of the nat-
ural frequency of the circuit. To this ecircuit is coupled
the antenna circuit, in which oscillations are then set up by induc-
tion. This process was fully treated in the section of Chap. II
relating to tuned coupled circuits. As was then shown, oscilla-
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tions of maximum amplitude are obtained in the secondary cir-
cuit (which here is the antenna, circuit) if the latter is tuned to the
frequency of the closed primary oscillatory cireuit, and coupled
to it with the critical degree of coupling for maximum power
transfer. Furthermore, in order to prevent the energy trans-
ferred from the closed oscillatory circuit to the antenna circuit
from reacting back upon the closed circuit, which, as known,
would cause the antenna to oscillate and radiate at two frequencies
simultaneously, it is necessary to use a quenched gap at G.
Resonance of the two oscillatory circuits is obtained by equipping
them with variable condensers and coils permitting an adjust-
ment of their natural frequencies. An adjustable coupling
may be obtained by varying the relative positions of the coupling
coils, rotating one coil with respect to the other, or sliding one coil
into the other more or less. The operation of the key is the same
as in the case with direct excitation.

The operation of the circuit of Fig. 80 is illustrated by the
curves of Fig. 81. When the key is closed, the alternator electro-
motive force is impressed upon the transformer T, stepped up, and
applied across the condenser C and gap G. This electromotive
force is shown by the upper curve (Fig. 81). In every half-cycle,
as this impressed electromotive force reaches the value a, the gap
@ breaks down, and an oscillating current flows in the circuit LGC
(Fig. 80). This oscillation is rapidly damped, as shown by the
second curve of Fig. 81, principally due to the fact that energy
is being transferred to the antenna circuit coupled to it. The
oscillating current induced in the antenna is represented by the
lower curve of the figure.

As in the case of coupled “closed’’ circuits, this induced oscilla-
ting current grows as the energy is being transferred from the
closed to the antenna circuit. When this transfer is complete,
the antenna oscillates at maximum amplitude, but does not react
on the closed oscillatory circuit since this is opened by the quench-
ing of the spark across the gap G. The oscillations in the
antenna, thus cut off from the influence of the closed oscillatory
circuit, are permitted to decrease gradually, the decrease being
due mainly to the fact that the antenna circuit loses energy by
radiation. And since the resistance of the antenna circuit may be
made small, there being no spark gap init, the decrement of the
radiated wave is consequently small, permitting sharp tuning at
the distant receiving circuit.
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Another advantage of using an intermediate oscillatory eir-
cuit between the antenna circuit and the power supply is due to
the fact that the amount of energy stored in the system before
every dischargeis 14 CV% For a given supply voltage, that is, for
a givenvoltage at the transformer secondary terminals, the energy
of the oscillation is then directly proportional to the electrostatic
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capacity of the oscillatory circuit. The capacity of the antenna
circuit being small, the energy stored in it is small as compared
with that stored in the closed oscillatory circuit, which comprises
a condenser of as great a capacity asdesired. If, then, the directly
excited circuit of Fig. 79 is used, a very high supply potential will
be required to radiate the same amount of power as would be
radiated by the indirectly excited circuit of Fig. 80, using the
same antenna and a moderately high potential.

It should be noted that in the circuit of Fig. 80, the condenser C
is directly connected across the transformer secondary terminals.
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The operation of the radio circuit would evidently be the same if
the spark gap and condenser were interchanged. In this latter
case, however, with the gap connected directly across the trans-
former, the spark produces a short-circuit across the transformer,
which may damage the transformer winding and give rise to a
““power are’’ across the gap, burning up the electrodes.

Of course, the oscillation trans-
former coupling the antenna and
closed oscillator circuit may be
an auto-transformer, as shown in

Fig. 82, or any other coupling ——-I—o
device.

Typical Method of Operation. T
An idea of the method of oper- __l_
ating a damped-wave transmit- =
ting set may be obtained from Fre. 82.
the following paragraphs

A wavemeter is first set to the wave length it is desired to use.
The antenna eircuit is opened, or else coupled to the closed oscil-
lator as loosely as possible. The closed oscillatory circuit is then
excited by running the alternator and keeping the key closed.
This circuit is tuned by adjusting its condenser and inductance coil
until a maximum response is obtained in the wavemeter, with the
latter fairly loosely coupled to it and placed, say, at a distance of
2 or 3 yd. The closed oscillator circuit is then oscillating at the
desired wave length.

The coupling between the antenna and closed oscillatory cir-
cuits is then tightened slightly, and the antenna circuit is tuned
to resonance with the closed oscillatory circuit. This condition
is reached when an ammeter, or other current indicating device
connected in series in the antenna circuit, gives a maximum indi-
cation. The coupling should not be so tight as to give rise to a
double-peaked resonance curve, but should give a single, sharp
resonance indication at one well-defined frequency.

The spark gap of the closed oscillatory circuit is then
adjusted to give the maximum current in the antenna. The
gap adjustment, determining the value of the break-down volt-
age, also determines the amount of energy stored in the con-
denser by the alternator during the charging period. With a
transmitter properly adjusted, the ratio of the amount of
power radiated by the antenna to the power generated by the
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alternator, expressed in per cent efficiency, ranges from about 3 to
15 per cent.

Damped-wave Radio Receiving Circuits.—The reception of
signals sent out by the above methods consists essentially in
having the varying radiation fields due to the oscillations of the
transmitting ecircuit set up currents in a suitable receiving cir-
cuit, and then observing or recording these currents by means of
some appropriate device. In practice, the receiving circuit is
tuned to the operating frequency of the transmittng circuit in
order to increase the effects of the oscillations in the receiving
circuit, and permit, through resonance, the
separation of signals emitted by several
radio stations on different wave lengths, as
described in Chap. II. Also, for the reasons
explained in Chap. I, the receiving circuit
should preferably have dimensions of the

Adjustapse | SBINE order of magnitude as the wave length

Inauesance  OF the signals to be received. .

A simple receiving circuit consists, then
(Fig. 83), of an antenna circuit tuned to the
| /7 Variante frequency of the transmitted high-frequency

D
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Gemdemser  ggejllations by means of an adjustable
inductance and capacity, and some device
D which will respond to or evidence the elec-
tromotive force or current induced in the
recelving circuit.
Fo. 83. The main problem here is that of pro-
viding a device D which will respond to the
extremely feeble currents flowing in the receiving antenna. An
ammeter is out of the question, as it would have too slow an
action to follow the dots and dashes sent out at the minimum
speed of say twenty-five or thirty words a minute.

A widely adopted method is to receive the signals by sound,
using the ordinary telephone receiver as the device sensitive to
the small received currents. The advantage of this device is its
combined sensitivity and ruggedness. The frequency of the
currents induced in the receiving circuit by each wave train
sent out by the transmitting circuit being generally high, how-
ever, at least 50,000 or 60,000 cycles per second, the telephone
receiver will not respond mechanically to these frequencies. That
is, its diaphragm has a period of its own and a certain inertia

—— Ground
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which prevent it from vibrating at such a high rate. Besides,
even if it would vibrate at that frequency, the human ear would
perceive no sound, since the highest audible frequencies are
between 16,000 and 20,000 cycles per second. These physical
limitations make it necessary to use some apparatus in conjunc-
tion with the telephone receiver to suitably modify the currents
flowing in the receiving circuit so that they may then actuate
the telephone receiver. This device is called a detector and its
action is explained below.

Referring back to Fig. 81, the lower curve shows the oscilla-
tory current produced in the transmitting antenna when the
transmitting key is closed. There is one group of high-frequency
oscillations every half-cycle of the alternator. If the alternator
has a frequency of 500 cycles per second, there are, thus, 1,000
groups of oscillations per second. Each one of these sets up
oscillatory magnetic and electric fields around the transmitting
antenna which, propagated through space with the speed of
light in the form of waves or trains of waves, as previously
explained, pass over and around the receiving antenna, inducing
electromotive forces in it as represented by the upper curve
of Fig. 84. The function of the detector is then to rectify the
current flowing in the receiving circuit under the effect of this
induced electromotive force. That is, the detector is a device
having unidirectional conductivity, so that current may flow
through it in one direction, and not, or only feebly, in the other.
This gives rise to a unidirectional current in the receiving circuit
instead of a symmetrical alternating current oscillation, as shown
in the second curve of Fig. 84. The effect on the telephone-
receiver diaphragm during each wave train is then cumulative, as
explained presently.

The first impulse @ (Fig. 84) in passing through the telephone
winding produces an attraction of the diaphragm. On account
of the high frequency of the oscillation, the second impulse
b occurs before the diaphragm has had time to spring back in
place, and will therefore deflect it further. So will the following
impulses ¢, d, e, ete., the telephone diaphragm thus being deflected
but once for every wave train, as shown in the lower curve of Fig. 84.
It therefore vibrates at the frequency of the wave trains instead
of the frequency of the oscillations, that is, at twice the frequency
of the transmitting alternator. This frequency, which in
the case considered, is 1,000 cycles per second, is well within the
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range of audibility, and produces a sound in the telephones. The
wave train frequency, that is, the number of wave trains per
second, is for this reason called the audio frequency of the trans-
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mitting set, while the frequency of the oscillations within each
wave train is called the radio frequency.

A detector frequently used and operating as explained above
is the so-called crystal detector. 1t consists essentially of a crystal
A (Fig. 85) of iron pyrite,
galena, molybdenum, born-
ite, or carborundum, in
light contact with a fine
; 1 o wire W. If the wire touches

T L N i a suitable spot of the crystal
2 /%%%7/)  surface, the system has uni-

Fre. 85. directional  conductivity,
offering low resistance to

current flowing in one direction, say from the wire to the crystal,
and high resistance to current flowing in the opposite direction.
This is represented graphically by the characteristic curve of Fig.
86, where the electromotive force, positive or negative, applied to
the detector terminals is plotted horizontally, and the resultant

I
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current through the detector is plotted vertically. If an oscilla-
tion produces approximately equal and opposite voltage variations
across the detector, it may be seen from the asymmetrical shape
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of the curve that the current flowing during the negative half of
the eycle is negligible as compared to that flowing during the
positive half-cycle, and rectification of the currentis thus achieved.

Actually the circuit of
Fig. 83 is but seldom
used in practice, the
placing of the detector
in the antenna circuit
increasing the resistance
of the latter, which
minimizes or entirely
prevents resonance
phenomena and renders
the set less sensitive.
The detector is, there-
fore, generally placed in
a secondary tuned ecir-
cuit coupled to the
antenna ecircuit, which
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not only avoids the disadvantages just mentioned, but also
permits a greater selectivity.

Such a coupled receiving circuit is shown in Fig. 87. The
antenna circuit may be tuned by means of the variable coil L,
and condenser C;, while the coupled or secondary circuit is tuned
to resonance with the primary or antenna circuit by means of the
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coil Ly and condenser C;. This secondary circuit is shunted by

the detector D in series with the telephone receiver . The oscil-

lations induced in the secondary circuit by the current flowing in

the antenna give rise to an alternating electromotive force across

the coil L; which thus finds itself impressed upon the detector and

telephone-receiver circuit branch DT in which it produces the

flow of a unidirectional current, owing to the rectifying action of
the detector as explained before.

It should be stated that, in order that the high-frequency volt-

age developed across the coil L, may operate in the circuit branch

DT in the manner just

Aerial - described, it is necessary

that the high impedance

of the telephone-receiver

windings be shunted by a

D small capacity, or else the

§ 7l high-frequency oscillations
>

will not reach the detector
D, being choked out by the
telephone-winding react-
ance. This small “by-
_r pass” condenser is mnot
T shown here, the capacity
between adjacent turns of
Ground the telephone windings
Fig. 88. being, in most cases, suffi-
cient for the purpose.

The antenna and secondary circuits may of course be coupled
in different manners, for instance by means of a common coupling
coil tapped off at suitable points, as shown in Fig. 88. The pri-
mary and secondary circuits considered independently are seen
to be the same as in Fig. 87. A feature of the circuit of Fig. 87
not possessed by that of Fig. 88, however, is the possibility of
changing the relative positions of the coils L; and L, thus altering
the coupling without changing the actual inductance of either
circuit.

Various combinations of capacitive and inductive couplings
may also be used, but these are not shown here.

Note the telephone by-pass condenser S (¥Fig. 88) which has
been shown here in order to point out the manner in which it is
connected across the telephone receivers,




CHAPTER V

UNDAMPED OR CONTINUOUS-WAVE RADIO
TELEGRAPHY

One of the main advantages of damped-wave or spark teleg-
raphy, as described in the preceding chapter, is the simplicity
of the apparatus required. However, this is offset by a number
of drawbacks, as outlined below, which have gradually led to the
use of the more perfect undamped or continuous-wave methods
of radio communication.

1. The fact that the oscillations generated in a damped-wave
transmitting circuit are of periodically variable amplitude (since
they consist in a succession of damped oscillations) and are
not a truly continuous high-frequency alternating current,
results in the transmitting set operating not only at one single
frequency as required, but at a plurality of more or less neighbor-
ing frequencies constituting a whole frequency band.! The radio
station may then be tuned in at the receiving end over a corre-
sponding range of frequencies. In other words, the tuning of
the receiving circuit is not as sharp as if one frequency only were
radiated by the transmitting antenna.,

2. The successive oscillation or wave trains occur at an audio
frequency which generally is not an exact submultiple of their
radio frequency. If, then, a wave train sets up a slowly damped
oscillation in a low-resistance receiving circuit, the successive
wave train will not energize this circuit in the same phase, and
instead of building up further the oscillation induced by the
first wave train, it will during its first few cycles counteract this
oscillation and thus prevent in a measure the effective resonance
of the tuned receiving circuits. In other words, this dephasing
of the successive oscillations of a damped wave set, equivalent to.
a slight frequency variation between successive wave trains,
prevents the sharp tuning of the receiving circuits.

1 This is fully explained in the study of modulated waves, in the chapter
on Radio Telephony.
103
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3. Finally, another advantage of the use of undamped or
continuous oscillations may be seen from the following: Suppose
an antenna circuit is excited continuously by means of undamped
oscillations, or true high-frequency alternating current. The
same antenna may be made to radiate the same amount of energy,
at the same frequency, by damped oscillation excitation. Onlyin
this case, mstead of being radiated continuously, the energy is
radiated in separate groups or wave trains. Since each wave
train is of very short duration, the amount of energy radiated
per wave train must be large in order that the total amount of
energy radiated per second will equal that radiated in the case of
undamped oscillation excitation. With the damped oscilla-
tions, this requires the setting up in the antenna circuit of con-
siderably greater voltages and currents than with undamped
oscillations. This in turn necessitates better insulation of the
antenna, conductors of larger cross-section, and apparatus of
greater power output. The advantage of undamped waves is
then obviously to permit the use of lower-power apparatus con-
tinuously rather than high-power apparatus intermittently.

UNDAMPED-WAVE TRANSMITTING CIRCUITS AND METHODS

The production of undamped or continuous high-frequency
alternating currents presents a number of practical difficulties,
making it necessary to resort to special constructions of apparatus
and also to principles not generally used in the generation of low-
or medium-frequency alternating currents. Among the several
methods now used for generating the high-frequency alternating
currents required for radio communication are the high-frequency
alternator, the oscillating are, and the three-electrode vacuum-
tube oscillator. The latter method is studied separately in a
later chapter.

HiGH-FREQUENCY ALTERNATOR

The ordinary alternator construction embodying a wound
rotor and stator is not practicable for the direct generation of
very high-frequency alternating currents. As known, the
alternating current generated by such alternators, generally used
for low (commercial) frequencies, has a frequency equal to
number of poles _, r.p.m.

p X760
Thus, for producing a eurrent of 100,000 cycles per second with
such a machine having, say, a 2-foot rotor diameter and operating

frequency =
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at 3,000 r.p.m., the number of poles required would be 4,000,
giving a pole pitch of 0.019 inch. Such a construction is mani-
festly impracticable, in view of the difficulties of placing coils
between the successive poles. On the other hand, if the rotor
diameter and speed are increased,.in order to reduce the number
of poles required for a given frequency and increase the space
for the winding between them, the rotor will not be capable of
withstanding the effect of centrifugal force.

Special alternator designs and modes of operation have there-
fore been developed, comprising:

1. Cascade alternators with wound rotor and stator, for the
indirect generation of high-frequency alternating currents through
successive frequency multiplication, of which the Goldschmidt
alternator deseribed below constitutes a special form.

2. Inductor alternators, for the direct generation of high-
frequency alternating currents of fundamental or harmonic
frequency, such as the Alexanderson, Bethenod, and Latour
alternators.

Goldschmidt Alternator.—Consider an ordinary single-phase,
two-pole alternator with wound rotor and stator. A current
being sent through the field winding, and the machine operated
at the rate of f turns per second, the magnetic field through the
armature winding will, as known, vary periodically as a result of
the motion of the rotor, and will be equal to

¢ = (exciting field flux) X sin wt,
where
w = 2xf.

This periodically variable magnetic flux linking with the arma-
ture winding induces in the latter an alternating electromotive
force of its own frequency.

When, as is the case in the ordinary alternator, the current
through the field winding is a constant direct current, the ‘“excit-
ing field flux” in the above expression is equally constant, and
the magnetic field flux ¢ through the armature has a cyclic fre-
quency equal to w.

But if, instead of this constant direet current, an alternating
current of frequency w issent through the alternator field winding,
this will set up an alternating exciting field flux

P cos wi
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of same frequency, so that the above expression becomes
¢ = (P cos wt) sin wi,

or, through a simple trigonometric transformation,

o= ; sin 2wt.

In this case, therefore, the magnetic field flux ¢ linking with
the armature winding, and hence also the electromotive force
induced by it in this winding, has a frequency 2w, which is double
the usual, fundamental, frequency of the machine.

Similarly, if an alternating current of frequency 2» be sent
through the field winding, the magnetic field flux ¢ through the
armature will be

¢ = (® cos 2wt) sin wf,
or

P . P .
= 5 sin 3wt — 5 sin ot,

which, containing a term of frequency 3w, induces in the armature
an alternating electromotive force of three times the fundamental
alternator frequency.

More generally, and reasoning in the same manner, an alter-
nating field current of frequency nw will produce in the armature
an alternating electromotive force of frequency (n + 1)w.

Now, in the ordinary alternate-pole machine with wound rotor
and stator, as here considered, either winding may be used as the
field winding, the other serving then as the armature winding.
Suppose then that the stator winding 8 being used as the field
winding, a constant direct current is sent through it. The
rotor winding R being connected to some external circuit, an
alternating current of frequency « will be generated in it, as
explained before. Now consider the rotor winding R as the field
winding of the machine. An alternating current of frequency w
flowing through it, as just stated, an electromotive force of double
frequency 2w will be set up in the stator winding S, now taken as
the armature winding of the machine, producing an alternating
current of frequency 2w in the stator-winding circuit.

The stator winding S being now again regarded as the field
winding, this alternating current of frequency 2w flowing through
it will, in accordance with the above remarks, set up a current of
frequency 3w in the rotor circuit which now serves as the arma-
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ture circuit. The process continuing, it is thus seen that one
of the two windings of the alternator-—the rotor winding in the
present instance—carries alternating currents of fundamental
and odd harmonic frequencies, while the other winding—the
stator winding in this example—carries alternating currents of
even harmonie frequencies.!

In the ordinary alternator, these higher frequency components
decrease rapidly in amplitude on account of the reactance of the
alternator windings, which increases with the frequency of the
components, and correspondingly reduces them. In the Gold-
schmidt method of operating the machine, on the contrary, these
components are enhanced, the method consisting in connecting

_77‘4
T

Fia. 89.
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the stator and rotor windings, respectively, to external circuits of
such inductance and capacity that, combined with the inductance
of the alternator winding to which they are connected, they con-
stitute oscillatory circuits resonating at the successive component
frequencies.

Thus, the stator S (Fig. 89) being connected to the direct-cur-
rent generator or battery B, through a choke coil K preventing
the high-frequency alternating current from flowing through the
battery B, an alternating current of frequency f is generated in the
rotor B, which is tuned to this frequency by means of the exter-
nally connected condensers and coil C,L,C;. As explained, this
current of frequency f sets up a current of frequency 2f in the
stator S, tuned to this frequency by the condensers and coil
C3L: Cy Thestator current of frequency 2f produces a current of
frequency 3f which flows in the resonant circuit RC,Cs and which

1 This property of the ordinary alternator was first described by P.
Boucherot, in La Lumiere Electrigue, Paris, Vol. XLVII, pp. 551-561, 1893.
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in turn generates a current of frequency 4f in the tuned circuit
comprising the stator S, condenser C;, and transmitting antenna
AG. :

Thus, if the original fundamental frequency f was 10,000 cycles
per second, which is about as high as this type of alternator con-
struction permits, the stator frequency will be 40,000 cycles after
four successive frequency multiplications or “reflections.” How-
ever, a limit is set to the number of such successive frequency mul-
tiplications which may be made in this manner, by the encrgy
losses in the alternator, which grow very rapidly, reducing at
every step the amount of power which may be taken from the
generator. This may be understood in considering that, in order
to obtain a current of any given multiple frequency, it is necessary
to generate in the alternator,! currents of all the lower intermedi-
ate sub-multiple frequencies with amplitudes of the same order,
and even greater, than the amplitude of the desired output cur-
rent. FEach one of these intermediate frequency currents pro-
duces resistance and iron (hysterisis and eddy currents)
energy losses which heat up the generator and increase
with the frequency. The efficiency of the machine, therefore,
decreases as the frequency increases. Another difficulty is the
necessity of accurately tuning the circuits to the several inter-
mediate frequencies. Alternators have, therefore, been devel-
oped along other principles, as described presently, permitting
the direct generation of high-frequency alternating currents with-
out the generation of intermediate frequency currents.

Inductor Alternators.—In the inductor-type alternator both
field (direct-current) and alternating-current windings are
mounted on the stator, while the rotor is a toothed steel drum or
disc without any winding and may thus be rotated at very con-
siderable speeds.

A simple type machine is shown in Fig. 90, which is merely

given here to illustrate the prineiples involved,? and which repre-
sents a part only of the machine circumference. It comprises
a circular winding or coil 4, concentric with and perpendicular
to the shaft of the machine, and located in a groove in the stator.

1 The successive frequency components may also be generated in separate
machines (separate cascade alternators), but this method is practically as
complicated as the present one, and is not described here.

2 See article by M. LATOUR, in Revue Générale de U Electricité, IV, pp.
557-564, Apr. 12, 1919, »
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The latter is made up of packs of steel laminations B separated by
non-magnetic spacers C. An equal number of lamination blocks
or packs D are mounted on the rotor, separated by spacers E.
The coil A being connected to a direct-current generator, in series
with a choke coil to prevent the generated alternating current
from flowing through the direct-current generator, and the rotor
set in motion, the steel blocks B and D will periodically come face
to face with each other, practically closing the magnetic circuit
around the coil A. Periodic variations of the magnetic flux are
thus produced around the coil, the flux being maximum or mini-
mum according, respect-
ively, to whether the mag-
netie blocks D of the rotor
are face to face with the steel
projections B of the stator,
or with the empty spaces
between them. These pul-
sations of the magnetic flux
induce an alternating elec-
tromotive force in the coil
A, which may be impressed
onto atransmitting antenna
circuit connected to its
terminals.

The magnetic and electrical conditions in the machine being
the same every time the rotor teeth pass in front of the stator
teeth, which are in equal numbers, one cycle of the generated alter-
nating current corresponds to a rotation of the rotor equal to the
angular pitch of its teeth, so that the output frequency per second
is

Fia. 90.

r.p.m.

60

An objection to this design is that a rather large number of
turns is required in the winding A for obtaining an intense mag-
netic field in the machine with a reasonably small direct current.
This in turn increases the impedance and distributed capacity of
the winding, correspondingly decreasing the alternating-current
output of the machine. It is, therefore, necessary to separate the
field (direct-current) and output (alternating-current) windings.
Leaving the direct-current winding as just described and shown in
Fig. 90, an alternating-current winding may then be provided on

frequency = (number of rotor teeth) X
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each of the two toothed portions of the stator, on either side of the
direct-current field coil (this is not shown in Fig. 90, being
described in the following paragraph). These two alternating-
current windings may then be used separately, in series, or in
parallel with each other as desired.

p The rotor remains the same as just described, and the magnetic
flux pulsations produced by its motion in the stator teeth induce
an alternating electromotive force in the alternating-current wind-
ing placed around them.
There being a same number
of teeth along the stator and
rotor circumference, the mag-
netic flux variations oceur in
phase in all the stator teeth.
The alternating current wind-
ing must, therefore, be wound
in the same direction around
all the stator teeth, as shown schematically in Fig. 91. The
synchronous magnetic-flux variations in the teeth then induce
electromotive forces of same polarity in all coils of the alternating-
current winding, which, adding to each other, constitute the out-
put electromotive force of the machine.

This construction, however, does not allow the most complete
utilization possible of the space available between successive
stator teeth. This at best
is very small, so that the
intervals between successive
teeth are completely filled
up with the copper wires
and insulation of the alter- Stator
nating-current winding. Fre. 92.

Referring to Fig. 91, it is

seen that there are fwo conductors in each slot or interval which,
allowance being made for the insulation on each wire, limits
the actual cross-section of wire and inecreases the total resistance
of the winding, reducing the power which may be drawn from the
machine.

For these reasons, a so-called zigzag winding is used, as shown
in Fig. 92, requiring only a single conductor to be laid in each
slot, and constituting in fact a single-turn alternate-pole winding.
Only with this arrangement, the wire winds in opposite directions

Fia. 91.
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around successive stator teeth, and if, as before, the rotor had
the same number of teeth as the stator, the electromotive forces
induced in the windings of any two successive teeth would be
of opposite polarities and neutralize each other, giving no elec-
tromotive force at the machine terminals. In order to avoid this,
it is necessary to set up synchronous magnetic flux variations
in those stator teeth only around which the wire winds in a same
direction, that is, in every other stator tooth. This is accom-
plished by making the number of rotor teeth equal to one-half
the number of stator teeth (counted around ome stator circum-
ference). The stator teeth and the spaces between them are
then half as wide as the rotor teeth and slots, as shown in Fig.
93, in which the same rotor is

used as before with the new /—S—@\
stator as just described.

) -

In all the inductor alter- - S
nators described above, the Rotor
frequency of the generated /_\
alternating current is equal Fia. 95.

to the product of the num-

ber of rotor teeth by the number of revolutions per second,
as explained before. The output frequency of these machines
is limited, however, the speed being limited by the mechanical
strength of the rotor, bearings, etc., while the number of teeth
is limited by the fact that the number of stator teeth being equal
to that of the rotor teeth (homopolar machines) or equal to twice
this number (alternate-pole machines), an increase of the number
of teeth reduces the space available for the winding and may
render the construction impracticable.

Consider again the machine of Fig. 91.1 Around each stator
tooth is wound a coil, and the motion of the rotor induces in
each of these coils as electromotive force having a frequency equal
to the fundamental frequency of the machine, as defined above.
The electromotive forces thus induced in the various stator coils
are all in phase with each other, and the coils being connceted in
series, the output electromotive force of the generator is equal to
the sum of these individual electromotive forces.

Instead of thus connecting the first coil to the second, this
second coil to the third, and so on, the first coil may be connected
to the fourth, the fourth coil then to the seventh, the seventh to

1 See M. LATOUR, loc. cit., and M. Latour’s U, S Patent 1234914,
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the tenth, and so on, leaving out two coils out of every three.
The output winding thus obtained around one stator circum-
ference then comprises one-third of the total number of coils,
and will yield an output electromotive force equal to one-third
the original electromotive
force, but having the same
frequency as before.

tor

T i
L

Rotor The intermediate coils

4 .
T then being not used, may
Fra. 94 be omitted altogether, as

well as the stator teeth on
which they were wound, so that the machine assumes the form
shown in Fig. 94, which comprises the same rotor as before (Fig.
91) and a stator having only one-third the original number of
teeth. The space between successive stator teeth is correspond-
ingly greater than before
since the ratio of tooth /’W\\
width to linear tooth pitch (%
instead of being 1:2 as in "
the original machine, is now 7
equal to one-third this ratio,
that is, 1:6. This makes it
possible to increase the number of teeth which may be used with
good efficiency, and to raise the frequency output of the generator.
The same remarks may be applied to the alternate pole
machine of Fig. 93 using a zigzag winding, which is transformed
into the machine of Fig. 95 in the same manner as just explained.

Y

N N

Nezpza
%

1

As an example of actual alternator construction, Fig. 96
represents schematically a small Alexanderson alternator.! The

! A more recent design is described by E. F, W, Alexanderson, T'rans. Am.
Inst. Elec, Eng., pp. 1269-1285, 1919,

otor”

Fig. 95.




UNDAMPED OR CONTINUQUS-WAVE RADIOTELEGRAPHY 113

rotor is a steel disc, specially shaped to withstand the stresses
resulting from the high operating speed which is normally 20,000
r.p.m., and accurately balanced to prevent undue vibration.
This dise is slotted radially over its entire periphery, so that steel
tooth projections are formed around the dise. The intervals
between the teeth, which number about 300, are filled with phos-
phor bronze, a non-magnetic material, for the purpose of giving
the disc a smooth rim and reduce windage losses. The stator
consists of two grooved steel rims mounted on either side of the
rotor, as shown in the figure. The groove of each rim carries
the direct-current field winding which is wound concentrically
with the alternator shaft. The alternating-current winding
consists of a wire abed . . . wound in radial slots in the inner
edge of the metal rims facing the rotor and forming a zigzag
winding. The frequencies obtained with this type of machine
range from 100,000 to 200,000 cycles per second with power
outputs as high as 200 kw. On account of the very high operat-
ing speed of the rotor, special precautions must be taken in the
installation of the machine, bearings, oiling system, ete.

- It is also essential, in order to hold the frequency constant, to
maintain an accurately uniform operating speed, any frequency
variation resulting in a considerable reduction of the antenna
current, the antenna circuit being then no longer tuned to the
frequency of the generated electromotive force. Special quick-
acting speed-regulating devices are used for this purpose.

The Oscillating Arc.—While the high-frequency alternator,
as described above, transforms mechanical energy into high-fre-
quency alternating-current electrical energy, the oscillating are
affords means for producing continuous waves in a circuit by
purely electrical methods, transforming direct current into a high-
frequency alternating current. It is but a special case of the use of
negative resistance, which is studied in greater detail in a later
chapter in connection with the three-electrode vacuum-tube oscil-
lator. The present discussion is intended simply to deseribe in a
general way the functioning of the arc when producing undamped
oscillations.

When two carbon electrodes are connected to the terminals of a
direct-current generator and an arc established between them, the
electric current flowing in the circuit passes through the gap
between the electrodes. This gap is filled with highly heated
vapors which constitute the actual arc or flame, and which, owing
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to their high temperature, are strongly ionized and conducting.
The degree of ionization and conduction of the are depends, to a
great extent, upon the intensity of the current flowing through the
are, since this current generates the heat at the electrodes. Con-
versely, the current which flows through the arc depends uponthe
degree of ionization of the gases. Thus, if these are ionized only
to a small extent, the electrical resistance of the are is great, and
a high voltage is required between the electrodes to maintain the
current across the arc. On the contrary, if the arc is strongly
ionized, even a small potential difference between the electrodes
will produce a large current through the are.

The relation between the current and voltage across the are
may hence be represented by a curve of the shape shown in Fig.
97, showing a large current
for a small voltage and a
small current for a large
voltage. 1If, then, the cur-
rent in the circuit be alter-

7

W/

o Current 1

Fic. 97. Fia. 98.

nately increased and decreased between two values corresponding
to points N and P of the curve, the voltage will vary in opposite
manner, that is, respectively decrease and increase. In other
words, the ratio dV /dI of corresponding voltage and current vari-
ations is negative, which is often expressed in saying that the
alternating-current resistance of the are is negative (since the
resistance R of a conductor is precisely equal to the ratio dV/dI
of corresponding voltage and current variations).

Now consider (Fig. 98) a constant voltage generator. G con-
nected to the two electrodes 4 and B of a carbon arc through a
choke coil K, and a condenser C connected in series with an induc-
tance coil L across the carbon arc AB. To begin with, assume
this shunt oscillatory circuit LC to be disconnected from the are,
with the condenser C not charged and its plates at the same poten-
tial. Upon being connected to the generator, the potential differ-
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ence across the are will find itself applied to the condenser through
the coil L, and the condenser will begin to charge. In other
words, a charging current will flow into the condenser. And
since the total current supplied by the generator G remains con-
stant, due to the presence of the choke coil K, this flow of current
for charging C produces a corresponding decrease in the current
flowing through the are. But referring to the characteristic curve
of the are, a decrease of current through the arc is accompanied
by a rise in the potential difference between the electrodes and,
therefore, across the circuit branch LC. This further increases
the charging rate of the condenser. When the condenser is fully
charged, the current flow in the circuit branch LC stops andthe
current in the arc increases, since the generator current isnolonger
divided between the two circuit branches. But this increase in
the arc current results in a decrease of the potential difference at
the arc electrodes, and therefore also across the circuit LC. The
condenser thus begins discharging through the are, increasing the
current through the latter and further reducing the electromotive
force across the electrodes. When the condenser is fully dis-
charged,- conditions are returned to the original state, and the
process repeats itself.

These conditions may be followed on the characteristic curve of
Fig. 97, which, as explained, represents the corresponding values
of are current and voltage for steady conditions, that is, when the
are is not oscillating, as is the case when the circuit LC is discon-
nected. It is therefore called the static characteristic of the are.
Thus, let Vo and I, be the values of voltage and current before
the circuit LC is connected, M being the operating point. Then,
when the circuit is connected to the are, as explained above, the
arc current decreases during the charging period and the oper-
ating point moves from M to N, when the condenser is fully
charged. Again referring to the above explanation, the condenser
in discharging increases the arc current, and the operating point
thus oscillates between points N and P of the curve.

However, due to the heavy current carried by the arc around
the end of the discharge period, when the operating point is at P,
the carbon electrodes become quite hot and the space between
them is of high conductivity. Due to the great frequency of the
oscillations, the arc electrodes do not have time to eool down to
their normal temperature when the current decreases, so that the
resistance of the are will be slightly less than normal, and the arc
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voltage will be consequently smaller. In other words, the operat-
ing point in its motion from P to N describes a curve which is
below the static characteristic curve. Similarly, as the current
increases when the point moves from N to P, the electrodes do not
have time to heat up to the normal value. The are will then be
of higher resistance, and the curve will lie above the static char-
acteristic ecurve. As the arc oscillates, there is thus a lag of the
electrode temperature behind the current, resulting in a closed,
so-called dynamic characteristic curve, shown in dotted lines in
Fig. 97.

An oscillation following a dynamic characteristic curve, as the
one just described, was found to be possible only for small ampli-
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tudes and frequencies not higher than a few thousand cycles per
second. It is therefore not suitable for radio transmission pur-
poses, although the generated oscillations are very nearly
sinusoidal.

In order to obtain oscillations of great amplitude and high fre-
quencies, it is necessary to use an arc having a large negative alter-
nating-current resistance, that is, having a steep characteristic
curve. This is obtained only with an arc which is very unstable,
such as the Poulsen are, in which the positive electrode is made of
a copper jacket (Fig. 99) cooled by water circulation, and with
the arc placed in a hydrocarbon atmosphere and in a strong mag-
netic field. With such an are, it is possible to obtain frequencies
up to two or three million cycles per second, and great ampli-
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tudes. The charging current of the condenser may frequently be
so great as to extinguish the arc every half-cycle. The oscilla-
tions generated by this method are thus not sinusoidal, and the
dynamic characteristic of the arc under such conditions is shown
in Fig. 100. |
Finally, a third kind of oscillation may be obtained which corre-
sponds to the case where the arc, after being extinguished due to
the condenser charging current, is made to carry the discharge
current in opposite direction to the current normally supplied to
the arc by the generator. In this
case, the oscillatory current is greater
_than the supply current, and the arc
functions more as an ordinary spark
gap, producing slightly damped \
oscillations.

12

CONTINUOUS-WAVE RADIO TELE- <~ I
GRAPH TRANSMITTING o
CIRCUITS

High-frequency Alternator Cir-
cuits.—When a high-frequency alter-
nator is used for energizing the
antenna circuit, this ecircuit may be
connected to the machine either directly, or through the medium
of transformers. These are particularly useful when coupling
several alternators in series or in parallel to the same antenna.
The connection may also be made through iron-core frequency-
multiplying transformers, a practice which is followed more
frequently in Germany.

Signalling by means of alternator-excited circuits is always
donein varying the amplitude of the generated current, while keep-
ing its frequency constant. Alternators have generally a high
power output. The transmitting key is seldom used for breaking
the antenna circuit, unless special multiple-contact high-speed
relays be used for this purpose. In some instances, the key is
used for making and breaking the direct-current field circuit of
the alternator, which of course earries a very much smaller cur-
rent than the armature (output) circuit.

A more frequent practice is to detune the antenna when open-
ing the key. For this purpose the key is made to short-cireuit,
when closed, a few turns of the antenna inductance, as shown in

Fre. 100.
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Fig. 101. The antenna circuit being then accurately tuned to
the alternator frequency, opening of the key detunes the circuit,
which, ceasing to be in resonance, carries then only a negligibly
small current.

The detuning of the antenna circuit may also be obtained by
using an iron-core inductance in the antenna circuit. The same
iron core carries a second winding
connected in series with the key and
with a direct-current generator.
Closing the key then sends a direct
current through this second winding,
Alternntor@ which partially saturates the iron

core, changing its magnetic perme-
ability and, hence, altering the value
of the inductance and the tuning of
the antenna. This principle is used
in the Alexanderson magnetic amplifier, which is described more
fully in the chapter on radio telephony.

Finally, when the alternator is connected to the antenna
through ferromagnetic frequency multipliers of even ratio, keying
may be effected by making and breaking the direct current used
for saturating the iron cores of the multipliers. This is equiva-
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lent to disconnecting and connecting the alternator and antenna
circuits.

Oscillating-arc Circuits.—The oscillating arc may be connected
directly in the antenna circuit, as shown in Fig. 102. It may also
be made to generate undamped oscillations in an intermediate
tuned cireuit L;C; coupled to the similarly tuned antenna, as
shown in Fig. 103. In this case, care must be taken not to use
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so close a coupling as to produce a double-humped resonance
curve, as this would lead to the same disturbing unstability con-
ditions as described, for the three-electrode vacuum-tube oscilla-
tor, on pages 202 to 208.

In the case of an are set, it is impracticable to place the key in
the direct-current supply eircuit, since the are, once extinguished
by the opening of the generator circuit, would not start again
upon closing the key. The detuning method is therefore most
commonly used. In this connection, it should be noted that the
operation differs according to whether the simple circuit of Fig.
102 or the coupled circuit of Fig. 103 is used.

In case the simple circuit is used, detuning the antenna circuit
simply alters the wave length of the generated oscillations with-
out materially changing the amount of power radiated. The cir-
cuit thus operates at one frequency when the key is closed and at
another frequency when it is open. These two waves are
received by the receiving circuit, but this being tuned to the sig-
nalling wave, it will be energized more weakly by the spacing
wave. Moreover, if the signals are received by the heterodyne
method, described further below, the two waves produce two dif-
ferent notes in the telephone receivers and may be distinguished
readily, and if the two frequencies are sufficiently different, the
spacing wave may even be silenced completely in the receiver, as
explained at the end of this chapter.

In case the coupled circuits of Fig. 103 are used, detuning of
etther circuit will produce a sharp decrease of amplitude in the
antenna current, and the station will, as in the case of the alter-
nator, radiate strongly when the key is closed and weakly (if at
all) when it is open.

Signalling Speed.—Both in arc and alternator stations, the
various oscillatory circuits and the antenna circuit are made of as
low resistance as possible, in order to reduce energy losses. The
smaller the ohmic resistance and damping of the circuits, however,
the greater their time constant, that is, the longer will be the time
required for the oscillations to build up in them when the key is
closed and to die down when it is opened. Since commereial
transmitting speeds are of the order of several hundred words
per minute, this increased time constant of the circuits
may actually limit the signalling speed. On the other hand,
increasing the resistance (and damping) permits a greater signal-
ling speed but reduces the electrical efficiency of the station.
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These conflicting factors must therefore be taken into account,
the best overall commercial efficiency being obtained by a proper
balance of the electrical and traffic efficiency.!

CONTINUOUS-WAVE RECEPTION

The general principles given in the case of damped-wave recep-
tion are applicable to undamped or continuous waves, if account
is taken of the different characteristics of the latter. The
remarks on tuning and coupling of the receiving circuits are of
course applicable to undamped waves, and it should be noted
that tuning is considerably

5 sharper than with damped
§+ fme_s. WAVES (see the first paragraphs
<° of this chapter). The resonance
§- curves show a marked and
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nance frequency, which thus greatly facilitates the elimination of
interference from undamped wave sets of other frequencies.

The ordinary detector methods cannot be applied in the case
of undamped waves, as may be understood from the following con-
siderations: As the key of the undamped-wave transmitting set is
closed to send a dot or a dash, an uninterrupted undamped oscil-
lation is sent out, inducing in the receiving circuit a continuous
high-frequency alternating current, as shown in the upper curve
of Fig. 104. If this wave were rectified and made to flow through

t This should be contrasted with the case of radio telephony, where the
modulation frequency (which here is equivalent to the signalling speed) is
beyond the control of the radio engineer, being given by the frequency
characteristics of the human voice. Most effective operation is then secured

by making the antenna resistance as low as this modulation frequency per-
mits, which is higher than in the case of telegraphy.
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the telephone receiver, the current would be as shown by the
second curve of the figure. This would result in a permanent
attraction of the receiver diaphragm during the entire duration
of the dot or dash. The diaphragm would thus not enter into
vibration, as it did in the case of damped waves which were
broken up in wave trains spaced at regular intervals and occurring
at some audio frequency. In the case of undamped waves,
simply a click would be heard at the start and the end of a dot or
dash, and this could be interpreted only with difficulty, if at all.
The most obvious solution of the problem is, then, to insert some
sort of interrupter in the receiving circuit which will break the
received current at regular intervals, the thus interrupted current,
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_ %}
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when flowing in the telephone circuit, then setting the diaphragm
in audible vibration.

Thus, the damped-wave receiving circuit of Fig. 87 may be
adapted to continuous-wave reception by connecting an inter-
rupter at M (Fig. 105). This is a vibrating contact operated by a
buzzer B adjusted to some audio frequency, say 500 to 1,000
cycles per second. The detected current flowing in the telephone
receivers when signals are being received is then interrupted at
this frequency and an audible note is heard.

An equivalent method, illustrated in Fig. 106, consists in
periodically detuning the receiving circuit at some audio frequency.
The receiving circuit is essentially the same as a damped-wave
receiving circuit, exept that one of the tuning condensers is
shunted by a small condenser C made up of a set of movable
plates which are rotated between a set of fixed plates. This
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rotation is effected by means of a small motor at a speed corre-
sponding to some audio frequency. The receiver being tuned by
means of the condensers € and C., the rotation of the condenser
C periodically varies the capacity of the secondary oscillatory
circuit, thus throwing it periodically into and out of tune.
During the detuned intervals it will not respond, or only feebly,
to the incoming oscillations. The oscillating current is thus
periodically varied in amplitude, or “modulated,” and when
“rectified produces a sound in the telephone receivers.

Still a different method is the tikker method, in which a
motor-driven interrupter opens and closes the telephone receiver
circuit at a radio frequency but little different from the fre-
quency of the received signals. This method, which does not
require any rectifying detector, is not described here, being
closely related to the heterodyne method studied below. A
vacuum-tube circuit operating on a similar principle as this tikker
method is described in a later chapter.

All of the above methods have the common disadvantage that
the received energy is periodically not made use of in the tele-
phone receivers, the received current being periodically inter-
rupted. This waste of energy is objectionable, since one of the
main advantages of the undamped over the damped-wave method
is the continuousness of the energy supply to the receiving circuit,
and also, since the total amount of energy received is at best
very small. Therefore, a method which utilizes all the energy
received is much to be preferred. For these reasons, and others
which will be pointed out later, the heterodyne reception method
is one of the best and most widely used reception methods for
undamped waves.

Heterodyne Reception.—The heterodyne method consists
essentially in superimposing upon the received undamped high-
frequency alternating current a locally generated undamped
alternating current of slightly different frequency. These two
currents combine, periodically adding and subtracting, and thus
produce beats similar to those resulting from the combination of
two sounds of almost the same pitech. The frequency of these
beats is equal to the difference of the frequenciesof the component
currents.

Thus, consider the circuit of Fig. 107, in which an alternator
A, generates an alternating current of frequency fi, and an
alternator A, generates an alternating current of frequency fe.
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The resultant current in the circuit is the sum of the two compo-
nent currents. Referring to Fig. 108, where the two component
currents are represented, respectively, by the two upper curves,
the total current in the circuit is at each instant equal to the
sum (or difference) of the corresponding instantaneous values of
the component currents. This resultant current is shown by the
lower curve of the figure, and is seen to be an alternating current
of periodically increasing and decreas-
ing amplitude. The maximum ampli-
tude is equal to the sum of the
maximum amplitudes of the com-
ponent currents, and occurs when the 4 4
two currents pass together through - *
their positive or negative maxima,
And the minimum amplitude is equal
to the difference of the amplitudes of the component currents,
and occurs when these currents pass together through maxima of
opposite polarities.

The fact, stated above, that the frequency of the beats (that
is, the number of beats per second) is equal to the difference of
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the component frequencies may readily be found mathematically.
Thus let the two component currents be represented by the
expressions

7:1 = Il sin 27l'f1t.

7:2 = I2 sin 27rf2t.
The resultant current 7 is then at each instant

T =11+ 1y
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which may easily be put under the form

i = VI* + 12 + 2.1, cos 2x(f; — fa)i cos 2nfst + o(D)],
which represents the beat current as described above, and in
which the beat frequency (f; — fz) appears in evidence.

Now, applying these principles to the reception of undamped
waves, consider the receiving circuit of Fig. 109. The receiving
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antenna circuit AG being tuned to the incoming waves, these
induce a current of their own frequency fi in the closed oscillatory
circuit LC. This current may be represented by the upper curve
of Fig. 108. As explained previously, this current when rectified
by the detector would not produce a readable sound in the tele-
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phone receivers. A high-frequency alternator K is therefore
connected or coupled to the circuit LC and produces in this an
alternating current of frequency f», adjusted to be slightly different
from the frequency fi, of the incoming signals. This locally
generated current may be represented by the second curve of
Fig. 108. As just shown, these two currents actually produce
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a current of variable amplitude (beat current) in the circuit LC,
as shown by the lower curve (Fig. 108) which, when rectified by
the detector and led through the telephone receivers then becomes
of the form shown in Fig. 110, and produces vibrations of the
receiver diaphragm at a frequency equal to fi — fe.

The circuit of Fig. 109 may be modified in many different
ways. Thus, the local generator circuit may be coupled to the
closed oscillator circuit LC through the antenna circuit instead of
directly. Another- method consists in using a special double-
winding telephone receiver, one winding carrying the received
current, while the other carries the locally generated high-fre-
queney current. '

Advantages of Heterodyne Reception.—A first feature of the
heterodyne method of reception is that the note heard in
the telephone receivers, being dependent upon the frequency of the
current generated at the receiving station, may be adjusted by the
receiving operator to best suit the local conditions.! Thus, for
instance, the beat frequency may be adjusted to be equal to the
natural frequency of vibration of the telephone receiver
diaphragm. This mechanical resonance greatly reinforces the
sound due to the received signals, contrasting these sharply from
other interfering undesired signals. This note, in view of its
great constancy, is of the nature of a clear, musical whistle.

Another advantage of the possibility of adjusting the pitch
of the signals at the receiving station is, that it assists in over-
coming interference from other signals to a remarkable degree.
Thus, suppose the signals to be received to have a frequency of
100,000 cycles per second, and that the station also receives
interfering signals of a frequency of 100,500 cycles per second.
The sharp tuning afforded by undamped waves already mini-
mizes the interference. Now, if the locally generated frequency
is 101,000 cycles, the notes heard in the receivers will be respec-
tively 1,000 and 500 cycles per second for the desired and the
interference signals. These two widely different notes are
easily distinguished by the ear. But even better, if the locally
generated frequency is adjusted to 100,500 cycles per second,
the signals desired will have a pitch of 500 cycles, while no beats
whatsoever, and therefore no sound will be produced by the

1 This is of course impossible with damped waves, since the audio fre-

quency is then determined wholly by the spark frequency at the transmitting
station.
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interfering signals, which are thus entirely eliminated. This
feature becomes of considerably greater importance in the super-
heterodyne receiver, where the beats are of superaudible (radio)
frequency, as will be studied later in greater detail.

Finally, a third important property of the heterodyne method
is that it provides an amplification of the received signals.! This
may be explained roughly by the fact that the locally generated
energy is added to that received from the transmitting station.
Thus, if ¢; and 7, are respectively the received and locally gener-
ated high-frequency currents, the resultant current in the receiv-
ing circuit is

1 =1 + 1a
The effect on the telephone receivers is, however, not proportional
to the current, but to the energy, hence to the square of the
resultant current ¢, and therefore to
12 = (i1 + 22)% = 412 + 492 + 2i17..

The first term ¢,? is the square of the received high-frequency
current. As this is of a frequency beyond the limit of audibility,
it has no useful effect upon the strength of the sound heard in the
receivers. This is true also of the second term ¢,* which is the
square of the locally generated current of nearly the same fre-
quency. The signal intensity, as heard in the receivers, is thus
represented by the term 2¢17.. It is thus possible, by suitably
proportioning the value of the locally generated current to the
received current, to obtain a greatly amplified signal.

It should not be thought, however, that as great amplification
as desired may be obtained by simply increasing the locally
generated current intensity. The characteristics of the detector
play an important part in this connection. Thus, consider an
undamped wave signal as represented by curve 1 (Fig. 111).
This same signal, combined with a locally greater high-
frequency alternating current of slightly different frequency,
is shown in curves 2, 3 and 4, which correspond, respectively,
to a loeal current of smaller, equal, and greater intensity than
the received signal current. These curves show at once that the
amplitude variation of the combined current increases with the

! Heterodyne reception nowadays is effected almost universally by means
of vacuum tubes, which of course provide considerable amplification of the
signals. But the amplification described here and due to the heterodyne
method is independent from the amplifying properties of the tubes, and
inherent to the heterodyne method.



UNDAMPED OR CONTINUOUS-WAVE RADIO TELEGRAPHY 127

the intensity of the locally generated current until the latter is
made equal to the signal current intensity (curve 3), when the
amplitude of the combined current varies periodically between
zero and twice the amplitude of either signal or local current.
A further increase of intensity of the loeal current then does
not change this amplitude variation or modulation, but this same
modulation occurs about a higher average current intensity, and
hence does not come down to zero (curve 4).

Sinee it is this beat mod-
ulation which produces the
sound in the telephone re-
ceivers, the local current
must obviously be made at =& {
least equal to the signal cur- {%II
rent, since this corresponds { !‘

Curve 3
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Curve 4

to maximum modulation amplitude. The question arises then as
to whether the local eurrent should be made greater than the signal
current, or simply equal to it, since, as just shown, the modulation
amplitude is the same in both cases. The answer depends essen-
tially upon the shape of the characteristic curve of the detector
employed. If, as is often the case, this curve has the general
shape A shown in Fig. 112, the greatest signal is given by the
combined current of curve 4 (Fig. 111), obtained with a local cur-
rent greater than the signal current. Thus, curves B and C (Fig.
112) respectively represent the ‘“detected” currents yielded by
currents 3 and 4 (Fig. 111). In the former case, the slope of the
curve portion M N being much smaller than that of the portion
PR, which in the latter case serves for the rectification of the
modulated part of the high frequency current, the resulting
pulsations of the rectified current are correspondingly smaller,
and a weaker signal is produced in the telephone receivers.



CHAPTER VI
THE THREE-ELECTRODE VACUUM TUBE

GENERAL PROPERTIES

Electron Emission by Hot Bodies.—As shown in Chap. I, the
raising of the temperature of a material increases the agitation of
its constituent atoms or molecules. In the case of a metal or
other substance containing free electrons, this is accompanied by
an ejection or emission of free electrons from the heated body out
into the surrounding space, which becomes noticeable at
about dull red heat, and increases rapidly with temperature.

If a body is maintained at some temperature T where it thus
emits electrons, it will, through the loss of these negative charges,
become positively charged, and therefore tend to attract back the
emitted electrons. A condition of equilibrium is reached when
the attraction of the body on the emitted electrons exactly coun~
terbalances the forces producing the electron emission, this state
of equilibrium being, furthermore, characteristic of the substance
and temperature. If the temperature is raised, the atomic agita-
tion of the substance and the velocity of the emitted electrons
increase correspondingly, the free electrons overcome the attrac-
tion of the heated body in greater number, and a new state of
equilibrium is established. The number N of electrons emitted
at a temperature T (expressed in absolute degrees) is

N = ATee7,
where e is the base of the natural system of logarithms, and 4, b,
and ¢ are constants depending upon the chemical nature, shape,
and other characteristics of the body.

This emission of electrons by a heated body makes the sur-
rounding space a good conductor of electricity, which is, by defini-
tion, a substance or medium containing free electrons. If, then,
a positively charged body is placed near the heated substance
emitting the electrons, these will travel from the heated substance
to the positively charged body, establishing an electric current

through the intervening space.
128
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The Two-electrode Vacuum Tube.~—Consider a metal filament
F, sealed in an evacuated glass bulb (Fig. 113), containing also
metal plate P. When the filament is heated by the current of a
battery A, it emits electrons into the space surrounding it,
in quantity expressed by the above equa-
tion. If the plate is now made positive
with respect to the filament, for instance, 4 == a ‘
by connecting a battery B between the - T
plate and filament, there will be estab-

lished a continuous flow of electrons 1B
from the filament to the plate, and L—_—\IMI\I—:——
therefore an electric current in the Fre. 113

circuit FBPF.

Keeping the filament temperature constant, the number N of
electrons emitted by the filament per unit time will be correspond-
ingly constant, and the number n of electrons attracted by the
plate will depend upon the plate potential with respect to the
filament. Thus, starting with a potential difference of zero volts
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between plate and filament, measured between the negative fila-
ment end and the plate, and gradually increasing it, the number
of electrons reaching the plate, and therefore the current in the
plate circuit, will gradually increase. However, a potential will
be reached at which all the electrons emitted by the filament per
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unit time are attracted by the plate, so that further increase of
plate potential will produce no increase of plate current. This
maximum current, beyond which there is no increase forincreased
plate potential, is called the saturation current of the tube for the
particular filament temperature (or current) used. This is repre-
sented by the curve of Fig. 114.

In order to have a greater current in the plate circuit, it is then
necessary to raise the filament temperature. For each value of
filament temperature there is a definite value of saturation cur-
rent, which obtains when the
plate attracts the electrons at
the same rate as they are
emitted by the filament.

The saturation current is
thus a measure of the number
of electrons emitted by the
filament, and may therefore
be expressed in funection of
filament temperature by a
relation of aform similar to
that given above for the elec-
tron emission by a hot body.
Thus, the saturation current I
for a given filament tempera-
ture T in a tube having a per-

Plate Current (Saturation) ——>

o Filament Temperature ——— . .
fect vacuum is given by the
Fig. 115, equation
I = AN/Te ™7,

where A, b and e have the same meaning as above. The variation
of saturation current with filament temperature is represented by
the curve of Fig. 115.

Now, consider the tube with the filament cold (battery A dis-
connected) and the plate maintained at some constant positive
potential Vi by means of the battery B. Since the filament is
then emitting no electrons, there will be no current in the plate
circuit, assuming the space within the bulb to be a perfect dielec-
tric. In case gasis present within the bulb, ionization may take
place, as described later. If the filament is then gradually heated
by gradually increasing the current from the battery 4, it will
emit electrons at an increasing rate, and the plate current will
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increase, being at every instant equal to the above expression.
However, due to the fact that electrons are continually streaming
from the filament to the plate, there are at every instant a number
of electrons in the space between the filament and the plate.
These all move toward the plate and are absorbed by it, while at
the same rate new electrons are emitted by the filament, so that
the number of electrons present at any moment in the space
between the electrodes depends upon the rate of absorption or
attraction by the plate and upon the rate of emission by the fila-
ment. The steady increase of the filament temperature increases

Plate Current ——>

Plate Potential =V,

(o] Filament Temperature — >
Fic. 116.

the electron emission from the filament, and, therefore, also the
number of electrons present in the space of the tube. This group
or cloud of electrons between the plate and filament produces a
negative space charge, the effect of which upon the electrons leav-
ing the filament is opposite to that of the positive charge on the
plate.

As the filament current is increased far enough, an equilibrium
is reached between the opposing effects of the plate and space
charges, and any further increase of filament temperature pro-
duces no increase of plate current, any additional electrons in the
space of the tube making the negative space charge overbalance
the positive charge on the plate and repelling the emitted elec-
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trons back toward the filament. In order to obtain a greater
plate current, it is then necessary to increase the plate poten-
tial. Thus, for every value of plate potential there is a corre-
sponding filament temperature beyond which no increase in plate
current is observed. This is represented by the curvesof Fig. 116.

The maximum plate current which can be obtained for a given
value V of plate voltage depends essentially upon the shape,
dimensions, and spacing of the two electrodes. For a tube having
perfect vacuum, and fitted with a filament 1 em. long placed
along the axis of a eylindrical metal plate of radius r, this current
1 if given by the relation

;= 2v'2 [e V%,

g \mr
where ¢ and m are the charge and mass of an electron. Substi-
tuting numerical values, the current is

5/
i = 14.65 X 10—6%” = aV¥%

1+ being in amperes, V in volts, r in centimetres, and a a constant.

Effect of Gas on the Plate Current.—If the tube contains
gas, even in very small amount, the above conclusions no longer
apply strictly, the process being modified when the plate poten-
tial is such that ionization takes place. Thus, consider the solid
line curve of Fig. 117, showing the relation between plate current
and plate potential for a constant filament temperature in a tube
having no trace of gas. The higher the plate potential, the
greater the velocity of the electrons in their travel from filament
to plate, particularly after the current has reached its saturation
value. Now if the tube contains traces of gas, a certain potential
Vo will be reached for which the velocity of the electrons is great
enough to disrupt the atoms of the gas by collision. This splits
the atoms into free electrons and positively charged ions which
travel, respectively, toward the plate and the filament, producing
an increase of current in the circuit, as shown by the dotted line
curve in Fig. 117.

The two-electrode tube described above finds application as an
alternating-current rectifier, current flowing through the tube
when the plate is positive with respect to the filament, and not
when it is negative. This rectifying property, however, is
destroyed if the plate is heated to incandescence, as occurs when
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too high a positive potential is applied to it, increasing the
velocity of the electrons and, consequently, the heat developed at
the plate when they are stopped by it.

Plate Current ————>
j .
<

Vo
o Plate Potential ——>

Fra. 117.

THE THREE-ELECTRODE VACUUM TUBE

Other factors than the plate potential and filament temperature
may affect the current intensity in the plate circuit of an electron
discharge tube, for the state of motion of the particles of negative
electricity or electrons which move, within
the tube, from filament to plate, is readily 4
influenced by the action of a magnetic or 4=
electrostatic field, as explained in Chap. I. -"j
A most widely used method of control of
the electrons stream utilizes an electrostatic

field established within the tube by means c

of an auxiliary electrode, generally inserted

between the filament and plate. ‘ |||| ” B
il

This third electrode G (Fig. 118) may
be a perforated plate, mesh, or grid of
fine wires, through the openings of which the electrons must
pass in their travel from the filament to the plate. By apply-
ing a positive or a negative potential to the grid electrode,
with respect to the filament, it becomes possible to accelerate
or decelerate the electrons moving from filament to plate, to

F1a. 118.
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neutralize or increase at will the effect of the space charge, and
thus to control the plate-current intensity without changing the
plate voltage or filament temperature. One of the advantages
of this method of control is, that while the plate current may
be quite large and the energy operating in the plate circuit con-
siderable, yet the energy required to charge the grid to the desired
potential is extremely small, due to the small electrostatic capacity
of the grid with respect to the filament. ,
Characteristic Curves.—The operation of the three-electrode
vacuum tube may be explained in a general manner as follows:
Suppose that no difference of potential is established between the
grid and filament, the grid not being connected to any circuit.

—_

Plate Current

Current

Grid Current

I

— 1) +

Grid Potential
F1e. 119.

The tube then operates like a two-electrode tube, and a stream of
electrons flows from the filament ¥ heated by the battery A4 to
the plate P, under the influence of the battery B (Fig. 118). This
plate current is limited, as explained for the two-electrode tube,
by the space charge due to the electrons present in the space
between the plate and filament.

Now, if the grid is given a negative potential with respect to the
filament, for instance by connecting a battery C with its positive
terminal to the filament and its negative terminal to the grid,
the negative charge on the grid will add its effect to that of the
space charge, repelling the electrons emitted by the filament
back toward the latter, and more or less neutralizing the attrac-
tion of the electrons by the positively charged plate. The result
is a decrease in the plate-current intensity, which decrease will
be greater the more negatively the grid is charged. The grid
may even be made sufficiently negative to stop entirely the flow
of electrons from filament to plate.
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If, on the contrary, the grid is charged positively, the negative
space charge due to the electrons in the tube is neutralized
correspondingly, and the plate current increases. For increasing
‘positive grid potentials, the plate-current intensity increases,
until the saturation current is reached, corresponding to the exist-
ing filament temperature.

This dependence of the plate current on the grid potential
is represented by the ‘plate current’” curve of Fig. 119, the
filament temperature and plate voltage being kept constant
throughout. This curve is called the static characteristic curve

Plate Current - Milliamperes
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Grid Potential - Volts

Fia. 120.

of the tube for the particular plate voltage and filament tempera-
ture (or current) used. Assuming the latter to be constant, a
family of such curves is obtained corresponding respectively to
various values of plate voltage, as shown in Fig. 120. The higher
the plate potential, the more the curve is shifted to the left,
without substantially altering its shape, particularly for the
higher values of plate potential.

These same relations may be shown as in Fig. 121 by platting
the plate current in function of the plate voltage for various con-
stant values of grid voltage.

It should be noted that, when the grid is positive, it attracts a
few electrons to itself, giving rise to a current in the grid circuit
FCGF (Fig. 118) which is represented by the ¢ grid current’ curve
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of Fig. 119, In the useful operating range of the tube, this grid
current is comparatively very small, ranging from zero to about
one-one hundredth or one-tenth of the plate current. It may be
entirely avoided through a suitable choice of the operating volt-
ages. Thus, if the plate potential is high, a large negative grid
potential is required to stop the flow of plate current. A slightly
smaller grid potential permits the plate current to flow, and a
still smaller negative grid potential allows the plate current to
reach its maximum saturation intensity. Owver this whole con-

Plate Current «» Milliamps

0 100 200 300 400
Plate Potential - Volts

Fia. 121.

trol range the grid potential remains negative, and consequently
the grid does not attract any electrons to itself, and no current
flows in the grid circuit.

Quantitative Expression of Vacuum-tube Properties.—As
just explained, the intensity of the electron stream flowing from
filament to plate in a three-electrode vacuum tube may be con-
troiled by varying the potential of the grid with respect to the
filament, under conditions for which the grid current is negligibly
small or even entirely inexistent. Only the plate current will
therefore be considered here, the intensity of which is now to be
expressed quantitatively in function of the potentials applied
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respectively to the grid and plate of the tube, and in function also
of certain factors or parameters characterizing the design of the
particular tube considered.

Amplification Factor.—Upon escaping from the heated fila-
ment, the free electrons emitted by it find themselves under the
action of the electrostatic field created about the filament by
the charges of the grid and plate, the plate being given a positive
potential with respect to the filament by a battery B, and the
grid a positive or negative potential by means of a battery
C, as described in connection with Fig. 118. This electrostatic
field, which drives the electrons onto the plate, is the resultant
or combination of the fields set up by the plate and grid charges
respectively. It may obviously be established through a variety
of possible combinations of grid and plate potentials, and its
action on the electrons leaving the filament will be the same
irrespective of what particular combination is used.

Thus, if the plate potential is lowered, correspondingly decreas-
ing the plate current, the original field, and also the original plate
current intensity may be restored by raising the grid potential—
that is, making the grid more positive or less negative. Or else,
if the plate voltage E, is increased, or decreased, by a small amount
dE,, causing, as in the case of a two-electrode tube, a variation
dI, of the plate current, the same plate-current variation may be
obtained by keeping the plate voltage constant, and varying, in
the same direction, the grid voltage E, by an amount dE,, pro-
ducing the same electrostatic field variation about the filament as
the plate potential change dE,.

The ratio
_dE,
= 4B
of the plate and grid voltage variations which thus produce a same
plate-current variation, being equal to the ratio of the correspond-
ing electrostatic field variations, is also equal to the ratio

C,

k= CTI_,,
where €, and C, are, respectively, the electrostatic capacities of
the condensers constituted by the filament and plate, and by the
filament and grid. This ratio & thus depends upon theinternal
structure of the tube only and not upon its operating grid and
plate voltages, and is therefore a constant, called the voltage ampli-

k
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Jication constant or factor of the tube. It expresses the fact that
the plate-current variation caused by a grid-voltage variation
dE, is the same as that which would be caused by a plate-voltage
variation equal to &k - dE,.

It also explains the fact that the grid-voltage, plate-current
characteristic curves corresponding to various constant values of
plate voltage are substantially parallel to each other, as shown in
Fig. 120.

Since a grid potential F, has the same effect on the plate
current as a plate potential kE,, the current flowing in the three-
electrode tube is the same as if the tube were a simple two-elec-
trode tube having a plate potential equal to

E = E, + kE,,
where E, and F, are respectively the voltages actually applied
to the plate and grid of the tube. The plate current I, is thus
expressed by a relation of the same form as for the two-electrode
tube,
I, = aB* = a(E, + kE,)*
and, as in the case of the two-electrode tube, no current will flow in
the plate circuit if the potential £, + kE, is equal to zero or
negative,
E,+EkE;,=00r <o,

or

K
Eg = or < —*kg'

The amplification factor k of a three-electrode vacuum tube, as
defined above, varies inversely as the spacing between the grid
wires, for the closer the mesh of the grid,the greater will be the por-
tion of the electrostatic field of the plate shielded or screened off
by the grid. It varies also directly as the ratio of the plate-fila-
ment and grid-filament distances, as may be understood from the
fact that the closer the grid is placed to the filament, the smaller
the potential required to set up a field around the filament equiv-
alent to the field set up about it by the plate. Thus, for obtain-
ing a large amplification factor, it is necessary to use a fine grid
mounted at a small distance from the filament, as compared to
the distance between the plate and the filament. Voltage
amplification factors of 8 to 12 are commonly used in radio
tubes, but factors as high as 17 or 20 have been obtained in
certain types of tubes.
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The amplification factor & is actually not quite constantfor a
given tube, but varies somewhat with the plate and grid poten-
tials, due to the fact that when these potentials are changed, the
average distribution of the electrons in the space of the tube is
altered, so that the section of the path from filament to plate
which has the maximum density of the electron‘‘ cloud” isshifted
with respect to the grid and plate. This shift of the shape and
position of the space charge correspondingly alters the relative
effects of the plate and grid potentials on the electron flow in the
tube.

Also, the filament being heated by a current flowing through
it, a potential gradient exists along the filament, and its various
points are therefore at different potentials with respect to the
grid and plate respectively. It follows that the action of the
grid potential on the electron current flow is more gradual than
if the entire filament was at a same potential. Thus, if the
grid is connected directly to the negative end of the filament,
with respect to which it is therefore at zero potential, it will be
at a potential of —V with respect to the positive end of the
filament, V being the potential difference between the filament
terminals. This negative grid potential of —V may, in some
cases, be sufficient to stop the electron current from flowing
from the filament positive end to the plate. But there being no
potential difference beween the grid and the positive end of the
filament, an electron current may still flow between it and the plate,
which will be stopped only for a greater negative grid potential.

The amplification factor may, however, be considered as
substantially constant over the comparatively straight portions of
the characteristic curves.

Internal Resistance.—In order to obtain a current flow across
an electron discharge tube, it is necessary to maintain the
plate at a positive potential with respect to the filament, which
may be done by connecting a generator or battery B (Fig. 118)
between the filament and plate. Without this battery, the
positive charge on the plate would soon become neutralized by
the negative charges of the electrons collected by it, and the elec-
tron flow would cease.

A current I,, thus flowing through the tube for a plate voltage
E,, the ratio
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is the internal plate-to-filament resistance of the tube, according
to the definition of resistance given in Chap. I. Indeed this
internal tube resistance may be considered as of similar nature
as the ohmie resistance of a metallic conductor. As explained in
Chap. I, the free electrons moving between the atoms of the
metal and constituting the flow of electricity in the conductor,
accelerate under the effect of the applied electromotive force
until they collide with an atom, when they lose the kinetic energy
acquired during the acceleration period, transferring this energy
to the atom, which enters into vibration, raising the temperature
of the conductor.

In the present case of conduction through a vacuum tube, the
““free path” of the electrons is the space between filament and
plate. Over this entire path, the electrons accelerate, sometimes
to speeds of several thousand miles per second, acquiring con-
siderable kinetic energy. Upon colliding with the plate, they
surrender most of their kinetic energy to the atoms constituting
the plate, and raise -the temperature of the latter,! the plate
sometimes becoming red hot. The energy thus transformed
into heat is, as in the case of metallic conduction, supplied by
the battery B, and is equal to

E 2
W = B, = RI,* = 2>

as in Chap. I. :

The internal resistance being defined as the ratio of plate
voltage and plate current, and the plate current being a function
of the grid potential, it follows that the internal resistance of
the tube is also a function of the grid potential. Keeping the
plate voltage constant, it is seen from the characteristic curves of
Fig. 120 that the internal resistance, which is infinite for grid
voltages for which the plate current is zero, decreases when the
grid voltage is made less negative, permitting the flow of an
increasingly stronger plate current, until, when the saturation
current is reached, the resistance reaches and retaing a minimum
value.

Differential Resistance.—The internal resistance defined in
the preceding section may be called also the ‘direct-current
resistance’’ of the tube corresponding to given values of plate and
grid voltages. In most radio applications of the three-electrode

1The balance of their kinetic energy is radiated in the form of a very
short electromagnetic wave constituting an X-ray.
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vacuum tube, the grid and plate voltages and the plate current
are not constant but pulsate about some steady average values.
The grid and plate voltages and the plate current may then be
considered respectively as the resultant or combination of a
constant (direct-current) component and a variable (alternating-
current) component. These direct-current and alternating-cur-
rent components behave independently from each other,
and the alternating-current resistance of the tube has no particu-
lar relation to its direct-current resistance.

This alternating-current resistance is defined as the ratio

_ dE,
T——(m

of corresponding plate-voltage and plate-current changes, these
changes, furthermore, being supposed to be small, and the grid
voltage remaining constant.

Instead of producing the plate-current variation df, by means
of a plate voltage variation dE,, the plate voltage may be kept
constant and the plate current altered by means of a grid voltage
variation dE, This, as known, will be equivalent to a plate-
voltage variation & - dE,, so that the alternating-current resistance
of the tube may be expressed by the relation

dE,
r==% i,

The alternating-current resistance of the tube is also called the
differential plate resistance of the tube, being equal to the slope
of the plate-current, plate-voltage characteristic curve at the point
about which the small current and voltage variations considered
take place. It is substantially constant over the straight
portions of the curve, but increases around the upper and lower
bends of the curve and becomes infinite when the plate current
is equal to zero or to the saturation current.

Mutual Conductance.—In addition to the amplification factor

_ dE,
k= dE,
which is the ratio of the plate- and grid-voltage changes produc-
ing a same plate-current variation, and the differential plate
resistance
' _ dEp,

"=,
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which is the ratio of corresponding plate voltage and current
changes, a third factor is required to express fully in mathematical
terms, the interrelation between grid voltage, plate voltage, and
plate current, which is the ratio
_dl,
9= 48,

of corresponding changes of plate current and grid voltage, the
plate voltage being kept constant. This ratio, called the mutual
conductance of the tube, is equal to the slope of the grid-voltage,
plate-current characteristic curve at the point considered. The
greater its value, that is, the steeper the curve, the greater the
plate-current change produced by a given grid-voltage variation.
As may be seen from Fig. 119, the mutual conductance is a
maximum at the point of inflection of the curve, corresponding to
a plate current approximately equal to one-half the saturation
current. It is equal to zero when the plate current is zero or
equal to the saturation current, which simply means that small
grid-voltage variations then produce no plate-current variation.

As results from the above discussion, the three factors Fk,
r, and g are connected by the relation

Measurement of Vacuum-tube Constants.—The three-elec-
trode vacuum-tube constants k, r, and ¢ defined above may be
calculated from the static characteristic curves by computing the
expressions defining these factors. They may also be measured
directly, a few of the many possible methods being desecribed
below.

Amplification Factor—The amplification factor may be
measured by applying known voltages to the plate and grid of the
tube and measuring the resulting plate current. Altering the
plate voltage by a small amount, the grid voltage is changed
until the plate current is restored to its original intensity. The
ratio of the absolute values of the plate- and grid-voltage varia-
tions is then equal to the amplification factor.

Another so-called dynamic or alternating-current method may
also be used. The filament of the tube being heated by a battery
A (Fig. 122) the plate circuit is energized by a battery B, while
the grid potential is obtained from a battery C. The batteries
B and C are connected to the filament through the resistances
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Plate 1.—(4) Three-electrode vacuum tube used mainly as detector and ampli-
fier. Signal Corps tube type VT-1. (B) Three-clectrode vacuum tube used
mainly as oscillator and modulator. Signal Corps tube type VT-2.

(Facing page 142.)



Plate 2.—Three-electrode vacuum tube used as high power oscillator and
modulator. The plate has been forced downward to expose the grid and fila-

ment axially mounted. Note the cooling flanges on the plate. Signal Corps

tube type VT-18. (Facing page 143.)
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r1 and 7y, which may be adjusted by means of a sliding contact
connected to the filament. An alternating potential difference
being established between the ends of :the circuit branch ryre
(in the case of the figure, this is done by connecting these ends
to an alternating-current generator through the medium of a
transformer), the grid and plate voltages will vary about their
original (direct-current) values, and these variations will be
180 deg. out of phase with each other. That is, when the plate
voltage rises, the grid voltage decreases, and eonversely. The
effects of these voltage variations on the plate current are there-
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Fia. 122.

fore opposite. They neutralize each other exactly, leaving the
plate current strictly constant when the sliding contact is so
adjusted that

which condition may be detected by means of a telephone receiver
inserted in the plate circuit of the tube (provided the alternator
frequency is within the limits of audibility), no sound being
heard in the telephone when the resistances are adjusted to
the above ratio.

Differential Internal Plate Resistance—The differential plate
resistance of a tube may be determined for any value of plate and
grid potentials by computing the slope dE,/dI, of the plate-
voltage, plate-current static characteristic curve corresponding to
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the specified grid potential; or else, by determining the reciprocal
of the slope dI,/dE, of the plate-current, grid-voltage characteris-
tic, the resistance being then equal to k.dE,/dI,.

In the dynamie method, illustrated in Fig. 122, the plate-
to-filament path of the tube is connected as one branch of a
Wheatstone bridge, one other branch of which is a known resist-
ance r, and the two other branches of which are adjustable by
means of a sliding contact connected to the bridge circuit, which
comprises a telephone receiver. The differential resistance is
determined for fixed plate and grid potentials derived from the

Telephone
Receiver

A.C.

Supply
Fre, 123.

batteries B and C. The system being connected to a supply of
alternating current of audible frequency, the bridge is balanced
to make the telephone receiver silent, when the differential resist-
ance of the tube is equal to

TRl

B

Mutual Conductance—The mutual conductance of a three-

electrode vacuum tube may be determined by measuring the
slope of the grid-voltage, plate-current static characteristic curve.
Dynamic methods may also be used, but are not described here.
Or else, it may be calculated from the amplification factor and
differential resistance, applying the relation

gz;.

Various Types of Vacuum-tube Constructions.—The actual
construction of three-electrode vacuum tubes may take many
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different forms, depending upon the power to be handled by the
tube, the particular use for which it is intended, ete. Only a few
general remarks can be made here on this subject.

A very widely used type of construction is shown in Fig. 124,
which is well suited for receiving tubes (which handle a small
power only) and also forlow-power transmitting tubes. Asshown
in the figure, a straight filament is mounted along the axis of
the helical grid surrounding it, and of the cylindrical plate, which
encloses both grid and filament. The
three elements are all held on a com-
mon glass stem within the bulb, and
the terminals (two for the filament,
one for the grid, and one for the plate)
are brought out of our contact studs
mounted in the tube base.

Receiving tubes of this type are gen-
crally designed for plate potentials of
some 20, 40, 60 or 80 volts, and fila-
ment voltages of from 2 to 4 volts.
The plate is made of sheet nickel or
platinum, the grid of nickel or molyb-
denum wire. The filament, when
made of tungsten, generally requires a
current of the order of from 14 to 1
amp., and is operated at a bright
yellow heat. It is often made of
thoriated tungsten, which hasthe prop- Tra. 124.
erty of abundantly emitting electrons
at a dull red heat, and thus requires a much smaller heating
current, of the order of from 60 to 100 milliamp. The satura-
tion plate current in this type ranges from about 10 to 50
milliamp. for the receiving tubes and from 100 to 200 milliamp.
for the transmitting tubes.

The type of construction exemplified in Fig. 124, while both
simple and rugged, has the disadvantage that the plate, grid, and
filament terminal wires, being all brought out to the tube base,
find themselves quite close to each other. This increases the
electrostatic capacity between the tube electrodes, making the
tube ill-suited for very short wave reception. It also prevents
these tubes from being operated at high plate voltages, as required
when large powers are to be handled by the tube, and voltages
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of 300 to 400 volts are seldom exceeded with this type of construe-
tion, on account of the possibility of spark-over between the
terminal studs.

These drawbacks are avoided in the construction type of
Fig. 125, in which the plate, grid, and filament are arranged in
substantially the same manner as in Fig. 124, but with only the
two filament terminals brought out to the tube socket. The grid
and plate terminals are here brought out to two widely separated
points of the glass bulb, constituting the so-called ‘“horns” of

Fig. 125,

the tube. This type of tube, made in small size, is well adapted
to the reception of short waves. In larger sizes, it may be used
for transmitting purposes with several hundred volts on the plate,
sometimes as many as 1,000 volts.

For tubes of very large power ratings, entirely different
construction principles are made use of. The reason is that in
the preceding types, when the tube electrodes are in a vacuum,
the heat developed at the plate by the electron bombardment
can be dissipated only by radiation, that is, in comparatively
small amounts. This in turn limits the voltage which may be
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used in the plate circuit and consequently the power handled by
the tube.

The principle used here! consists essentially in using the
plate electrode itself as the closed vessel containing the grid and
filament, the plate being then cooled by means of a water cir-
culation in a jacket surrounding it. The filament and grid
connections are then brought out through a glass cap sealed over
an opening in this “external plate.” Of course, the tube being
highly evacuated, the seal between
the glass cap and metal tube must be
perfectly air-tight, and special meth-
ods have had to be devised for accom-
plishing this.

The actual construction is sche-
matically represented in Fig. 126.
The tube itself is constituted by the
metal sleeve A4, generally made of
copper, the opening of which is filled __ ______
with a large glass cap B sealed to the
metal sleeve A at 8. Inside the
metal tube A, which serves as the
plate of the tube, is the grid G made
of metal gauze and forming a bag
which surrounds the U-shaped fila-
ment. The filament terminals F are
brought out through a glass stem C,
which also serves to support the fila-
ment mechanically. The grid is held
in place by a metal collar D fitted
around the stem C, and to which is attached a connection wire
coming out at E on the side of the glass cap, constituting the
grid terminal of the tube. The nipple N serves to pump the air
out of the tube when assembled, and is then sealed off in the
usual way. When operating the tube, the cylindrical plate 4 is
enclosed in a jacket or tank H filled with cold water, which is
continually renewed through the pipes K and M in order to cool
the tube.

Tubes of this type have been built for power ratings of from
5 to 100 kw. output. A fairly standard size, used in a number
of countries both here and abroad, has a power output of 10 kw.

1 See article by M., W, WiLsoN in Elec. Comm., August 1922.
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and operates with a plate voltage of 10,000 volts. The filament
voltage is of the order of from 30 to 40 volts, the filament current
being about 3 amp. The filament-to-plate electron current is
about 5 to 8 amperes. These figures are given merely to indi-
cate the order of magnitude of the electrical constants of these
tubes. :

The manufacture of three-electrode vacuum tubes requires
that great care be taken to exclude all air and other gases from
the tube glass walls and the metal of the electrodes. For this
purpose, after the tube electrodes (filament, grid and plate) have
been assembled and mounted on the glass stem of the bulb, the
entire bulb is gealed to a fine glass tube connected to a vacuum
pump, much in the same manner as when making ordinary incan-
descent lamps for illumination purposes. Before exhausting the
bulb, it is first heated in a special oven to a temperature of about
500°C., and then is pumped out while maintained at that tem-
perature. This is done to drive the gases out of the walls of the
tube. For a similar purpose, the filament is heated by means of
an electric current sent through it, while a positive potential
is applied to the plate and grid which are then heated by the
bombardment of the electrons emitted by the filament. During
all this time, the vacuum is gradually increased until it reaches
a value of a few microns of mercury, when the tube is finally
sealed by melting off the fine glass tube connecting it to the pump.

For tubes enclosed in a glass bulb, like the first two types
described above, particularly those employing a thoriated tungsten
filament, the inner face of the glass bulb is, further, coated with
a fine layer of magnesium, applied by vaporization during the
process of manufacture, which prevents any gases remaining in
the glass walls of the bulb from escaping later into the empty
space of the tube during its use.



CHAPTER VII

THE THREE-ELECTRODE VACUUM TUBE AS AN
AMPLIFIER

In the preceding chapter a study was made of the relation
between plate current, plate voltage and grid voltage in a three-
electrode vacuum tube, and the characteristic curves of Figs. 120
and 121 show, respectively, the dependence of plate current upon
grid voltage for constant values of plate potential, and of plate
current on plate voltage for constant values of grid potential.

Variations of plate current at constant plate voltage under the
effect of a varying grid potential generally require the battery
which energizes the plate circuit to be connected directly to the
plate and filament of the tube. The plate potential is then
always equal to the constant battery voltage.

Conditions are different if, as in Fig. 127, the battery B which
energizes the plate circuit is connected to the plate and filament
through a resistance R. Thus,
E 5 being the electromotive force
of this battery B, and E, the
potential difference between the
grid and filament, and I, the
intensity of the current flowing
in the plate circuit of the tube,
this current, flowing through
the resistance R, produces be-
tween its ends a potential difference £z which, according to Ohm’s
law, is equal to

Fre. 127.

Er = I,R.
The plate potential of the tube is then equal to
' E,=Ey,— Ep = Ey — I,R.

If now the grid potential E, of the tube is varied by an amount
dE, in such a manner as to produce an increase dI , of the current
in the plate circuit, the potential drop IR across the resistance
R will correspondingly increase. The battery voltage E remain-

ing constant (the internal resistance of the battery being small as
149
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compared to the resistance R and the internal resistance of the
tube), it follows that the plate potential E, will vary (in the
present instance decrease) by an amount equal to

dE, = — RdI,.

Conversely, if the current I, is decreased by making the grid
more negative, the plate potential will increase.

The operating point of the tube thus no longer follows the static
characteristic curve, which corresponds to a constant plate poten-
tial, but follows a so-called dynamic characteristic curve, such as
one of the dotted line curves A and B (Fig. 128) corresponding
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respectively to external plate eircuit resistances B of 5,000 and
10,000 ohms, which crosses the successive static characteristic
curves of the tube.

When a resistance E is present in the external plate circuit of
the tube, the plate current variation dI, produced by a grid
voltage variation dE, thus calls forth a plate voltage variation
dE,. Now, it was shown in the preceding chapter that a grid-
potential variation dE, produces a plate-current variation equal
to

g dE,,
where ¢ is the mutual conductance of the tube; and also that a
plate-voltage variation dE, produces a plate-current variation

equal to

1
LdE,,
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where r is the differential (alternating-current) internal resistance
of the tube. The total plate-current variation dI resulting from
the simuiltaneous grid- and plate-voltage changes dE,, and dF, is
then equal to the sum

dl, = g- dE, + %dE,,.
And since, as stated above,

dE, = —R-dI,,
it follows that

dl, = g-dE, - Y,

and since, as known,

%
g—;’
redl, = k-dE, — R~ dl,,
or
(r + R) dI, = k- dE,,
or
I, = —* a4
P 7'+R g

If, then, the grid-potential variation dE, is a sinusoidal function
of time, that is, if an alternating electromotive force

e, = E, sin ot

is superimposed upon the constant grid potential supplied by a,
battery C, an alternating current

ke,

T (r+R)

will find itself superimposed upon the steady plate current of the
tube. Thus, the alternating current 7,, which flows in the plate
circuit of the tube when an alternating potential difference e, is
impressed between the grid and filament, is equal to the alter-
nating current which would flow in a circuit having a resistance
equal to r + R, at the terminals of which an alternating potential
difference ke, would be established. In other words, the alter-
nating current flowing in the plate circuit is the same as would
flow if the external plate circuit of the tube, that is, the resistanec
R, were connected to an alternator (instead of the tube) having an
internal resistance equal to the differential (or alternating-cur-
rent) internal plate-to-filament resistance of the tube, and gener~

ip
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ating an open-circuit alternating electromotive force equal to
ke,, k being the amplification factor of the tube.

Under these conditions, the alternating potential difference
arising at the terminals of the external resistance R (and also
between the plate and filament of the tube) is equal to

Ri, = r_—f’kaeU.

When the external resistance R is zero, this alternating potential
difference is also zero. That is, the alternating current flows in
the plate circuit without producing any variation of plate voltage.
This corresponds to the case considered in the preceding chapter,
where the battery is connected directly to the tube. The
dynamic characteristic curve then coincides with the static
characteristic curve corresponding to the particular plate voltage
used.

When the external resistance R is infinite, or in practice when
it is very great, the ratio B/(r + R)becomes equal to unity and the
alternating potential difference across the resistance (and across
the tube) is equal to ke, that is to say, it is a k-times ampli-
fied reproduction of the alternating electromotive force. In this
case, the alternating plate current is zero, the plate current remain-
ing equal to the steady direct current furnished by the battery
B, and the dynamic characteristic curve becomes a straight line
parallel to the grid-voltage axis.

Voltage Amplification.—As follows from the preceding
remarks, the ratio of the alternating electromotive force operat-
ing in the plate circuit to the alternating potential difference
impressed upon the grid is equal to

Ri, . R

e, _kr—f—R’

and is a maximum, equal to the amplication factor k of the tube
when the external plate-circuit resistance is infinite (or, in
practice, very great).

This, however, has the drawback of requiring the use of a
comparatively high potential battery B for energizing the plate
circuit. This may be avoided by replacing the external plate-
circuit resistance B by a large reactance, or impedance of small
ohmic resistance, permitting the amplification of alternating
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electromotive forces with a reasonably low potential plate
battery B.

Thus, a coil of inductance L and small resistance may be used
as shown in Fig. 129. When an alternating electromotive force
e, of cyclic frequency w is impressed between the grid and fila-
ment, by means of an alternator D as shown here, but which may
be the electromotive force due to an incoming signal, an alternat-
ing current 7, will flow in the
plate circuit. This in turn HIHI =
induces across the coil an elec- B
tromotive force equal to

L
il = L ke,

r + wl

which becomes substantially
equal to ke, when ol is large,
that is, when the inductance of the coil and the frequency are
large.? '

Indeed, the reactance connected in the external plate circuit
may be made infinite, as required for maximum voltage amplifica-
tion, by shunting the inductance coil L by a condenser C (Fig.
130) of such electrostatic capacity that the natural frequency

e

B

Fia. 129.

|
all

Fia. 130.

1/4/LC is equal to the cyclic frequency of the alternating electro-
motive force applied to the grid circuit of the tube. No alternat-
ing current will then flow in the plate circuit of the tube, and an
alternating electromotive force ke, will be developed across the
circuit LC (and also between the filament and plate of the tube).

! The electromotive force thus developed across the coil L by the alternating

plate-current component is, as in the case considered in Chap. II, 90 deg. out
of phage with the latter.
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It should be noted that if the electrostatic capacity of the con-
denser C is steadily increased, starting from a zero value, the
voltage amplification increases until the natural frequency of the
circuit LC is equal to the input frequency, after which it decreases
again.

Power Amplification.—When the alternating current developed
in the plate circuit of a tube under the effect of an alternating
electromotive force impressed between the grid and filament is
used for energizing a telephone receiver or some other device,
the object in view is not generally to develop a maximum voltage
in the plate circuit, but to deliver maximum power to the device
connected in or coupled to the plate circuit.

Suppose, for simplicity, this device to be represented by a
resistance R connected in the external plate circuit of the tube.
The power W consumed in the device as a result of the flow of the
alternating plate current through it will be equal to

W = IR

where 7, is the effective value of the alternating current flowing
in the plate circuit of the tube. Designating by E, the effective
value of the alternating grid electromotive force, and applying
the equations found above, the last expression becomes

kE, \?

W= (r + R) E,

which is a maximum when r = R, that is, when the internal
differential plate resistance of the tube is equal to the external
plate-circuit resistance (or impedance).

Input Impedance.—As explained in the preceding chapter,
the potentials of the plate-circuit battery B and grid-eircuit
battery C may be so chosen that the grid need never be made
positive, with respect to the filament, for controlling the plate-
current intensity between zero and its maximum value. The
current in the grid circuit is then zero, since the grid does not
attract any electrons to itself, and it may at first appear that the
grid-potential variations which produce the plate-current varia-
tions require substantially no energy from the input source.

However, the grid and filament on the one hand, the grid and
plate on the other constituting two electrostatic condensers, an
alternating current will flow in the grid circuit whenever an
alternating electromotive force is applied between the grid and
filament of the tube (irrespective of whether the filament is
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heated and emits electrons or not). Thus, referring to Fig. 127,
the grid-filament capacity is seen to be connected directly across
the alternator D which supplies the grid electromotive force,
while the grid-plate condenser is connected to the alternator
through the external resistance (or impedance) R of the plate
. eircuit of the tube.

The alternating-current source which produces the grid-poten-
tial variations will hence set up a current in the plate circuit,
by electrostatic induction through the grid-plate capacity of the
tube, and supply energy to this circuit, which will be dissipated
as heat in the resistance contained in this circuit. Referring
to Fig. 127, and designating by C,;, the internal grid-to-plate
capacity of the tube, by E,, and E; the values of the alternating
components of the grid and plate voltages, the charging current
I,p of the grid-to-plate condenser supplied by the alternator D
(and which flows from the alternator through the grid-plate
condenser, then through the external plate-circuit resistance or
impedance R, and back to the alternator) is equal to

Boy = By,
1/wC,,
Since E,, — E,, is equal to the potential difference between the

grid and plate, that is, between the armatures.of the grid-plate
condenser of the tube, and since, from a preceding section,

R
Ep(] = mkEaD,

Iy =

it follows that
kR
Igp = EUO[I e T_T_—R]ngp.
In addition to this current, the input source also supplies the
charging current of the grid-filament capacity, equal to

Iy = E;wCyy.

The input impedance of a tube thus consists of two parallel
connected branches, one comprising the reactance of the grid-
to-filament capacity, the other comprising the impedance of the
circuit branch formed by the grid-to-plate capacity in series
with the external plate-circuit impedance. Depending upon the
nature and magnitude of the latter, the alternating current from
~ the input source may thus lag behind, lead, or be in phase with
the input (grid) electromotive force. The importance of this is
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particularly great in cascade amplifiers, as explained later, and in
vacuum-tube oscillator circuits, notably in oscillating recciving
circuits.

CASCADE AMPLIFICATION

In order to obtain greater amplification than that provided
by a single three-electrode vacuum tube, the output electromo-
tive force of a first tube may be impressed upon the input (grid)
circuit of a second tube, the amplified output electromotive force
of which is transferred to a third tube, and so on. This process,
in which the amplification is effected in a succession of stages, is
called cascade amplification.

It is used in radio transmitting circuits for power amplification
of the generated high-frequency oscillations and of the modulat-
ing impulses. In radio receiving circuits, it serves for the ampli-
fication of the small alternating currents set up in the antenna by
incoming signals, both before and after detection or rectification
of the signals, voltage amplification being used in the successive
stages except for the last stage, which is adjusted for power
amplification to actuate the telephone receivers or other trans-
lating device.

Resistance-capacity Coupled Amplifiers.—The alternating
electromotive force to be amplified is, for simplicity, assumed
here to be generated by a small alternator A (Fig. 131) connected
between the grid G; and filament F; of a first three-electrode
vacum tube 1. To simplify the circuit diagram, the filament-
heating batteries have not been shown in the figure.

The plate circuit Py B, R F 1P of this tube comprises the battery
B and high resistance R; of the order of 100,000 ohms, the circuit
being similar to that shown in Fig. 127. As explained before,
the small alternating electromotive force applied between the
grid and filament by the alternator A is reproduced, amplified,
- across the resistance R, the ratio of this amplified output elec-
tromotive force to the original input electromotive force being
substantially equal to the amplification factor k of the tube 1.

This amplified electromotive forece is now applied between
the grid and filament of a second tube 2, connected up in the same
manner as tube 1, and is thus amplified across the resistance R,
connected in the plate circuit of this second tube. The transfer
of the output electromotive force of the first tube 1, developed
across the resistance R; to the grid circuit of the sccond tube 2,
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is effected by electrostatic induction, by connecting the filament
F5 of this second tube to one end of the resistance R, and the grid
G- to the other end of this resistance. A condenser Cis inserted
between the grid G, and the resistance R; in order to prevent the
large potential drop across this resistance, due to the flow of the
direet current component of the plate current of the tube 1
through it, from being impressed between the grid and filament
of the second tube.

But the presence of this condenser C; in the grid circuit insu-
lates the grid electrode from the rest of the circuit, and when the
grid, under the effect of the alternating electromotive force
applied to it, alternately becomes positive and negative, it

Amplified Output

Fie. 131.

attracts during the positive cycle portions some of the electrons
emitted by the filament. These in turn impart to the grid a
negative charge which, increasing at every successive positive
cycle portion, would soon stop the flow of current in the tube
and prevent its operation.

It is therefore necessary to connect the grid G; to the filament
Fy, in order to provide a leakage path for the negative charge col-
lected by the grid. To this effect a resistance r; is connected
between the grid and filament, of the same order of magnitude
as the internal grid-filament resistance of the tube, generally
about 1,000,000 to 5,000,000 ochms, depending upon the particular
type of tube used. The actual value, while not critical, is of
importance however, for if this resistance be chosen too great,
it will not permit a sufficient leakage of the grid charge, and will
lead to an undue reduction of the plate current in the tube and
a consequent reduction of amplification. If it be made too small,
it more or less short-circuits the grid to the filament and consider-
ably reduces the electromotive force applied to the grid, corre-
spondingly reducing the amplification.
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As a result of the cascade arrangement of the two tubes 1 and
2, an“‘alterna.ting electromotive force is established across R,
equallto k times the electromotive force across Ry, and hence
equal to k%, where ¢, is the electromotive force input to the
first tube, assuming that the successive tubes have equal amplifi-
cation factors.

In a similar manner, this electromotive force ke, is applied to
a third, fourth or fifth tube if required, the total amplification
ratio being then equal to the product of the amplification ratios
of the successive individual amplifier steps or stages.

A drawback of this type of amplifier, as stated before, is the
necessity of using high plate-battery potentials. It has, however,

i1 -l

F1a. 132.

the advantage of being very simple to build in small and compact
form, particularly as it may be arranged in such a manner
that the plate circuits of all the tubes are energized by a single
common battery B, while the filaments are heated from another
common battery, as shown in Fig. 132, the plate circuits and
filaments of the various tubes being simply connected in parallel
across their respective batteries.

This common battery system is very widely used in multiple-
tube circuits, as it greatly simplifies the entire apparatus.

Impedance-capacity Coupled Amplifiers.—In order further
to reduce the size of the batteries required, choke coil coupled
amplifiers are often used, as illustrated in Fig. 133. Kach
tube Is connected substantially as the tube of Fig. 131 and
operates in the manner described in connection with this figure.
The transfer of the output electromotive force of one tube to the
input (grid) circuit of the following tube is effected in the same
manner as in the case of the resistance amplifier just described,
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by means of coupling condensers, the grid being, as before,
connected to the filament through a h1gh leakage resistance.

Finally, the impedances connected in the plate circuits of
the successive tubes may be oscillatory circuits tuned to the fre-
quency of the alternating current to be amplified, as shown in
Fig. 134, which permits one to obtain maximum voltage amplifi-
cation at this frequency, for which thereactances connected in the
plate circuits become infinite.

FIG-. 133.

This method, called tuned amplification, ig particularly useful
for radio frequency amplification, in view of the great selectivity
which it permits one to obtain, through which signals of only
slightly different frequency may be differentiated. Thus, for
instance, let F and F’ be the frequencies of two equal alternating
electromotive forces operating in the grid circuit of the first tube,
the frequency F being that of the signals which it is desired to
receive. The oscillatory circuits of the amplifier being all
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tuned to this frequency ¥, the output electromotive forces of
frequencies F and F’ developed across the tuned circuit in the
plate circuit of the first tube will no longer be equal, due to
the resonance of this circuit at the frequency F, so that the
electromotive force of frequency F’ will, say, be equal to 1/n
the electromotive force of frequency F. Similarly, in the output
circuit of the second tube, the electromotive force of frequency F’
will be equal to 1/n? of the electromotive force of frequency F,
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and so on, this selective action taking place over each amplifier
stage, together with the successive amplification of the desired
signals.

The relative amplitudes of the two electromotive forces thus
become increasingly different as the number of amplifier stages
increases, exactly as if the signals were energizing a succession
of oscillatory circuits tuned to a same frequency F. Only in
~ this latter case, as explained in a preceding chapter, the circuits
must be coupled loosely to each other precisely, in order to obtain
a sharp frequency selection. This in turn produces a consider-
able decrease of the absolute signal intensity. On the contrary,
in the tuned cascade amplifier the successive oscillatory circuits
are not coupled inductively, that is, no mutual coupling is estab-
lished between them. The three-electrode vacuum tube permits
the current in one circuit to set up a current in the following
circuit, but does not allow the reverse interaction to take place;
the tube operates as a relay and provides a unidirectional coupling
between the two circuits, which clearly differentiates the two
methods.!

Transformer Coupled Amplifiers.—Instead of using capaci-
tive coupling between the successive stages of cascade amplifiers,

= Mol Vil Vi

Fia. 135.

as done in the preceding examples, magnetic coupling by means
of transformers may be used, as shown in Fig. 135. The alter-
nating electromotive force to be amplified is impressed between
the grid and filament of a three-electrode vacuum tube A,
either directly or through a step-up transformer M, of suitable
radio and impedance. This alternating electromotive foree
produces in the plate circuit of the tube 4, a pulsating current
which, flowing through the primary of the coupling transformer

1 Actually, the input and output circuits of a tube are mutually coupled to
each other through the electrostatic capacities of the electrodes within the
tube, but the electromotive forces induced through this coupling are negli-
gibly small when the frequency of the current to be amplified is not too
great. For very high frequencies, however, the coupling effect becomes of
importance, as explained in detail in the following chapter.
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M,, produces similar potential variations on the grid of the tube
A,. 'These potential variations are amplified reproductions of
the grid-potential variations of the tube A;. The second tube 4,
can then be made to amplify further the alternating electromotive
force through the medium of a third transformer M ; and tube A5,
and so on.

This method of amplification, when applied to low-frequency
(audio) amplification, utilizes laminated iron-core transformers
for coupling the successive stages. In the case of high-frequency
(radio) amplification, the transformers generally have no iron
core, in order to avoid the energy losses through hysteresis
and eddy currents, which would be considerable at high frequen-
cies. Some transformers have however been built for radio
frequencies, having cores made of special enamelled soft-steel
laminations of a thickness of the order of one-thousandth of an
inch. .

Direct-current Amplifiers.—In all of the amplifiers deseribed
above, the amplified electromotive force developed in the plate
circuit of each tube is transferred to the grid circuit of the
following tube by induction (electrostatic induction in the case
of condenser coupling, magnetic induction with transformer
coupling). These amplifiers will therefore amplify only variations
of the electromotive force impressed onto their input terminals,
that is, between the grid and filament of the first tube. In
the absence of such variations, the plate current in each of the
successive tubes is constant and independent from that in the
other tubes. And if the grid potential of the first tube is given a
constant value, the current and voltages in the plate clrcult of
the last tube will not be changed.

However, the plate current of the last (output) tube may be
made a function of the continuous grid potential of the first
(input) tube by using a conductively coupled resistance amplifier,
such ag illustrated in Fig. 136.

This differs from the resistance-capacity coupled amplifier of
Fig. 133, in that the grid coupling condensers C are here omitted
and replaced by batteries D of suitable voltage and polarity.
The grid voltage of any of the tubes (except the first tube) is
then equal to the sum( or difference, depending upon the connec-
tion polarities) of the voltage of the battery D and the potential
difference between the ends of the resistance R belonging to the
plate circuit of the directly preceding tube, due to the flow,
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through this resistance, of the plate current of the tube to which
it is connected.!

If, then, the grid of the first tube is connected directly to the
filament (zero grid potential), the grid potentials of the other
tubes may also be made equal to zero by suitably choosing the
potential and polarity of the coupling batteries D. Thus, the
plate current of the first tube (as opposed to the electron current),
flowing in the external plate circuit from filament to plate,
produces across the resistance R a potential difference making the
grid of the second tube strongly negative. Connecting the
battery D with its positive terminal to the grid of the second tube

A . i)F
B B,
TR ’
D,
Output
R, % Ry E.M.F.
-FIG. 136.

and its negative terminal to the resistance R, and choosing its
potential equal to the potential difference across the resistance,
will make the grid voltage of the second tube equal to zero.
Similar conditions being established for the other tubes, if the
grid potential of the first tube is now altered to some other con-
stant value, the plate current of the first tube will be altered cor-
respondingly. This changes the potential difference across the
resistance E; and also the grid potential of the second tube, bring-
ing about a corresponding change in the plate current of this sec-
ond tube. This in turn alters the grid potential and plate current
of the third tube, and the process continues to the last tube of the
amplifier, the plate-current intensity of which will hence assume a
different value, within the operating limits of the tube, for every
value or grid potential of the first tube. The entire amplifier
thus behaves like a single tube of considerable amplification fac-
tor. It should be noted, however, that when the plate current in
the first tube increases, the plate current decreases in the second
1 The grid-leak resistances r of Fig. 139 are also omitted here, being not

required, since the grids are, respectively, conductively connected to the
rest of the amplifier circuit.
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tube, increases in the third, and so on, the plate current in the
odd-numbered tubes varying in the same direction as that of the
first tube, while the current in the even-numbered tubes varies in
opposite direction.

F1e. 137,

The resistance-battery coupled amplifier may be simplified by
splitting the plate-circuit energizing batteries of the tubes in such
manner that one part of these batteries may at the same time serve
as grid-coupling batteries, as shown in Fig. 137, or even by using a
single coupling battery, as in Fig. 138, which is derived from the
arrangement of Fig. 137,

+ - + -
i 1
2 B, 3 B
|
Rg Rs ;
_bE.!.
B = !
- |
A4
Fra. 138.

Reflex Amplification—The preceding caseade amplification
arrangements are widely used in radio reception for amplification
of the received signals before and after detection. An illustra-
tion is given in Fig. 139, which shows a damped or modulated
wave receiving set having three stages of high-frequency and two
stages of low-frequency amplification, and utilizing a crystal
detector.
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The circuit comprises a tuned antenna circuit L,(; coupled to
a tuned secondary circuit L;C;. This is connected between the
grid and filament of a three-electrode vacuum tube A, adjusted,
like the other tubes of the set, to operate about the straight por-
tion of its characteristic curve, so that symmetrical variations of
grid potential give rise to equally symmetrical variations of plate
current. The incoming signals are thus successively amplified
by the three tubes A1, A, and A; coupled by air-core radio-fre-
quency transformers M, and M,. The amplified radio signals are
then impressed, by means of a transformer M3, upon the crystal
detector D connected in series with the primary winding of an
audio-frequency transformer M, This is shunted by a radio-
frequency by-pass condenser Cs, so that the radio-frequency cur-

Aerial

Fia. 139.

rent induced in the detector circuit by the plate current of the
tube As will flow through the secondary winding of the trans-
former M, the detector D and condenser (s, while the audio-
frequency current resulting from the operation of the detector
will flow through the primary winding of the transformer M i
This audio-frequeney current is then amplified in succession by
the tubes A4 and As and is finally sent through the telephone
receivers 7.

A multistage amplifier of this kind will amplify the received
signal strength considerably—sometimes as much ag 104 times—
but requires arather large number of tubes. Methodshave there-
fore been devised, yielding results of the same order of magnitude
with a smaller number of tubes, such as the reflex method of
amplification, in which the same tubes are used for amplifying the
high- as well as the low-frequency currents, the two being, in
each circuit, separated by suitable reactance arrangements.

Thus, Fig. 140 represents a reflex amplifier substantially equiv-
alent to the “straight’’ cascade amplifier of Fig. 139. The radio-
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frequency alternating current set up in the antenna by the
received signals is amplified in the tubes A, 4; and 43 coupled
by transformers M, and M, exactly as in the case of Fig. 139.
The amplified alternating current thus developed in the plate cir-
cuit of the tube As; is transferred to the circuit of the detector D
through the transformer M ;asbefore, and the low-frequency recti-
fied or “detected” current is made to flow through the primary
winding of the low-frequency transformer M4 The secondary
winding of this transformer, instead of being connected to the grid
and filament of a fourth tube, as in Fig. 139, is here connected in
the grid circuit of one of the radio-frequency amplifying tubes,

Aerial
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F1g. 140.

A, forinstance. The resulting low-frequency grid-potential vari-
ations of this tube produce corresponding low-frequency plate-
current variations which, acting through a transformer M, set
up amplified low-frequency grid-potential variations of the tube
As. This in turn actuates the telephone receivers T through a
transformer M. The tubes A, and A s are thus made to function
as low-frequency amplifiers in addition to their operating as high-
frequency amplifiers, and they thus assume the functions of the
tubes A 4and 45 of Fig. 139. Of course, the windings of the low-
frequency transformers M, M; and M, being respectively
connected in series with the windings of the corresponding radio-
frequency coupling transformers M, M; and M3 and opposing a
high impedance to the radio-frequency currents, must be shunted
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by small by-pass condensers, as shown, in order that the radio-
frequency currents may flow in the amplifier circuits.

Instead of connecting the low-frequency and radio-frequency
transformers in series, they may be connected in parallel, as in
Fig. 141, where the transformer pairs M M; and M.M, are
respectively in parallel. Small condensers C' must, however, be
connected in series with the radio-frequency transformer windings
in order to prevent the low-frequency currents from flowing
through these windings, which, in view of their low reactance at
audio frequency, would otherwise practically short-circuit the
audio-frequency transformer windings and render the amplifier
inoperative.

Aerial

Fig. 141.

Finally, while the radio-frequency currents are amplified by
the tube A, first, then by the tube A, and then by the tube 43,
the low-frequency currents may be amplified by the same tubes in
a different order, in the reverse order for instance. Thus, in Fig.
142 the low-frequency impulses are transferred from the detector
circuit to the grid circuit of the last tube 4 through the trans-
former M, then from the plate circuit of this tube A ; to the grid
cirenit of the tube A 5 through the transformer M ; and lastly from
the plate circuit of this tube 4, to the telephone receivers T'
through the transformer M.

In all of the above examples it may be noted that the first
tube is used as radio-frequency amplifier only, and not as low-
frequency amplifier. There is no particular difficulty in using
it, like the other tubes, for the dual function of high- and low-
frequency amplification, but then any low-frequency disturbing
currents which may be picked up by the antenna circuit (from
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power lines, etc.) will find themselves impressed onto the low-
frequency amplifier and be considerably magnified, creating
serious disturbance.

Also, while transformer coupling was shown in these examples,
any other form of coupling may be used, as deseribed before.

The main advantage of the reflex amplifier is that it permits
a reduction in the number of tubes and a consequent possible
reduction of the size of the batteries required. The reliability
of its operation, of course, requires the use of a detector capable
of remaining adjusted over long periods of time and sufficiently
rugged to withstand possible jars, in the case of portable receiving

n
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sets, the carborundum or perikon detectors being particularly
well suited in this case.

A fundamental point also, perhaps better understood after
studying the following chapter, is the absolute necessity of sepa-
rating the radio- and audio-frequency currents, through the use of
suitable choke coils or stopping or by-pass condensers, as other-
wise the reflex connection would constitute a ‘‘feed-back’ or
retroactive connection through which the amplified output, led
back into the input circuit of the amplifier, would set the latter
into oscillation and prevent its proper operation. Such separa-
tion may, in general, be accomplished by the simple means just
mentioned, without the use of more complicated filter circuits,
and is sharper the greater the difference between the frequencies
of the undetected and detected currents (hence, if the latter are
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of audio frequency, the greater the frequency of the incoming
signals).

Performance of Vacuum-tube Amplifiers.—Vacuum-tube
amplifiers, a few types of which have been described above, permit
the energy necessary for the operation of the receiving apparatus
(telephone receivers, telegraph recorder, ete.) to be supplied at the
receiving station, this energy being then simply released or
controlled in proper amounts by the incoming signals. This is in
direct opposition to the simple reception methods described
before in this book (except the heterodyne method), where the
energy actuating the receiving apparatus was all furnished by
the distant transmitting station. It therefore has permitted the
increase of the intercommunication range considerably, for a
given power output of the transmitting station. Indeed, it
may thus seem that the power output of the transmitting station
may be reduced indefinitely, provided a correspondingly powerful
radio-frequency amplifier be used at the receiving station. In
fact, a lower limit is set to the power of the transmitting station,
which must be sufficiently great to set up an electric field about
the receiving antenna of greater intensity than that produced
about this antenna by the locally generated disturbing fields,
such as those due to lightning and other natural causes, which
would otherwise drown out the signals.

Such amplifiers are used for the reception of radio telegraphy
as well as radio telephony, and although the fundamental prin-
ciples are essentially the same, the performance of such ampli-
fiers is different depending upon whether unmodulated signals,
signals modulated at one single frequency, or finally speech-
modulated signals are being received.

In the first case the signals each consist of one high-frequency
oscillation. Maximum selectivity is then obtained by means of
tuned cascade amplification, each stage of radio-frequency amplifi-
cation being tuned to the frequency of the incoming signals.
On the other hand, direct-current amplification must be used
after detection, the signals being unmodulated unless the received
current is, before detection, combined with a locally generated
high-frequency current (heterodyne reception). In this latter
case, and also when receiving telegraph signals modulated at some
constant lower (audio or radio) frequency, low-frequency tuning
may be used after detection, in addition to radio-frequency tun-
ing before detection.
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In the case of radio-telephony reception, such extreme selec-
tivity is impossible, as explained in detail in a later chapter, for
the amplifier must amplify equally well currents of a whole
frequency band. To this effect, resistance-capacity coupled
amplifiers are particularly well suited for both radio- and audio-
frequency amplification. The other methods are also appli-
cable, but the circuits must be sufficiently damped in order to
flatten out their resonance curve, and the transformers, when
such are used, of sufficiently generous dimensions not to intro-
duce unduly large harmonics through distortion due to magnetic
saturation of the iron cores.

Finally, it should be pointed out here that the maximum
number of stages which may be used is limited, in the simple
types of cascade amplifiers described above, due to the fact that
the comparatively strong magnetic and electrostatic stray fields
developed in the last stages of the amplifier, linking with circuit
parts of the preceding stages, and also the internal-capacity
coupling of the tubes, permit a feeding back of the amplified
energy into the input circuits of the amplifier, leading to the genera-
tion of undamped oscillations in the amplifier circuits and creat-
ing disturbing noises and howling. Special methods must then
be used in order to enable the use of a greater number of stages.
These will be studied in a section of the following chapter, after
the process of oscillation generation has been described.

Push-pull Amplifier.—In order that the
alternating electromotive force developed
in the plate ecircuit of an amplifier tube be
an exact reproduction of the electromotive
force impressed on the grid circuit, that is,
in order that amplification be distortion-
less, it is necessary that the tube be made Grid Voltage
to operate along the straight portion of its Fie. 143.
plate-current, grid-voltage characteristic
curve. The curve having the general shape of an elongated
“8,” this condition is best obtained by adjusting the steady
(direct-current) plate and grid potentials to such values that, in
the absence of any alternating electromotive force in the grid
circuit, the operating point of the tube coincides with the central
inflexion point A of the curve (Fig. 143). Symmetrical varia-
tions of the grid potential about its steady value then produce
symmetrical variations of the plate current, which have the same

A
]

Plate Current
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shape as the grid-potential variations, at least as long as these
are small enough not to extend into the more sharply bent parts
of the curve. Even then, the positive and negative maxima of
the alternating current developed in the plate circuit are only
slightly flattened, and the third harmonic thus introduced in the
output of the tube generally remains sufficiently small to be of
no material importance.

If the direct current operating point of the tube, instead of
being at point A4, lies in one of the bent portions of the curve,at B
for instance (Fig. 143) symmetrical grid-potential variations pro-
duce asymmetrical plate-current variations, introducing a second
harmonic (double-frequency) component in the output electro-
motive force of the tube which thus is a more or less distorted
reproduction of the input grid electromotive forece. This second
harmonic is greater the more the position of point B differs from
the inflexion point 4, and soon becomes of the same order of mag-
nitude as the fundamental frequency term, which is particularly
objectionable in the case of radio telephony, strong overtones
being thus created which completely alter the original
modulations.

In order to avoid this condition and permit distortionless ampli-
fication, even though the operating point of the tube is not
adjusted to the center point of the eurve (which is not always
easily done), the so-called push-pull amplification method may be
used, as described below. This type of amplifier however, being
closely related to the alternating current frequency doubler, the
theory of the two devices will be developed simultaneously.

A push-pull amplifier consists essentially of two identical three-
electrode vacuum tubes operated at the same continuous grid
and plate potentials, respectively, and excited in phase opposi-
tion by the electromotive force to beamplified. Thefundamental
frequency component of the output electromotive force of one
tube will then also be in phase opposition (that is, 180 deg. out of
phase) with that of the other tube. But the second harmonic
(double-frequency term), going through one complete cycle for
every half-cycle of the fundamental frequency term, will, in the
two tube circuits, be 360 deg. out of phase, which is equivalent to
being in phase with each other. If, then, the output windings of
the two tubes are connected in series and boosting each other, the
two fundamental frequency terms, being in phase opposition,
neutralize each other, while the double-frequency components,
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being in phase with each other, add and constitute the output elec-
tromotive force of the device, which then operates as a frequency
doubler. If, on the other hand, the two output windings are
connected in series bucking each other, the double-frequency term
disappears while the fundamental frequency components, being of
opposite polarities, add to each other (since the windings are
oppositely connected), and constitute the output electromotive
force of the device, which is then an undistorted amplified repro-
duction of the input electromotive force.

The actual circuit arrangement is shown in Fig. 144. The
filaments of the two tubes S and T being connected to each other,

l Coils Bucking ]

Fia. 144.

the grids of the tubes are respectively connected to the secondary
terminals of the input transformer M. The middle point of the
secondary winding of this transformer M is connected to the tube
filaments through a battery C which serves to adjust simulta-
neously the grid potentials of the two tubes to a proper value.
This battery may actually often be done away with, and is here
shown for completeness. The plate circuits are energized in
parallel by a common battery B, and comprise each an output
transformer N and P, the secondary windings of which are con-
nected in series with each other, either boosting, as in Fig. 145, or
bucking, as in Fig. 144, as explained above. When, then, an
alternating current is flowing in the primary of the transformer
M, the alternating electromotive force induced in the secondary
makes the grids of the tubes alternately positive and negative,
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but one of the grids becomes positive when theother becomesnega-
tive, and conversely. In other words, the grids are excited in
phase opposition. The alternating grid voltages of the two tubes
may thus be represented by the curves 1 and 2 (Fig. 146) where
GBK is the characteristic curve of the tubes, B being the direct-
i , current operating point. The
I plate currents, therefore, increas-
N ! £ I ing in the one tube while decreas-
L_KWMU\—J ing in the other, and conversely,
are represented respectively by
curves 3 and 4, and are seen to
be of a much distorted shape as
compared with that of the input
electromotive force.

Now, if the secondary windings of the output transformers N
and P are connected, as in Fig. 145, boosting each other, the out-
put electromotive force of the device developed at the terminals
XX is proportional to the rate of change of the sum of the two
plate currents. This is
represented by curve 5,
which is at every instant
equal to the sum of the
corresponding plate-cur-
rent intensities shown by
curves 3 and 4. As seen,
this comprises a direect-
current component, and
an alternating-current
component having a fre-
quency equal to twice the
frequency of the input
electromotive force, the
device operates as a fre-
quency doubler. If on
the other hand, the sec- Fra. 146.
ondary windings buck
each other, as in Fig. 144, the output electromotive force is
proportional to the difference of the two plate currents, and, as
shown by curve 6 (Fig. 146) is a pure amplified reproduction of
the input electromotive force: the device operates as a sub-
stantially distortionless amplifier.

Coils Boosting
Fra. 145.
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Mathematical Theory of the Push-pull Amplifier and Frequency
Doubler.!'—The charaecteristic eurve of the three-electrode vacuum
tube may be expressed with accuracy, for values of plate current
comprised between zero and the saturation value, by the relation

i=ge—me3+2§;

where 7 is the plate-current intensity, e the grid potential, g the
maximum mutual conductance (slope of the curve at its point of
inflexion), S the saturation-current intensity, and m a design con-
stant of the tube, the grid potential ¢ being taken as equal to zero
when the plate current ¢ is equal to one-half the saturation value.
This last condition simply means that when the grid potential e
is zero the operating point of the tube is at point A (Fig. 143) and
when it is different from zero, the operating point is on a more or
less bent part B of the curve.

A constant potential ¢ being then applied to the grids of the two
tubes (Fig. 144), which places the direct current operating point
at B, Fig. 143, suppose an alternating current of frequency « to be
flowing in the primary winding of the transformer M (Fig. 144).
An alternating electromotive force

a = A sin !
is then applied to the grid of the first tube, while an equal and
opposite electromotive force
—a = —A sin wl
is applied to the other.

The grid potentials of the two tubes will then respectively
be, at every instant,

' er=c¢ + a,
and

: € =c¢ — a.

The corresponding plate currents 4; and 7, of the tubes will
hence be

. S

n = ger — m€13 + f
* s
‘k'L'g = (e — m€23 + §

! The method used here was developed by J. ZENNECK, Jahrb. drahi. Tel. u.
Tel., Vol. 17, No. 1, January 1921, for the study of ferromagnetic frequency
multipliers. Its application to three-electrode vacuum-tube devices is
extended in a later chapter to the study of the balanced modulator as used
in radio telephony, and of the modulator type heterodyne receiver.
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If, then, the secondary windings of the output transformers
N and P (Fig. 144) buck each other, the output electromotive
force of the device will, as explained above, be proportional to
the difference of the two plate currents

2.1 - iz = g(el - 62) — m(eﬁ — 623)
= 2ga — m(6c?a + 2a?)
=2(g — 3c*m)a + 2ma?,
or
11 — 72 = 2(g — 3c*m)A sin ot + 2mA3 sin® ot
= A[2(g — 3¢*m) — 3—;—1—2] sin wf + _n_zé_if sin 3wt.
This expression, which represents the operation of the device as
a push-pull amplifier, thus contains one fundamental and one
triple-frequency term, the latter of which is generally small as
compared to the former. It contains no double-frequency term,
in spite of the fact that the constant grid potential ¢ brings the
operating point of each tube in the bent portion of its characteristic
curve,

If, now, the secondary windings of the output transformers N
and P (Fig. 145) boost each other, the output electromotive force
of the device will, as explained, be proportional to the variable
part of the sum of the two plate currents

i1+ 72 = gler + €2) — me® + e®) + S
= 2gc — m(2c® + 6¢a?) + S
= 2¢(g — me?) + 8 — 6mca?
= 2¢(g — mc?®) + S8 — 6mcA? sin® wf
= [2¢(g — mc?) + S — 3mcA?] 4+ 3mcA? cos 2uwt.

This expression represents the operation of the device as a fre-
quency doubler. It comprises a constant term, written between
the square brackets, and a double-frequency term which, it will
be noted, is directly proportional to the constant grid potential ¢
and hence disappears when ¢ is made equal to zero, that is, when
‘the operating point of the tubes is at the center point of the
characteristic curve.



CHAPTER VIII
THE THREE-ELECTRODE VACUUM-TUBE OSCILLATOR

A particularly important application of the three-electrode
vacuum tube is its use for sustaining undamped (or continuous)
electrical oscillations in an oscillatory cireuit. This is achieved
by suitably coupling or connecting the input (or grid) and output
(or plate) circuits of the tube to each other and to the oscillatory
circuit, the process being described in detail below. Direct-
current energy supplied to the plate circuit of the tube is thus
transformed into alternating-current energy, and the frequency
of the alternating current generated, primarily determined by
the constants of the oscillatory circuit, is readily adjustable over
a wide range, and is remarkably constant, when adjusted.
This has permitted the construction of simple continuous-wave
radio-transmitting sets as well as extremely flexible heterodyne
receiving sets. The vacuum-tube oscillation generator is also
widely used in laboratory and industrial work as a source of
constant amplitude sinusoidal alternating current, and the
frequencies obtainable from this type of generator range from
the lowest values—on the order of one cycle per second—to values
as high as 300,000,000 cycles per second, or even more.

Physical Explanation.—Consider first the circuit of Fig. 130
studied in the preceding chapter. With the alternator D impress-
ing an alternating electromotive force ¢ between the grid and
filament of the tube, the effect in the plate circuit is equivalent to
that of an alternating plate electromotive force ke, & being the
amplification factor of the tube. If the circuit LC has no resist-
ance and is tuned to the frequency of the alternator D, then the
alternating electromotive force ke will set up an alternating -
current in this circuit, without any expenditure of energy. In
this case, the current set up by the battery B in the plate circuit
PBLFP remains constant, as was explained in the preceding
chapter. In practice, the resistance of the circuit is not zero,
but is very small. An alternating current component then flows
in the plate circuit, in synchronism with the grid electromotive

175
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force, and 180 deg. out of phase with the alternating plate elec-
tromotive force. The pulsating plate current then follows a
dynamic characteristic curve, different from the static character-
istic curve of the tube, as explained in the preceding chapter.

When the tube itself is used as an oscillation generator, the grid
potential is no longer supplied by an external alternator, but is
obtained by coupling the grid and plate circuits. Thus, the cir-
cuit of Fig. 147 differs from that of Fig. 130 simply in that the
grid, instead of being connected to the filament through an alter-
nator D or other external source of alternating electromotive
force, is connected to the filament through an inductance coil L,
inductively coupled to the coil L of the plate oscillatory circuit.

When an oscillation is then in some manner started in the cir-
cuit LC, the alternating current flowing in its coil L induces an
alternating electromotive force ¢ in
the coil L, which is then impressed
between the grid and filament of the
tube. As in the preceding instance,
this alternating grid electromotive
force e operates like an alternating
electromotive force ke impressed
between the plate and filament, and
therefore across the circuit LC. There are, hence, three possible
cases, according to whether this electromotive force is equal to,
greater, or smaller than the original electromotive force operating
in the eircuit LC.

In the first case, if the electromotive force ke is equal to the
alternating electromotive force operating in the circuit LC and
in phase with it, the oscillation in that circuit will be sustained.

If the electromotive force ke is greater than the electromotive
foree operating in the circuit LC, then the oscillation in that cir-
cuit will grow in amplitude. So will also the electromotive force
¢ induced in the grid coil L,, and the effect is cumulative, the
oscillation in the plate circuit increasing until the grid-voltage
variations are such that the operating point of the tube describes
the entire portion of the characteristic curve comprised between
the upper and lower bends. It then stops increasing, as a further
increase of the alternating grid potential would no longer produce
a corresponding or proportional increase of plate current.?

F1a. 147.

1 The gradual building up of the oscillations is particularly easy to observe
in the case of an audio-frequency oscillatory eircuit. It is necessary simply
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If, finally, the electromotive force ¢ induced in the grid cireuit
is such that the equivalent plate electromotive force ke is smaller
than the electromotive force operating in the circuit LC, then the
oscillation will not be sustained, but will decrease in amplitude,
and the induced grid electromotive force will decrease with it.
The oscillation therefore is damped, but the damping is less than
that of a free oscillation of the circuit LC, since some energy is
supplied to the eircuit, although insufficient to compensate for
the energy losses in the eircuit.

The oscillatory circuit LC associated in this manner to a three-
electrode vacuum tube thus functions like an ordinary oscillatory
circuit in which the ochmic resistance (which as shown in Chap. I
and II expressed the rate of energy consumption in the circuit)
would be, more or less, neutralized by a negative resistance, repre-
senting the rate at which the tube, through its operation, supplies
energy to the circuit. When this negative resistance is smaller,
in absolute value, than the ohmiec resistance of the circuit, the
free oscillation of the latter is damped, but less than if there were
no negative resistance associated to the circuit. When the nega-
tive resistance is equal to the positive resistance of the circuit, an
oscillation, once started, sustains itself indefinitely. When it is
greater than the positive resistance, oscillations are generated
spontaneously in the circuit and increase in amplitude until the
energy capacity of the system is reached.

Dynamic Characteristic.—As just stated, the three-electrode
vacuum tube will, under suitable conditions, set up continuous
oscillations in the cireuit LC. These conditions are that if an
alternating current ¢ is flowing in the eircuit LC and inducing an
alternating electromotive force

e, = —M%

to connect a telephone receiver in the plate circuit of the tube, and short-cir-
cuit the feed-back grid-coupling coil, connecting the grid directly to the
filament and thereby preventing the generation of oscillations. Suddenly
opening the short-circuiting switch then puts the tube into oscillating con-
dition. Thegenerated oscillations gradually build up in amplitude, producing
a sound of increasing intensity in the telephone receiver, until they reach
their final amplitude, when the sound intensity remains constant. Under
suitable conditions, the building up process may be made to extend over 1
or 2 sec., or even more, which is readily detected by the ear. When operating
at higher (ultra-audible) frequency, the building up process is generally much
more rapid, and it is necessary to resort to some form of oscillograph.
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between the grid and filament of the tube, through the mutual
inductance M of the grid and plate circuits, the resulting alter-
nating plate electromotive force e, will be equal to and in phase
with the electromotive force induced by the current 7 across the
coil L of the oscillatory circuit, that is, equal to
di
€p = —L(,Tt.
And since, as in the case of the alternator-excited circuit, the
alternating grid and plate electromotive forces e, and e, are 180
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deg. out of phase, the ratio of these two electromotive forces is
equal to

e _ =L _
Py i constant.

This congtant is, in fact, the ratio of the transformer constituted
by the two coils L and L,.

These conditions may be depicted graphically in the form of a
dynamic characteristic curve giving the plate current as a
function of the grid potential. Thus, consider the static charact-
eristic curves of the tube itself, as given in solid lines (Fig. 148)
and let 4 be the operating point of the tube at a certain instant of
the oscillation eycle. During every cycle, the grid potential oscil-
lates back and forth between two extreme limits. The operat-
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ing point A does not, however, describe the static characteristic
curve of the tube, since the plate potential varies with the grid
potential, and in opposite direction to it.

To illustrate, suppose that the ratio of plate to grid potential
variations is 4 to 1. Then when the grid potential decreases, the
plate current decreases while the plate potential rises, and the
operating point 4 moves over to B along the dotted curve AB,
the plate potential variation being, in this instance, 450 volts
while the grid potential variation is —12.5 volts. The reverse
variation of grid voltage brings about a reverse motion of the
operating point. Dynamic characteristics for three values of the
ratio have been shown in dotted lines in Fig. 148, that is, for
three different values of coupling between the coils L and L,.
The effect of varying the coupling is thus to vary the steepness
of the curve. This is shown in the following paragraphs.

Effect of Coupling on the Oscillation Amplitude.—Suppose
the circuit of Fig. 147 to be oscillating. If the coupling

in Tuned Circuit

]
|

Amplitude of Oscillations

1
My My
Coupling Coeficient
Fie. 149.

Q

coefficient of the two coils L and L, is gradually reduced, a given
alternating grid potential induced in the coil L, will require a
gradually i{ncreasing alternating current to flow in the coil L. In
other words, the looser the grid-plate coupling, the stronger
the oscillation required for inducing a given grid potential.
The oscillation thus increases with decreasing coupling coefficient,
until the plate current varies over the entire portion of the char-
acteristic curve comprised between the upper and lower bends.
A further decrease of coupling cannot increase the plate current,
and the electromotive force induced in the grid coil L, therefore
decreases with the coupling until a value of coupling is reached
where the oscillations stop entirely.
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On the other hand, if the coupling is gradually increased, the
generated oscillations decrease in amplitude, and finally stop
when the coupling is made too tight. Thus maximum oscillations
will be obtained for a well-defined value of the coupling, which is
generally only slightly greater than that required for at all
generating oscillations.

This dependence of the amplitude of the generated oscillations
on the degree of coupling of the circuits is represented graphically
in Fig. 149.

Quantitative Theory of Oscillation Generation.'—Consider
the system of Fig. 150, comprising an oscillatory ecircuit RLC
inserted in the plate circuit of a three-electrode vacuum tube 7

and coupled inductively to the
grid circuit of the tube, as in the

) preceding example. Let M be
T“’ the mutual inductance between
the grid and oscillatory circuits,
and assume for simplicity the
resistance R of the oscillatory
circuit to be all in the inductance
branch of the circuit, the resist-

" Fra. 150. ance of the condenser branch

being negligible. Let 7z, 7¢ and

i, be the alternating currents? flowing respectively in the

inductance-coil branch LR, condenser C and plate-to-filament

circuit of the tube, these currents being considered as positive
when flowing in the directions of the arrows respectively.

Terming r the internal plate-filament differential resistance of
the tube and k its amplification factor, it was found in the preced-
ing chapter that the alternating-plate current 7,, plate potential
e, and grid potential e, are related by the equation

B
HIIE

ri, = ep 1 keg.
Since in the present instance

fl.p=7:L—'Z'C

3p = _'R'L.L —L%
di
o = —ar%

1 See GUTTON, G., Revue Générale de UElectricité, Vol. VI, p. 14, 1919,
2 Superimposed upon the direct current furnished by the battery B.
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this equation becomes
(i = ic) = —Riz — (L + kM)

and since, as shown in Chap. II, the condenser current is equal
to

d
C=C%)

) 1 ds %
o= o ~Fa ~ L)
8o that the equation finally becomes
d2,, L 4 kEMN\di, | 4 R
@ +<R+ e )au +c<1 +?> =0,
or, the ratio R/r in the last term being very small (since the circuit
resistance R is generally of a few ohms while the internal resist-
ance r of the tube amounts to several thousand ohms),
d*y, L + kM\di,,
Now, it was found in Chap. IT that the free oscillation of a
cireuit could be expressed by an equation of the form
d%
iz L5 + R + 5 = 0.

This differs from the above in tha.t the resistance R in the second

) ) L+ kM
term is replaced by the expression { R + —@,— ) and thus

it follows that

the circust LRC associated to the three-electrode vacuum tube in the
manner shown in Fig. 150 behaves like a freely oscillating circuit
(not connected to any tube) having same inductance L and capac-

. L . L+ kM
ity C as the actual circuit, but a resistance equal to | B + —Cr ,

and this equivalent circuit may be considered as an ordinary
freely oscillating circuit, as shown in Chap. II.

Now, it was pointed out in the first section of this chapter
that the operation of the tube as an oscillation generator may be

considered as equivalent to adding a negative resistance to the
circuit RLC. Actually, as now shown here, it is the term ——ETkM
Whlch is added to the resistance R of the circuit. In this expres-
sion, the quantities L, C, k, r are all positive. The mutual induc-
tance M, however, may be made positive or negative, depending
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on the connection polarity of the grid-circuit coupling coil to the
grid and filament of the tube.

If the mutual inductance M is positive, then the resistance

. . L+ kM,

of the equivalent circuit, equal to K 4 — s greater than
the resistance R of the actual circuit, and oscillations are
damped more rapidly than if the circuit LRC was not connected
to the tube. The tube here serves to choke out the circuit
oscillations.

If, on the other hand, the mutual inductance M is negative the

expression R -+ _E, M may be made smaller than R; may in

fact be made to equal zero or even negative, when
C
M< - ‘T<R + >

(that is, when M is negative and its absolute value is greater than

Hen)

In this latter case, the resultant resistance of the circuit being
negative, the oscillations do not decrease but on the contrary
increase logarithmically, that is, at a substantially constant rate,
until the bends of the dynamic characteristic curve are reached,
when a stable oscillation maintains itself continuously. Its
frequency is equal to

1 R L+ kM
w=\/@<l+7>‘m<3+ —or )

which reduces to
1 R
w = \/ @(1 + ;)

when the stable condition is reached. This is but little different
from the natural oscillation frequency of the circuit when not
connected to any tube.

The above condition for oscillation generation, that the mutual
inductance M be negative and that its absolute value fulfil the
requirement

M>C~(R+
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may also be written

@MzCRJrI;’,

r
or

gMéCR-FI—;:

where ¢ is the mutual conductance of the tube, as defined before.

Now consider the characteristic curve of the tube (Fig. 151)
and suppose the operating point P of the tube, when not oscillat-
ing, to be about the center of the curve, at its point of inflexion,
which may be obtained by means of batteries of suitable voltages
in the plate and grid circuits. The mutual conductance g of the
tube, being equal to the slope of the curve at point P, is thus as
great as possible, and if the value of M is large enough to fulfil the
above condition, oscillations will start in the circuit. This means
that the grid voltage of the tube will oscillate
either way about its original value, and point
P describes a portion NS of the curve, deter-

mined by the amplitude of the oscillations. g
The average or mean mutual conductance, §
roughly equal to the slope of the straight é
line NS, is then smaller than the original i
value,! and decreases when the oscillation Grid Voltage
amplitude increases until finally the product Fre. 151.

gM in the above equation becomes so small

as to be no longer greater, but simply equal to the right-hand
member of the equation. A stable operating condition is then
reached.

Thus, when the direct-current operating point of the tube is
about the center of the curve, point of maximum mutual conduct-
ance g, oscillations start spontaneously when the value M is
made large enough, and of negative polarity. When, under these
conditions, the oscillations have grown to such an amplitude that
the point P describes the whole curve NS, the plate current in the
tube varies between substantially zero and the saturation value
I,. The amplitude? of the alternating-plate current component is
hence equal to

I, =

E)
! HazguTiNg, L. A., Proc. Inst. Radio Eng., April 1918.
2 Harwms, F., Jahr. draht. Tel. u. Tel., Vol. 15, No. 6, June 1920.



184 RADIO ENGINEERING PRINCIPLES

and the corresponding alternating-grid voltage amplitude is

where ¢., is the mean mutual conductance of the tube (slope of the
straight line N'.S).

And since this alternating grid voltage E, is induced in the grid
circuit by the alternating current (of amplitude ;) flowing in
the plate winding L through the mutual inductance M, it is also
equal to

E, = I,oM,
from which the current I, in the osecillatory circuit LC may be
calculated:
E, I
oM 2wgaM ’
and since, as explained above, stable oscillations are obtained
when

IL=

\ L
I,= 2%(013 + ;>-

Effect of Grid Voltage on Oscillation.—If now a different con-

tinuous potential is applied to the grid, bringing the direct-cur-

rent operating point P of the tube around

L // one of the bends of the curve, the mutual
Q

it follows

conductance g (equal to the slope of the

T S P W curve at point P) becomes smaller. With

Fre. 152. the same value of coupling M the product

gM may still be large enough to permit

oscillation generatlon But it may also become too small, and

hence require an increase of the grid-plate coupling for permitting
oscillations to be generated.

Finally if the direct-current operating point P lies in one of the
horizontal portions of the curve, the mutual conductance g is
equal to zero. The product gM is then also equal to zero, irre-
spective of how large M is made. Thus, suppose that a negative
potential is applied to the grid (Fig. 152), bringing the direct cur-
rent operating point P of the tube in the lower horizontal portion
of the curve. If anoscillationisthen started in the circuit LC (Fig.
147) an alternating voltage is induced in the grid circuit, and point
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P will oscillate about its original position. If these oscillations
take place, say, between points N and S, both located in the hori-
zontal portion of the curve, then the grid-potential variations
produce no plate-current variations. The tube remains inoper-
ative, and the oscillations in the circuit LC die out as if the cir-
cuit was not connected to the tube. If, however, the induced
grid voltage is great enough to make point P oscillate between
points T and @, over a part of the ascending curve, then the tube
will supply energy to the oscillatory circuit during a part of every
cycle, and this energy may be sufficient to sustain the oscillations
in the circuit, which then grow until a stable condition is reached,
as before. But such a large starting alternating grid voltage can
only be obtained through either or both a strong initial oscilla-
tion in the circuit LC and a close coupling between this circuit
and the grid circuit of the tube. The oscillations in this case do
not start spontaneously, and when started, set in with con-
siderable intensity.

For even more negative values of the grid potential, the oscilla-
tions required for starting the operation are so great that the
amount of energy supplied by the tube during the short periods
of plate-current flow is not sufficient to sustain them, and the
oscillations die out.

Efficiency of the Vacuum-tube Oscillator.—Suppose the grid
potential of the tube to be so chosen that the direct-current operat-
ing point is about the center of the curve, as in Fig. 151. When
no oscillations are generated, the power supplied by the plate eir-
cuit energizing battery B is equal to the product I,E, of plate
current and voltage, and is dissipated in the internal direet-cur-
rent, plate resistance of the tube, being transformed into heat at
the plate electrode. When oscillations are generated the plate
current and voltage vary alternately above and below their
respective steady values. The average plate current and voltage
are not changed, however, and the average power furnished by
the battery remains the same. But instead of being all trans-
formed into heat at the plate of the tube, a part of it is used to
supply the resistance losses in the oscillatory circuit. Under the
most favorable operating conditions, the power supplied by the
battery is then equally divided between the tube and the oscilla-
tory circuit, and the efficiency of the tube as an alternating-cur-
rent generator, or more precisely, as a transformer of direct
current into alternating current is equal to 50 per cent.
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If the direct-current operating point of the tube is shifted to the
lower bend of the characteristic curve, however, by using a suffi-
ciently large negative grid voltage, the average plate current will
be decreased, and, as explained in the preceding section, the plate
current will consist in a succession of short impulses, there being
one such impulse for every cycle of the oscillation. The efficiency
of the oscillator may then be increased well above 50 per cent, the
alternating-current component decreasing, in proportion, less
than the direct-current component.

A drawback of this method is that it introduces harmonics
in the plate current of the tube, and that the difficulties for
starting the oscillations increase with increasing negative grid
potential. This latter objection may be remedied in a measure
by means of the following method:

Suppose a sinusoidal alternating current is made to flow
through the primary winding of a transformer 4 (Fig. 153). A

Fia. 153.

sinusoidal alternating electromotive force will be induced in the
secondary winding of this transformer, and a current will low in
the circuit connected to this winding. In this circuit, comprising
a rectifier B, current will low when the electromotive force
induced in the secondary winding of the transformer A varies
from zero to, say, its positive maximum and back to zero, but not
during the following, negative, half-cycle. The duration of
this current impulse is thus equal to that of one half-cycle of the
input current. If this current impulse be made to flow through
the primary of a transformer C, an electromotive force will be
induced in the secondary of this transformer, which will be posi-
tive when the current in the primary rises from zero to its maxi-
mum value, and negative when the current decreases back to
zero. The circuit comprising a rectifier D, this induced elec-
tromotive force will set up a current in the circuit in one direction
only, say when it is positive, and the resulting unidirectional
impulse thus generated in the circuit has a duration equal to
one quarter-cycle of the original input current.
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If a third and fourth rectifier circuit E and F be added to the
system, the unidirectional impulses set up in these circuits will
flow during one-eighth and one-sixteenth cycle of the original
input current, respectively, and the phase of these impulses,
that is, the point of the cycle of the input current at which they
take place, is determined by the connection polarity of the
various successive rectifiers.!

An application? to the three-electrode vacuum tube oscillator
is shown in Fig. 154, where the coupling of the grid circuit to
the oscillatory cireuit LC is made through one rectifier D. The
alternating current flowing in the oscillatory eircait LC induces
an alternating electromotive force in the rectifier circuit, in which
a unidirectional current flows during one-half cycle only. This
induces an electromotive force in the grid circuit consisting of a
positive and a negative impulse, each
of a duration equal to one quarter-
cycle of the alternating current flow-
ing in the circuit LC. If the grid is
made sufficiently negative, by means
of a battery E, normally to stop the
plate-current flow in the tube, such
plate current will only flow during the positive grid-voltage
impulse, and this may be large enough, for suitable transformer
ratios, to make the plate current of the tube vary from zero to
the maximum, saturation, value. Of course, instead of one
intermediate rectifier circuit, a chain of such circuits may be used,
as just explained, for further shortening the duration of the
plate-current impulses, and increasing the oscillator efficiency.
It should be noted however that at the same time the amount of
power supplied to the oscillatory circuit during each impulse
decreases, hence also the oscillation amplitude decreases.

Typical Oscillator Circuits.—In the previous discussion the
conditions were established which must be secured if a vacuum-
tube circuit is to sustain continuous oscillations. Qualitatively
speaking, it is simply necessary to couple the plate and grid
cireuits of the tube to a common oseillatory circuit (or oseillatory
circuit arrangement) and in such a manner that the resulting
grid-to-plate coupling will be negative. The number of possible
circuits answering these requirements is very large, and the actual

I

! This system constitutes, in fact, one branch of a frequency multiplier.
? British Patent 213562 to Western Electric Company and H. W. Nicholls.
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quantitative relations are special in almost every case. They
are, however, often easily obtained in a manner similar
to that followed in the previous sections for the particular cireuit
considered. Despite their differences, these various vacuum-
tube circuits may be classified in a few fundamental circuits,
which will be briefly described here.

Thus, the oscillatory circuit may be coupled to either the grid
or the plate circuit of the tube, or to both these circuits together.
Also, the couplings may be electrostatic or magnetic, or both.
In all these circuits, an oscillation started in the oscillatory circuit
induces an electromotive force in the grid circuit, and the
grid-potential variations produce corresponding plate-current

LB
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Tio. 155. Fic. 156.

variations which in turninduce an electromotive force in the oscilla-
tory circuit, which is in phase with and equal to (or greater than)
the electromotive foree operating in this eircuit.

As a first example, the circuit of Fig. 155 differs from that
of Fig. 147 in that the oscillatory circuit LC is inserted in the
grid circuit of the tube instead of the plate circuit. The plate
circuit here simply comprises a coil L, coupled inductively to
the grid coil L, which at the same time constitutes the inductance
of the oscillatory circuit. The mode of operation is readily
understandable from the preceding remarks.

In the arrangement of Fig. 156, the grid and plate circuits
of the tube are independently coupled to the oscillatory circuit
LC. Proper operation is obtained for suitable values of the grid
and plate couplings, which may be done, as in the preceding
examples, by moving the coupling coils toward or away from the
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inductance coil of the oscillatory cireuit, or rotating them more or
less, altering correspondingly the mutual induetance.

Another form of the last arrangement is shown in Fig. 157,
in which parts of the oscillatory circuit inductance are inserted
directly in the plate and grid circuits respectively. The self-
induced electromotive forees set up in these winding parts by
the oscillation current operate then in these circuits. They are
made of opposite polarities, as required for oscillation generation,
by connecting the filament to a point of the circuit inductance
located befween the points connected to the grid and plate. By
making the filament connection point a sliding contact, as in Fig.
158, the ratio of plate and grid inductance may readily be altered,
and the feed-back coupling may thus be set to its proper value.

c
Fia. 157. . Fia. 158.

In all the above examples, the alternating component of the
plate current flows through the battery B which furnishes the
direct current to the plate circuit of the tube. In order to reduce
high-frequency energy losses in the resistance of this battery,
and also the disturbing effects of the electrostatic capacity
between battery and ground, it is well to shunt the battery by
a by-pass condenser, as shown in dotted lines in the diagrams.

Another way is to connect a choke coil of large inductance in
series with the plate-circuit battery, connecting this in parallel
with the high-frequency plate circuit. Figure 159 shows an
arrangement derived from that of Fig. 155, the oscillatory cir-
cuit LC being connected in the grid circuit of the tube, while the
plate circuit is coupled magnetically to its inductance L through a
coupling coil L,. The plate circuit is energized by a battery B
connected to the filament and plate through a choke coil K. The
plate-circuit coupling coil L, is connected between the filament
and plate of the tube, through a condenser H placed in series with



190 RADIO ENGINEERING PRINCIPLES

it, in order to prevent the flow of direct current through the coil
L,, which would otherwise short-cireuit the circuit branch BK.
An oscillation being then started in the oscillatory circuit LC, an
alternating electromotive force e finds itself impressed between
the filament and grid of the tube. The plate circuit being ener-
gized by the battery B in series with the choke coil K, an alter-
nating electromotive force sub-
stantially equal to ke is developed
between the plate and filament, as

- ﬁ| + X explained in connection with Fig.
’—"” L 00 129 (amplifier operation of the
H

L tube). This alternating electromo-
W*—fm\—jﬂ— tive force being impressed upon the
Ly circuit branch L,H, an alternating

w current will flow through the latter,
Ae which will induce an osecillation sus-
F1e. 159. taining electromotive force in the

circuit LC' through the magnetic coupling of the coils L and L,.
This induced electromotive force will, of course, be greater the
greater the alternating current flowing through the coil L,, and this
in turn depends on the electrostatic capacity of the condenser H.
If this be made very small, only a small alternating current flows

- “-HTIII

F1a. 161.

through the coil L,, which may not be sufficient for sustaining
the oscillations in the circuit LC. Thus, by suitably adjusting
the capacity of the condenser H it is possible to regulate the
amount of power fed back from the plate circuit into the oscil-
latory circuit LC. This constitutes, so to speak, an electrostatic
control of the magnetic feed-back coupling of the plate and grid
circuits.
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A purely electrostatic coupling arrangement is shown in Fig.
160, which is the counterpart of that of Fig. 157. The capacity
of the oscillatory circuit is constituted by the condensers C, and
C, which are inserted, respectively, in the plate and grid circuits
of the tube, the reactive potential drops across these condensers
constituting the alternating plate and grid operating electro-
motive forces. Direct current is fed to the plate, as in the preced-
ing example, by a battery B connected in series with a choke coil
K, a series energization of the plate circuit being here impossible
on account of the plate coupling condenser €', which insulates the
plate from the filament. In the same manner, the grid-coupling
condenser ', insulating the grid from the filament, a conductive
grid-to filament must be provided, through a choke coil S or a
high resistance in order to provide a leakage path for the negative
charge which would otherwise accumulate on the grid, when the
latter collects electrons from the filament during the positive half-
cycles of the alternating electromotive force.

Electrostatic feed-back coupling is also possible when the oscil-
latory circuit is connected in only one of the grid and plate cir-
cuits, as shown for instance in Fig. 161, where the circuit LC is in
the plate circuit, and in Fig. 162, where it is in the grid circuit.
Considering this last example, an oscillation started in the circuit
LC impresses an alternating electromotive force e between the
grid and filament of the tube. The plate circuit being energized
by a battery B in series with the choke coil K, an alternating elec-
tromotive force ke is developed across the ends of the circuit
branch BK, that is, between the plate and filament, as in the
case of amplifier operation of the tube. If now a condenser H be
connected between the plate and grid, the oscillatory cireuit LC
will be connected, through this condenser, across the filament and
plate, and a fraction of the alternating plate electromotive force
ke will be impressed upon the circuit LC where it will, if large
enough, sustain the original oscillation.

The operation of the arrangement of Fig. 161, in which the
oscillatory circuit LC is inserted in the plate circuit and the choke
coil K in the grid circuit, may be explained along similar lines.

The operation is based upon the fact that the reactance of the
choke coil K is great at the operating frequency. An infinite
reactance, constituted by an oscillatory circuit tuned to the oper-
ating frequency, may be used in ifs place, the arrangement being
shown in Fig. 163. An oscillatory circuit is inserted in the plate
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circuit of the tube and a second oscillatory circuit, tuned to the
first circuit, in the grid circuit.

It is noteworthy that the coupling condenser H is connected
in parallel with the condenser formed by the plate and grid within
the tube. The internal grid-to-plate capacity of the tube thus
forms a part of the feed-back capacity, and is indeed sufficiently
great, in many cases, for permitting the generation of continuous
oscillations without the addition of any external coupling con-
denser. This is particularly the case when the oscillations gener-
ated are of high frequency, when the reactance of the internal
grid-plate condenser is correspondingly small.

This property, which in the present case is the useful feature of
the oscillation generator, is a serious cause of trouble in radio-

K
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Fig. 162, Fia. 163.

frequency cascade amplifiers, which in this manner become
capable of spontaneously generating oscillations, preventing
the proper operation of the amplifier. This will be discussed
presently.

Oscillation Generation and Neutralization in Cascade Ampli-
fiers.—Consider one of the intermediate tubes of a radio-fre-
quency cascade amplifier, as described in the preceding chapter, in
Fig. 133 or Fig. 134, for instance.

The plate circuit of this tube comprises a high impedance,
across which the pulsating plate current of the tube builds up its
output electromotive force. The grid circuit, on the other hand,
comprises the high impedance belonging to the external plate cir-
cuit of the directly preceding tube. The grid and plate circuits
being coupled to each other through the internal grid-to-plate
capacity of the tube, the same conditions are seen to obtain as in
the last examples of oscillation generators, and it thus often occurs
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that for this reason the amplifier spontaneously breaks into oscil-
lation, the generated oscillations drowning out the signals to be
amplified, and preventing the proper operation of the amplifier.

This generation of oscillations may be prevented in several
different manners:

1. The ohmic resistances of the grid and plate external imped-
ances may be increased, by means of a rheostat, for instance,
until the positive resistance of the circuits becomes greater than
the negative resistance developed by the tube. This, however,
decreases the frequency selectivity of the amplifier and artificially
increases the energy losses.

2. An equivalent method consists in giving to the grid of the
tube a slightly positive potential, which makes it possible for

B
YT R
C Fi1a. 164.

the electrons emitted by the filament to enter the grid circuit.
Energy losses are thus created in this circuit, which absorb the
excess of energy supplied by the tube, and prevent oscillation
generation.

3. A better method, not based on the creation of additional
energy losses in the circuits, is based on the fact, stated in a
preceding section, that a negative coupling is required between the
plate and grid circuits in order that the tube may generate oscil-
lations, a positive coupling producing the opposite effect, which
is to dampen out or prevent the oscillations.

A negative coupling being, in the present case, provided
through the internal grid-to-plate capacity of the tube, its action
may hence be neutralized or compensated by establishing a
positive coupling of suitable value between the plate and grid
circuitst. This positive coupling may be electrostatic or magnetic,

1L. V. Hageltine, Wireless World, April 1923.
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but 1s preferably constituted in such a way asto have the same form
as the negative coupling circuit, the action of which it is intended
to neutralize. In this manner the positive and negative coupling
reactions vary in the same direction when the operating frequency
is altered, and compensate each other over the entire frequency
range of the amplifier.

Thus, Fig. 164 represents one of the intermediate tubes T of a
multistage cascade amplifier. The grid of this tube is connected
to the filament through an oscillatory circuit LC coupled induc-
tively to the plate circuit of the preceding amplifier tube through
the interstage coupling transformer @, of which the inductance L
constitutes the secondary winding. The plate circuit of the tube
T, energized by the battery B, comprises the primary winding P

4
P s =

B
18I
Fi1a. 165,

of the transformer M through which it is coupled to the following
amplifier tube. When then an alternating current flows through
the primary of the transformer @, an oscillation is set up in the
circuit LC, alternately varying the grid potential of the tube T'.
This in turn varying the plate current of the tube, an amplified
alternating electromotive force is induced in the secondary
winding S of the transformer M, operating the following tube of
the amplifier.

But at the same time a self-induced electromotive force is set
up across the primary winding P of the transformer M through
the pulsation of the plate current of the tube 7. And one end
(the filament end) of this winding P being connected directly to the
circuit LC, while the other end of this winding is connected to
this same eircuit through the condenser constituted by the plate
and grid of the tube, this self-induced electromotive force will
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be impressed back upon the circuit LC where, as shown in the
preceding seetion, it will sustain continuous oscillations.

If now a winding N, coupled to the winding P, is connected
to the circuit LC, one end directly, the other through a condenser
A, the electromotive force induced in it will, similarly, be
impressed on the circuit LC ; and if the connection polarity of the
winding N is suitably chosen, the electromotive force impressed
by it upon the circuit LC will be of opposite polarity to that due
to the winding P, which it will hence neutralize exactly for a
proper capacity of the condenser A.

Of course, instead of using a separate secondary winding N,
the ordinary secondary winding S of the interstage coupling
transformer M may be used, as shown in Fig. 165.

-
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Another alternative consists in connecting, between the fila-
ment and plate of the tube, a circuit branch AN (Fig. 166) compris-
ing a condenser A and coil N, the latter being coupled inductively
to the input oscillatory circuit LC of the tube. The alternating
electromotive force developed across the coil P through the
operation of the tube sets up an alternating current in this
circuit branch AN which induces in circuit LC an alternating
electromotive force, and this, for a suitable connection polarity of
the coil N and proper capacity of the condenser A, may be made
equal and opposite to the electromotive force impressed upon this
same circuit LC- by the coil P through the internal grid-plate
capacity of the tube.

The coil N need not be a separate coil, but may be the primary
winding of the interstage coupling transformer used for coupling
the output (plate) circuit of the preceding tube to the input
(grid) eircuit of the tube T of the amplifier.
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Or else, the transformer NL may be replaced by an autotrans-
former, as shown in Fig. 167: the filament of the tube is connected
to an intermediate point of the grid-cireuit inductance L. One
end of this inductance is connected to the grid, while the other
is connected to the plate, through a condenser A. Due to the
alternating electromotive force developed in the plate circuit,
across the ends H and K of the winding P, an alternating current
will then flow, on the one hand, in the circuit branch comprising
the portion ¥ of the inductance L and the condenser 4, and on the
other hand in the circuit branch comprising the portion D of the
inductance L and the condenser formed by the grid and plate of
the tube. The currents flowing in the two portions D and F of
the inductance L are thus in opposite directions, hence also the
electromotive forces induced by
them in the coil L. Complete
neutralization is then obtained
when, for a suitable capacity of the
condenser A4, these two are of equal
magnitude.

In all the above methods, it is
possible to regulate the extent of
neutralization by means of the
capacity of the condenser 4. If this be made slightly less than
required for complete neutralization, then some energy is fed back
from the plate to the grid circuit, not sufficient to sustain oscilla-
tions in it, but still capable of reinforcing the signals.

Strictly speaking, the preceding methods prevent oscillation
generation due to energy feed-back through the internal capacity
of the tube. But oscillations may also be generated in cascade
amplifiers due to the fact that the stray electrostatic and magnetic
fields developed in the various parts of the apparatus interlink
more or less, particularly when the amplifier is of small overall
dimensions. It is then necessary to electrostatically and magnet-
ically shield the various condensers, coils, transformers, ete., or
to place them in such relative positions that their fields do not
link with each other (staggering the inductance coils for instance,
or placing them at right angles to each other), and in some cases
to reverse the connection polarity of certain of the coils, in order
to reverse their fields.

Special Short-wave Oscillator Circuits.—The circuit arrange-
ments described above for the generation of oscillations by means

Fia. 167.



THE THREE ELECTRODE VACUUM-TUBE OSCILLATOR 197

of three-electrode vacuum tubes may be used for almost any
value of frequency. When generating currents of extremely
high frequency (of the order of 250,000,000 cycles per second),
these circuits assume particularly simple shapes, for the tube and
the wires connecting it to its batteries are sufficient to provide
the required inductance and capacity. Thus! the circuit of Fig.
168 is the equivalent of that of Fig. 157. The wires shown in
heavy lines constitute the grid and plate inductance, while the
capacity is constituted by the internal grid-plate capacity of the
tube. A large condenser shunts the plate-circuit energizing
battery, which is, like the filament heating battery, connected
in series with choke coils, in order to confine the high-frequency
currents to the oscillatory circuit. In making the plate and grid

i

Fia. 168. Fie. 169.

wires about 1 ft. long, the generated current has a fundamental
frequency of the order to 80,000,000 cycles per second, and con-
tains fairly strong second, third, and fourth harmonies.

Another arrangement,? shown in Fig. 169, makes use of two
tubes operated symmetrically. The filaments being connected
together, the grids of the two tubes are connected to each other
by an inductance coil L while the plates are connected by a coil
M wound oppositely to coil L. Each coil being shunted by a
condenser, the middle point of the grid coil L is connected to the
filaments, while the middle point of the plate coil M is connected
to the positive terminal of the energizing battery B, the negative
terminal of which is connected to the filaments. The tubes thus

1GurToN and Toury, Compies Rendus Academie des Sciences, Vol.
168, p. 271, Paris, 1919,
> MEsNy, R., “Les ondes trés courtes,” Onde Electrique, p. 26, January 1924.
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operate 180 deg. out of phase with each other, the grid of one tube
being positive when that of the other is negative, and conversely.

For very high-frequency generation, the condensers reduce
to the internal tube capacities, while the inductances M and L
are single-turn windings of opposite directions, as shown in Fig.
170, and of a few inches diameter.!

Comparatively strong oscillations may be generated by this
method, even at very high frequencies, and the arrangement being
symmetrical, the wires connecting the batteries to the cireuit
carry no high-frequency currents, so that the choke coils and
by-pass condensers may be dispensed with entirely, and the
effects of battery capacity to ground are also eliminated.

K

Fia. 170.

Radio Telegraph Transmitting Circuits.—Vacuum-tube oscil-
lators as described above are widely used in undamped (continu-
ous) wave radio telegraph transmission, for setting up
high-frequency alternating currents in the antenna, circuit. The
methods used differ somewhat, however, depending on whether
the apparatus is that of a stationary high-power station, or of a
small low-power set, a portable field, or airplane radio set, for
instance.

High-power Sets—In the instance of high-power sets, a
comparatively low-power vacuum-tube oscillation generator of
one of the forms described above is used, operated under condi-
tions which insure as pure a sinusoidal output current as possible,
even though this does not permit the most efficient operation. But
since the oscillator is of low power, efficiency considerations do
not matter much at this point. The high-frequency alternating
electromotive force thus generated serves as the input electro-

1 MEsNY, R, loc. cit., Onde Electrique, p. 28, January 1924.
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motive force of a power amplifier which, in its last stage, feeds
the antenna circuit. This power amplifier is operated at maxi-
mum efficiency, which involves the use of high plate potentials,
negatively charged grids, and, in the last stages, filter circuits
for eliminating the harmonics which, as explained before, are
unavoidable when the vacuum-tube fundamental frequency out-
put is made very large. .

Keying, the function of which is to let the antenna circuit
radiate energy at a certain predetermined wave length when the
key is closed, and to stop such radiation when it is open, may
be effected in two different manners, depending on whether the
key, when open, entirely stops the oscillations in the antenna,
or simply changes the wave length of these-oscillations.

The first method is accomplished in placing a simple make-
and-break key or relay in the plate or grid circuit of one of the
amplifier tabes, in one of the first low-power stages. Opening
either one of these circuits stops the operation of the amplifier,
and the currents which are interrupted by the key are small
(particularly when the key is in the grid circuit of the tube).

The second method requires the key to operateinthe oscillation
generator circuit. The key is then so connected that, when
closed, it short-circuits a part of the inductance of the oscillatory
circuit (or connects a small additional capacity in parallel with
the main ecircuit condenser), thus changing the frequency of the
generated oscillations. With the modern receiving methods,
the amount of defuning required is extremely small, so that the
antenna current and radiated energy arc practically the same at
the signal and detuned frequencies.

This permits the simultaneous transmission of several messages
over the same antenna circuit, utilizing for all messages the same
oscillation generator, and each message being transmitted with
the full power of the station.! Thus consider the case of two
messages being transmitted simultaneously. Two keys will be
installed, in such a manner that, when closed, they will each
detune the oscillation generator by different amounts, the fre-
quency of the generated oscillations being, say, A when the first
key is closed alone, B when the second key is closed alone, and C
when the two keys are closed together. Radiation at these three
frequencies will be practically the same if these frequencies differ
only by a small percentage. At the receiving station, three

t AsranaM, H. and R. Pranior, Onde Electrique, pp. 381-386, July 1922.
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receiving circuits are used, tuned respectively to the frequencies
A, B, C, and so arranged that one recorder will be operated
equally well from the receivers A and €, while another recorder
is operated equally well from the receivers B and C.

Low-power Sets.—Low-power sets may, like the higher-power
sets, comprise a ‘‘master oscillator’’ supplying the input electro-
motive force to a small power amplifier. But they may also
simply employ a vacuum-tube oscillator for the direct excitation
of the antenna circuit.

Thus, Fig. 171 is essentially the same circuit as that of Fig.
156, with the exception that the oscillatory circuit LC of the latter
is here an open radiating oscillatory circuit (antenna) instead of
a closed non-radiating circuit. The circuit may be so designed
as to require no feed-back coupling adjustment over a fairly
wide range of frequencies. The
only adjustment then required is
that of tuning the antenna circuit
so that it will have a natural fre-
L quency equal to that which is to
be transmitted. This is done by
means of a variable inductance or
capacity inserted in the antenna
circuit. The key may be inserted
at point a in the plate circuit, or
) b in the grid circuit, the opening
of the key opening the plate or grid eircuit, as the case may be,
and stopping the operation of the oscillation generator, which
then resumes when the key is closed. The detuning method of
keying may also be used by connecting the key across one or
two turns of the antenna inductance.

The advantage of this circuit is its simplicity, the only adjust-
ments required being that of the antenna wave length and of
the plate and grid couplings, in order to come within the condi-
tions of oscillation of the tube.

In this connection, it should be remembered that the greater
the decrement of the oscillatory circuit, the greater the amount
of power to be supplied to that circuit by the plate circuit of
the tube in order to compensate for the energy losses and sustain
continuous oscillation. On the other hand, there is an upper
limit to the alternating-current power which may be supplied
by any tube operating under given direct-current conditions of

Aerial

Fig. 171.
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filament, grid, and plate voltages, as explained in detail in a
previous section. :

Now, in the present case, the oscillatory circuit continually
loses energy by radiation into space. In fact, the greater the
amount of energy this circuit radiates, the better it performs its
function as a transmitting antenna. It follows that, on account
of the large energy losses in the antenna circuit, this transmitting
circuit requires, for satisfactory operation, a vacuum tube of
large power capacity and large amplification factor. The circuit
will not operate satisfactorily with a low-power tube and large
antenna, and may even be entirely inoperative with an antenna
circuit having too large a radiation for the tube in use.

In order to overcome this tendency of the circuit of Fig. 171
to refuse to oscillate, an intermediate oscillatory cireuit may be
used, as shown in Fig. 172,
Temporarily considering the
antenna cireuit as non-exist-
ent, the vacuum-tube oscilla-
tor circuit is seen to be the
same as that of Fig. 147. For
suitable adjustments, strong
continuous oscillations are
then set up in the plate oscilla-
tory ecircuit L,C. If now the
antenna circuit, tuned to the
frequeney of the circuit L,C, is coupled loosely to it, a small
alternating current will be set up in it, involving correspondingly
small radiation. As the coupling is made tighter, an increasing
amount of energy is removed from the closed oscillatory circuit
L,C and radiated by the antenna, and the coupling may thus
gradually be increased until as much power is radiated as the
tube capacity permits. A further increase of antenna coupling
will then prevent the generation of oscillations, as in the case
considered before. This method permits the use of tubes of as
low power as desired (less than 10 watts alternating-current
power capacity), a desirable feature for short-range sets used in
crowded districts.

It should be noted however that in many cases, as will be
explained presently, the antenna may not be coupled to the cir-
cuit L,C as closely as just stated. Suppose once more the
antenna to be loosely coupled to the vacuum-tube oscillator cir-

Key = Ground
Fia. 172.
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cuit. The key being then closed, with the circuit L,C set to
the desired wave length, and the grid-plate coupling adjusted for
maximum amplitude of the generated oscillations, the antenna
circuit may be tuned in the usual way, by adjusting its variable
condenser, and the current in the antenna circuit will pass
through a well-defined maximum when the antenna and tube
circuits have the same natural frequency.

If the antenna, instead of being loosely coupled, is coupled
closely to the vacuum-tube oscillator circuit, the process becomes
more complicated due to the fact, mentioned in a preceding
chapter, that the antenna circuit and the oscillatory ecircuit
L,C now constitute a system having fwo natural frequencies,
irrespective of whether or not the two circuits are, individually,
tuned to a same natural frequency.

It was shown in Chap. II that such a system oscillates freely
at its two natural frequencies simultaneously: these are in every
respect equally possible and the resulting oscillation current
varies in amplitude at a certain “beat’” frequency, as explained
before. However, in the case of the three-electrode vacuum-
tube oscillator, oscillations of one frequency only are generated,
due to the fact that, although the oscillations of the system may
be considered as ‘“‘free’’ (since they are not due to any external
alternating electromotive force, but are generated through the
action of the circuit itself), certain limiting factors and eondi-
tions are introduced by the internal operating characteristics of
the tube, and by the manner in which the tube is related to the
oscillatory circuit system (that is, by the values and nature of the
plate and grid couplings), which make one oscillation frequency
more probable or possible than the other.

Thus, with the tube oscillating and the antenna circuit closely
coupled to it, if an attempt be made to tune the antenna circuit
to the oscillator circuit, (by adjusting its variable condenser in
such a manner as to vary its natural frequency « from a large
value to a small one), the current in the antenna circuit, as
measured by a hot-wire ammeter inserted in it, will be found to
increase, somewhat as shown by the curve 44 (Fig. 173) even
after the resonance frequency w, (for which the natural frequen-
cies of the two circuits, considered individually, are equal) has
been reached, until the natural frequency of the antenna circuit
reaches a value wi, smaller than the resonance frequency w,
where the antenna current suddenly drops to a smaller intensity,
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continuing then to decrease along curve B as the natural fre-
quency of the antenna circuit is further reduced.

If, on the other hand, the antenna ecircuit’s natural frequency
is increased, by varying the antenna condenser in opposite direc-
tion, the antenna current will increase as shown by curve B,
until a frequency w,, greater than wy, is reached, when the antenna
current intensity suddenly falls back to a small value, continuing
then to decrease along curve A when the natural frequency of the
antenna circuit is further increased.

If finally the antenna circuit’s natural frequency has been
adjusted to some intermediate value w;, the antenna current being
then as given by the curve A, the opening and then closing of
the telegraph key will bring the current down to the value corre-
sponding to curve B.
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The curves A and B may, in other cases, have shapes different
from those shown in Fig. 173, as will be seen in a later paragraph.

Corresponding results are obtained if the actual frequency of
the generated oscillations is measured (for instance by means of a
wavemeter loosely coupled to the system), as represented in Fig.
174. Thus, starting with a small value of the antenna circuit
natural frequency w, the oscillation frequency Q@ will be greater
than the resonance frequency &, of the individual circuits, and
increases until the value w,, greater than w,is reached, when the
operating frequency suddenly deecreases below the value Q, If
the natural frequency of the antenna circuit be now deecreased, the
oscillation frequency decreases until a value w;, smaller than w., is
reached, when the oscillation frequency suddenly rises to a value
greater than €@, These sudden frequency changes, like the sud-
den amplitude changes, occur after the ecircuits have been
adjusted, through the opening and closing of the telegraph key.
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An understanding of these conditions may be obtained by
considering! the two coupled circuits A, B as equivalent to a
single (fictitious) oscillatory ecircuit the inductance, capacity
and resistance of which are variable and may be calculated in
function of the constants and mutual coupling of the actual
circuits A and B, and of the operating frequency.? To this
equivalent circuit may then be applied all that has been said
above concerning the ordinary single-circuit vacuum-tube
oscillator.

! For a detailed mathematical development of the method described
here, see Harums, Jahrb. d. draht. Tel. u. Tel., Vol. 15, No. 6, pp. 442-457,
June, 1920,

2 In other words, the secondary load created by the coupled circuit B is
transferred to the primary circuit A. This reduction of a two-circuit system
of fixed electrical constants to a single oscillatory circuit the characteristics
of which are functions of the frequency may readily be understood as
follows: When an alternating electromotive force of gradually increasing
frequency is applied to a simple oscillatory circuit of constant inductance,
capacity and resistance, the reactances of the coil and condenser vary in
opposite directions, as explained in Chap. II, and become equal to each
other at a given frequency value of the applied electromotive force, when
resonance is said to obtain.

If, now, a second circuit is coupled magnetically to the coil of the
“primary” circuit, the current flowing in this primary circuit induces a “sec-
ondary” current in the second circuit, which, in turn, induces an electro-
motive force in the coil of the first circuit. The electromotive force across
the inductance coil of the first circuit thus comprises the self-induced electro-
motive force due to the primary current (as in the case of a single circuit)
and the electromotive force induced in the coil by the secondary current.
Now, the amplitude and phase of the electromotive force induced back
into the primary inductance coil by the secondary current will, if the
secondary circuit comprises inductance, resistance and capacity, depend
on the operating frequency. The ratio E/I of the effective electromotive
force across the primary inductance coil and current in the primary circuit,
which defines the reactance of the coil in the case of a single circuit, hence,
now defines an impedance, since the electromotive force and current in .
the coil are no longer 90 deg. out of phase with each other. The two-
circuit system may therefore be considered as equivalent to a single oscil-
latory circuit like the original primary circuit but in which the original
inductance is replaced by an impedance, as just defined, that is, by a series
arrangement of a resistance (which adds to the resistance of the original
primary circuit) and an inductance or capacity (which correspondingly
alters the total inductance or capacity of the circuit). The electrical
characteristics (inductance, resistance and capacity) of the single circuit
equivalent to the two-circuit system are, thus, functions of the inductances,
resistances and capacities of the two coupled circuits and of the operating
frequency, as stated in the text,



THE THREE-ELECTRODE VACUUM-TUBE OSCILLATOR 205

In particular, the operating frequency will be substantially
equal to the natural frequency of the circuit. Only, as pointed
out in Chap. II, the system constituted by the two coupled cir-
cuits A and B, and hence also its equivalent single ecireuit,
possesses two natural frequencies, and the question arises as to
which one of these two frequencies will be the actual operating
frequency of the vacuum-tube oscillator.

Now, for each capacity value of the actual secondary circuit
B, we may compute the natural frequencies @' and Q" of the
coupled circuit system, and for each of these two frequencies
may be calculated the corresponding inductance, capacity and
resistance L/, C’, R’, and L, C”', R”, of the equivalent single
circuit. Putting each of these two sets of values respectively
into the equation expressing the condition for oscillation gen-
eration, as given at bottom of page 182 or top of page 183, it
becomes possible to find which set satisfies the operating condi-
tion of the tube.

It is thus found that the first set of values L', ¢/, R’, which
corresponds to the higher frequency €', satisfies the equation
for all values of secondary (or antenna) circuit capacity greater
than a certain critical value C,, while the second set L, C”,
R", which corresponds to the lower frequency @', and satisfies
the equation for all values of secondary circuit capacity smaller
than some other value Cs.

Now, these two limiting values C; and C. of the secondary
circuit capacity, above or below which one or the other of the
two oscillation frequencies becomes a possible operating fre-
quency of the system, depend on the tightness of the mutual
coupling of the primary and secondary circuits A and B, on the
adjustments of the oscillator tube circuits (mutual couplings
of the grid and plate circuits to each other and to the primary
circuit A, ete.) and on the internal characteristics of the par-
ticular tube used.

Different cases are thus possible, depending on the relative
values of C; and Cs. Thus, in the cases illustrated in Figs.
175 and 176, the value C; is smaller than C,. This creates
an overlapping range C; — C» within which both osecillation
frequencies @' and Q" are possible operating frequencies for the
vacuum-tube oscillator. On the other hand, if, as in Fig. 177,
the value C. is greater than Cs, operation is impossible at either
frequency, within the range C; — C,, and the tube will, hence,
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refuse to oscillate within this range of values of the secondary
circuit capacity.

Consider again the instances of Figs. 175 and 176. It should
be noted that, while both frequencies £ and €’ are possible
operating frequencies for the vacuum-tube oscillator, for values
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of the secondary circuit capacity comprised between C; and Cs,

these two frequencies are not equivalent to each other, hence, not

equally possible, and the amplitude of the generated oscillations

will generally not be the same at the two operating frequencies

for any given value of the secondary capacity setting, nor will

the stability of the two oscillations be the same. This is pri-

marily due to the fact that the circuit system is associated to a

vacuum tube, the operating characteristic of which is curved,

and should be contrasted with the case of free oscillations, as

described in Chap. II, where the two

oscillation frequencies are generally

Q" o) equally possible, and the two oscillations
take place simultaneously.

In the present case, it may generally

G __C be stated that, within the range C; —

Antenna Current

Anwg’;;fg:ydmer C,, the stable oscil!ation frequency is
Fra. 177. the one corresponding to the smaller

oscillation amplitude, and this is the
oscillation which for instance will set in when the key,
after being opened, is closed again. The other oscillation may
then be regarded as an unstable continuation of the oscillatory
condition of the system, obtained when the secondary circuit
capacity is gradually varied or adjusted from some value out-
side the range C;, — C; to some value comprised within this
range. And, indeed, this oscillation will cease if some disturb-

ance sets in, such as the opening of the telegraph key, for instance,
as stated before.
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However, this is not an absolute rule for all cases, particularly
when the two possible operating frequencies are comparatively
much different from each other, the stable oscillation being
then that which most rapidly reaches its final amplitude and
substantially in the smallest number of cycles.

The building-up speed of the oscillations thus enters into
play, and together with it must be considered the negative
resistance which may be developed by the tube, at each of the
two possible operating frequencies, during the building-up
process of the oscillations. A theory of these phenomena may
thus be established by considering the decrements of the cireuit
system at the two frequencies, which decrements may be regarded
as compensated by the ‘“negative decrement’’ developed by
the tube in each case. This standpoint, however, is implicitly
included in the above mentioned equations of pages 182 and
183 expressing the condition for oscillation generation.

It will be noted, also, from the nature of the phenomena,
that similar conditions will obtain not only for the vacuum-tube
oscillator but also for all systems in which direct current (from
a battery or generator) is transformed into alternating current
or continuous oscillations by means of some variable negative
resistance deviee, such as the carbon arc for instance, associated
with a circuit combination having a plurality of ‘“free’ oscilla-
tion frequencies; or,in other words, forall circuit systems having a
plurality of free oscillation frequencies and in which the resist-
ance is a function of the current amplitude in the circuit and
of the operating frequency. '

As stated before, all these irregularities disappear when the
antenna coupling is made sufficiently small, the reaction of the
antenna current on the vacuum-tube circuit being, then, negligible.

Of eourse, similar phenomena take place if the closed osecillatory
circuit is being tuned to the antenna ecircuit instead of the
antenna circuit being tuned to the closed circuit. Also, the
fact that one of the circuits (the antenna circuit) is an open
oscillator does not matter particularly; the property applies to
any system of coupled oscillatory circuits having a plurality of
oscillation frequencies.

MULTIVIBRATOR AND NEGATIVE-RESISTANCE CIRCUITS

If the input and output circuits of a multistage transformer or
choke-coil coupled cascade amplifier are mutually coupled to
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each other, closing the amplifier cascade or chain upon itself,
continuous oscillations will be generated for a proper polarity
and degree of the coupling. The frequency of the generated
oscillations is, then, determined by the inductance and distributed
capacity of the amplifier interstage transformer or coupling coil
windings. :

Conditions are different in the case of a resistance-capacity
or resistance-battery coupled amplifier, for the interstage coupling
elements do not then constitute oscillatory circuits. There
being, however, important applications of the properties of such
resistance coupled cascade amplifiers in which the output electro-
motive force of the last stage is made to excite the input circuit
of the first stage, these will be briefly discussed below.

—=[I[iji} HIF—
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Fre. 178.

Multivibrator.'—Consider a resistance-capacity coupled cascade
amplifier, such as described in connection with Fig. 137, and
suppose that the electromotive force developed in the plate cir-
cuit of the second tube, instead of being impressed upon the grid
circuit of a third tube, is impressed back upon the grid circuit
of the first tube. The resulting circuit arrangement, shown in
Fig. 178, comprises then two tubes 7 and T’ the plates circuit of
which comprise, respectively, the batteries B and B’ and resist-
ances B and R’. The filament and grid of each tube are connected
to the terminals of the plate circuit resistance R and R’ of the
other tube, this connection being, further, made through con-
densers C and C’ which prevent the high continuous potential
drop across the resistances B and R’ from being impressed onto

1 Asranam and BrocH, Ann. de Physique, 9° serie, X1I, p. 237.
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the grids. The latter, being then insulated from the rest of the
circuit by the condenser dielectric, are conductively connected
to the filaments through resistance r and ’, as explained in the
preceding chapter.

If then the resistances R and R’, resistances r and ¢/, condensers
C and ’, batteries B and B’, and tubes T and T” are, respectively,
identical to each other, the system will be in equilibrium if the
plate currents in the two tubes have the same intensity. This
state of equilibrium is unstable, however, as will be shown
presently. The plate current of tube T, flowing through the
resistance R, produces a potential difference between the ends of
the latter directly proportional to the plate-current intensity
and of such polarity as to make the filament end of the resistance
positive with respect to the battery end. Now, the armatures of
the condenser C being connected to the ends of the resistance R,
the condenser C' becomes charged to this potential difference,
and when the system is in equilibrium, the armatures a and b of
the condenser C are at the same potentials, respectively, as the
battery and filament ends of the resistance B. There is thus no
potential difference across the resistance r’ connecting the arma-
ture b to the filament end of the resistance R, and, consequently,
the grid of the tube 7", being connected to the filament through
this same resistance 1/, is, hence, also, substantially at the same
potential as the filament. The same remarks apply to the corre-
sponding circuit elements of the other tube.

Now suppose that in some manner the plate current of tube T
is varied slightly from its equilibrium intensity: decreased, for
instance. The potential difference across R decreasing corre-
spondingly, the condenser C will discharge in order that the voltage
across its armatures may remain equal to that across the resist-
ance E. This means that an electric current will flow in the
condenser circuit in the direction br'Ra, and a potential difference
will be developed across the resistance ' the condenser end b of
which will become positive with respect to its filament end.
But the grid of tube T” being connected to the filament through
this same resistance r’, a positive potential will thus be applied
to it, and the plate current of tube 7" will correspondingly increase.

This in turn increases the potential drop across R’. The
condenser ¢’ being connected to the ends of the latter, a charging
current will flow in its circuit in the direction ¢’R'rb’ in order to
raise the condenser voltage to the new value of potential differ-
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ence across R'. But this current, flowing through the resistance
r, produces a potential difference across it, which makes its
condenser end b’ negative with respect to its filament end. And
the grid of tube 7" being connected to the end b’ of the resistance
therefore becomes also negative, which produces a decrease of
the plate-current intensity in tube 7.

The original small decrease of plate current in tube T is thereby
made larger, and the process continues, the plate current decreas-
ing in tube 7 and increasing in tube 7", until limited by the
lower and upper bends of the tube, characteristic curves being
reached. But a stoppage of the operation producing also a
stoppage of the condenser currents, hence, of the current flow
through the resistances r and 7', there will no longer be any
potential difference across the ends of these resistances, and
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the grids of the tubes will suddenly be at the same potential as
the filaments. This, in turn, produces a corresponding increase
of the current in the tube T and decrease of the current in the
tube 77, so that the operation described above repeats itself in
opposite direction.

The system thus continuously oscillates, the condensers C and
C’ alternately charging and discharging through their resistances
Rr and R'r. The frequency of the oscillations is determined by
the values of the capacities C,C’ and resistances (R + r) and
(R' + 7') of each of the circuits CRr, C'R'v". The amplitude
depends on the ratio C/(R 4+ r) and also on the “feed-back ratio”
R/r of the system.

Instead of using the circuit of Fig. 178 it is generally employed
under the form shown in Fig. 179, which differs from the preced-
ing one simply in that the plate circuits of the two tubes are ener-
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gized by a single common battery B. This battery, it will be
noted, is then included in the condenser circuits, but this does
not alter the mode of operation, which is the same as described
above.

A property of these devices is that the generated oscillations
are not sinusoidal but, on the contrary, contain a very large num-
ber of multiple-frequency components or harmonics of large
amplitude, hence the name of multivibrator given to the devices.
This property finds application, particularly, in the calibration of
wavemeters. Thus, a multivibrator of low fundamental fre-
quency (say of the order of 1,000 cycles per second) may have its
fundamental frequency adjusted to equal exactly the oscillation
frequency of some standard pendulum or tuning fork—or better,
the standard pendulum or tuning fork may, in some suitable man-
ner, be made to generate electrical impulses of its own frequency
and drive the multivibrator fundamental frequency into step with
its own frequency. The fundamental frequency of the multi-
vibrator having then an accurately known value, its harmonic
frequencies are at once known also, being exact multiples of this
fundamental frequency, and may thus be used for exciting the
wavemeters under calibration.

Negative Resistance Circuits.—Consider a resistance-battery
coupled cascade amplifier, such as shown in Fig. 136, and sup-
pose that the electromotive force developed in the plate cireuit of
the second tube, instead of being impressed upon the grid eircuit
of a third tube, is impressed back upon the grid cireuit of the first
tube. The resulting circuit arrangement, shown in Fig. 180,
comprises, then, two tubes 7' and 7" the plate circuits of which
comprise, respectively, the batteries B and B’ and resistances R
and R’. The filament and grid of each tube are connected to the
terminals of the plate circuit resistances R or R’ of the other tube,
this connection being, further, made through batteries C and C’
of such voltage and polarity that the grid voltage of the tubes
(respectively equal to the direct-current potential drop across R
or R’ plus the voltage of the battery C or C’) is substantially equal
to zero, as measured with respect to the filaments.

If, then, the corresponding circuit elements of the two tubes are
respectively identical, the system will be in equilibrium if the
plate currents in the two tubes have the same intensity. But this
state of equilibrium is unstable, as will be understood presently.

1 British Patent 148582 to Eccles and Jordan.
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Thus, suppose the operating equilibrium to be disturbed, even
only very slightly and temporarily, for instance, by giving a slight
positive impulse to the grid of tube T, thereby increasing the
plate current of this tube. This will increase the potential drop
across the resistance K and, hence, make the grid of tube 7’ more
negative. This, in turn, decreasing the plate-current intensity in
tube 7”7, reduces the potential drop across the resistance B’ and
renders the grid of tube T more positive. The small initial posi-
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tive impulse on the grid of tube T is thereby reinforced, and the
process continues until the plate currents in the tubes 7 and 7”
reach a maximum and minimum value, respectively, as deter-
mined by the bends of the characteristic curves. The operating
condition thus reached constitutes a stable equilibrium.

If, however, an impulse in the opposite direction reverses this
equilibrium, even if only slightly, then the process described
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above repeats itself in opposite direction, until the plate current
in tubes T and 7" are, respectively, a minimum and a maximum, a
stable equilibrium being then reached.

Between these two stable operating conditions, the device oper-
ates like a negative resistance and may be used for amplifying
small electromotive forces. It is simply necessary that the elec-
tromotive force to be amplified be sufficiently large to start the
reversal of operating conditions, the reversal proceeding then all

Fic. 181.

by itself until the power capacity of the tubes is reached. The
minimum electromotive force required for such operation may be
reduced by connecting the grids of the tubes to an intermediate
point of the resistances R and R’, as shown in Fig. 181.

The amplifying property of the device may be used in many
different manners. Figure 181 illustrates its use for oscillation
generation in the circuit LC”. A small oscillation started in this
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circuit sets up an alternating potential difference between points
M and N and, hence, produces an alternating-current flow in the
circuit branch M RR'N, correspondingly varying the grid poten-
tials of the tubes. An amplified and in-phase reproduction of this
electromotive forece is then developed between points MN,
through the operation of the device as described above, which
serves to build up and sustain the oscillations in the circuit LC”.



CHAPTER IX
THE THREE ELECTRODE VACUUM-TUBE RECEIVER

THE SIMPLE THREE-ELECTRODE VACUUM-TUBE DETECTOR

Two-electrode Vacuum-tube Detector.—The operation of the
three-electrode vacuum tube detector may be better understood
by first considering the two-electrode or Fleming valve detector.!

The circuit used, as shown in Fig. 182, is the same as that of
Fig. 87, except that the crystal detector is here replaced by the
plate-filament space of a two-electrode vacuum tube. A battery
A is used for heating the filament, but no battery is connected
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between the plate and filament, so that normally there is no elec-
tron flow from filament to plate, hence no current in the plate
circuit PLTFP.?

When a signal is being received, the incoming waves set up a
high-frequency alternating current in the antenna circuit, and a

1 This constitutes, historically, the first application of thermionic phenom-
ena to radio: British Patent 24850, November 1904 to J. A. Fleming.

% This is true only when the plate is connected to the negative end of the
filament, as shown in the figure, If connected to the positive end of the
filament, the plate is positive with respect to the negative end of the filament,
and will attract the electrons emitted by this negative portion of the
filament.

215
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high-frequency alternating electromotive force is developed across
the secondary coil L and condenser C, and is applied between
the plate and filament of the tube. The plate then becomes alter-
nately positive and negative,and an electric current flows through
the tube during those half-cycles (and those only) when the plate
is positive with respect to the filament.

This current, as shown in the second curve of Figs. 84 and 110,
is thus unidirectional and pulsating, and may be considered as
composed of a direct current, equal to its average value, super-
imposed on high-frequency alternating current of frequency equal
to that of the incoming oscillations.

If, as in continuous-wave telegraphy, these oscillations are
unmodulated, that is, of unvarying amplitude during a dot or a
dash, the direct and alternating components of the rectified or
““detected” current are also constant, and no sound is produced
in the telephones. The direct-current component may, however,
actuate a telegraph relay connected in place of the telephone
receiver, and serve to record the received signals.

If, on the other hand, the incoming waves are of variable ampli-
tude (damped or modulated waves), the direct and alternating
components of the rectified current vary correspondingly, and
the telephone receivers will be actuated and produce a sound.

Of course, in order that the high-frequency electromotive
force developed across the coil L may be applied upon the
detector tube, the telephone winding must be shunted by a small
eapacity by-pass condenser, as explained in the case of the crystal
detector. The high-frequency alternating component of the
detected current then passes through this condenser, while the
direct current and the low or audio-frequeney current components
pass through the telephone windings.

Three-electrode Vacuum-tube Detector. Grid Detection.—
Instead of connecting the telephone receiver directly in the
detector circuit, as shown in Fig. 182, the received signals may,
after detection, be amplified by means of a three-electrode vacuum
tube. A high impedance (resistance or low-frequency choke coil)
is then connected in the detector circuit in place of the telephone
receiver (shunted by a by-pass condenser S for permitting the
high-frequency electromotive force to be impressed upon the
detector D, as explained before). The direct and low-frequency
components of the detected (rectified) current, passing through
this high impedance, set up a potential difference between its



THE THREE-ELECTRODE VACUUM-TUBE RECEIVER 217

ends, constituting the output electromotive force of the detector
circuit. This output electromotive force is then applied between
the grid and filament of a three electrode vacuum tube operating
as a low-frequency amplifier and energizing the telephone receiver
connected in {or coupled to) its plate circuit. For this purpose
the grid and filament of the three-electrode tube are respectively
connected to the ends of the detector-circuit impedance.

Thus (Fig. 183) the antenna circuit AG is coupled to the tuned
secondary circuit LC across which is connected, as before, the
two-electrode detector tube! D in series with the high impedance
Z (connected in place of the telephone receivers) shunted by the
high-frequency by-pass condenser S. One end of the impedance
Z is connected to the grid of the three-electrode low-frequency
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amplifying tube 7, the other end being connected to the filament
of this tube T. In the figure, this latter connection is made
through the coil L which, having low resistance and small low-
frequency reactance, is practically equivalent to a direct connec-
tion between the filament and impedance Z. The plate circuit
of the tube T contains the energizing battery B and telephone
receiver H.

As explained in the preceding section, incoming waves set up
a high-frequency alternating current in the antenna circuit,
inducing a high-frequency electromotive force in the tuned
secondary circuit LC, which is impressed between the plate and
filament of the detector tube D, through the by-pass condenser S.
The resulting unidirectional rectified electric current (as opposed
to the electron current) then flows through the detector circuit

Sl

Fic. 183.

! Filament battery omitted for simplicity.
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m the direction FLZPF, giving rise to a potential difference
between the ends of the impedance element Z, hence, also
between the grid and filament of the tube 7, and producing
corresponding variations of the plate current of tube 7'.

From the direction of current flow FLZPF as just mentioned,
and with the connections as shown in the figure, the ohmic-
resistance potential drop across the impedance Z produced by the
rectified current is of such polarity as to make the grid of the tube
T negative with respect to the filament by an amount which is a
direct function of the amplitude of the received signals, which
results in a corresponding decrease of the plate-current intensity in
tube T. The reactive potential drop across the impedance Z, on
the other hand, is proportional to the amplitude variations of the

received signals. Applications of these remarks will be deseribed

further below.

Now, it will be noted that the grid and filament of the tube T
are respectively connected to the plate and filament of the
detector tube D. Like the plate of the tube D, the grid of tube 7'
becomes alternately positive and negative with respect to the
filament when a signal is being received, and the grid-filament
combination of the three-electrode tube T will operate in the
same manner as the plate-filament combination of the two-
electrode tube D, and like the latter constitutes a rectifying
detector. The two-electrode tube D may hence be done away
with, its function being acecomplished in exactly the same manner
by the grid and filament of the tube 7, which thus operates
simultaneously as a detector and a low-frequency amplifier. The
only difference is, that the rectified current being now much
smaller, the impedance Z must be made correspondingly larger
in order that the rectified current may produce across it a poten-
tial difference of sufficient magnitude. In other words, the
internal grid-filament resistance of the tube being, in general,
greater than that of the usual two-electrode vacuum-tube
detector, the impedance Z must be increased also in order to be,
as required, of the same order of magnitude as this internal
grid-filament resistance—generally from 1 to 5 megohms, depend-
ing upon the particular type of tube used.

The circuit thus reduces to that of Fig. 184. The impedance
Z is here shown as an ohmic resistance (constituted, for instance,
by a strip of paper coated with india ink or graphite, or a carbon
or metal film deposit on a glass rod, etc.). The rectified current
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flows, in the external grid circuit, from the filament through the
coil L, resistance Z, on to the grid, and produces a potential drop
across Z which, as stated before, makes the grid end of this resist-
ance Z more negative than its filament end. A received signal
thus produces a decrease of the plate-current intensity, propor-
tional to (or a direct function of) the received-signal intensity,
and, hence, variable in the case of modulated or damped—wave
reception, producmg in this case a sound in the telephone receiver
connected in the plate circuit of the tube.

Summarizing the above, rectification of the received signal
current takes place in the grid circuit of the tube. The grid must
hence be connected, through the resistance Z and tuned circuit
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LC, to the negative end of the filament, in order that the incoming
oscillations may make it alternately positive and negative and
become rectified. On the other hand, the tube operating also as
an audio-frequency amplifier, its plate-battery potential must be
80 chosen thatit will operate over the straight portion of its plate-
current, grid-voltage characteristic curve. And since all received
signals produce a decrease of the plate-current intensity, maxi-
mum operating range will be obtained if the operating point of
the tube, when no signals are being received, is around the upper
part of the straight portion of the curve, which can be obtained:
by utilizing a fairly low plate potential. A somewhat higher
plate voltage may also be used, but this requires a slight positive
potential to be given to the grid, such as obtained in connecting
it to the positive instead of the negative end of the filament, as
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just stated, which brings the grid-operating point near the sharp-
est bend of the grid-current, grid-voltage characteristic curve.
On the other hand, instead of an ohmiec resistance, the imped-
ance Z may be constituted by a low-resistance coil of large induc-
tance! (low-frequency iron-core choke coil), as shown in Fig. 185.
The circuit is then limited to the reception of damped or modulated
waves.? Thus, the rectified current, which flows in the grid cir-
cuit when incoming oscillations make the grid alternately positive
and negative, consisting of a succession of unidirectional high-
frequency impulses of slowly variable amplitude (due to the
audio-frequency modulation), may be considered as constituted
of a high-frequency alternating component, which is by-passed
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by the condenser S, a direct-current component, which produces
no appreciable potential drop across the 1,000 or 2,000 chms resist-
ance of the coil Z, and an audio-frequency alternating component
which develops an alternating potential difference of same fre-
quency across the coil Z. The resulting grid-potential variations
operate the tube, which therefore operates as a low-frequency
amplifier. Unlike the preceding case, the grid-potential varia-
tions being here alternating, the operating point of the tube, in
the absence of any received signals, must preferably be in the
center part of the straight portion of the grid-voltage, plate-cur-
rent characteristic curve.

1 BARTHELEMY, R., “La detéction par self,” in “La T. S. F. moderne,”
Paris, November 1924.

2 Under modulated waves are comprised the voice-modulated waves of
radio telephone sets, as well as continuous waves modulated at some audible
or superaudible frequency, or continuous waves modulated at the receiving
station through some heterodyne method.
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Note.—The operation of the three-electrode vacuum tube
as a detector through grid rectification and employing a shunted
resistance in the grid circuit (Fig. 184) may also be explained in a
different manner.! Thus, consider the circuit of Fig. 184, and
suppose the resistance Z to be infinitely great, or disconnected.
When, then, no oscillations are being received, a steady current
I, flows in the plate circuit under the action of the battery B.
There is no current flowing in the grid circuit, since the grid is
insulated from the filament by the condenser S. The grid then
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agsumes the potential corresponding to zero current in its circuit.
In the case of a tube free from all gas, as assumed here,? this grid
potential is zero. When the antenna circuit is then energized
by incoming oscillations, say, a succession of damped waves emit-
ted by a spark transmitting set, an oscillatory current is set up in

1 This second manner is less general, in that it does not lead to the prin-
ciple of using a low-frequency impedance, such as a choke coil, as done above.
But it permits an easier understanding of the “blocking’’ of the tube for too
great a grid-leak resistance.

2 The case of a tube containing an appreciable amount of gas is discussed
by Ralph Bown, Phys. Rev., Vol. X, No. 3, p. 253, September 1917,
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the circuit LC, and an alternately positive and negative electro-
motive force appears at the terminals of the coil L. This alter-
nately charges the grid positively and negatively through the
condenser S. In the positive half-cycle, the grid attracts some
of the electrons present in the tube. In the negative half cycle,
however, it does not lose these electrons again,! and a negative
charge thus builds up on the grid at every cycle, the cumulative
effect of which is to produce a decrease of plate current during the
entire wave train, After the incoming damped oscillation has
died out, it is necessary to remove the negative charge from the
grid in order to restore the original conditions for the arrival of
the following wave train. In the case of a tube containing gas,
this charge automatically leaks off through the gas of the tube.
In the case of a highly evacuated tube, it is necessary to shunt the
condenser S with a high resistance Zof 1 to 5 megohms in order to
provide a leakage path for the charge. The operation of the tube
is illustrated by the curves of Fig. ,186 which are self-explanatory.

Plate Rectification.—The three-electrode vacuum tube may
also be used as a detector by taking advantage of the fact that the

Aerial

S‘
&
Q
+
ES
1
©

Fra. 187.

plate-current, grid-voltage charaeteristic curve is not a straight
line, especially at its upper and lower ends. Thus, consider a
three-electrode tube connected, as shown in Fig. 187, to a radio
receiving circuit. The filament F is heated by the battery A.
The plate circuit FBTPF comprises the telephone receiver T'and is

1 This is because the grid is a cold electrode, and only a heated body, like
the filament, can emit electrons.
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energized by the battery B which sets up a current I, in the plate
circuit. The grid G is connected to the filament through the
inductance L, and a battery and potential divider. By means
of the latter, the grid potential may be adjusted to such a value
E, that, under the steady conditions prevailing when no oscilla-
tions are being received, the operating point of the tube is some
point M or N of either bend of the characteristic curve! (Fig.
188).

Thus, assume that when no oscillations are received the plate
potential furnished by the battery B and the grid potential E,
result in a steady current I, flowing in the plate circuit, the oper-
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ating point M being on the lower bend of the curve (Fig. 188).
If an oscillation is then received by the antenna, an oscillatory
current will be set up in the circuit L.C, (Fig. 187) and an alternat-
ing electromotive force will appear across the coil L,. This alter-
nating electromotive force is impressed between the filament and
grid of the tube, producing at every cycle substantially equal and
opposite variations +e¢ of the steady grid potential E,. Plotting
these in Fig. 188, the resulting variations ¢; and 7, of the plate

1 If the plate potential furnished by the battery B is suitably chosen, it is
possible to do away with the grid battery and potentiometer, Thus,
referring to Fig. 126, it is seen that for a plate potential of 100 volts, the
lower bend of the curve corresponds to a grid potential of about zero, for

the particular tube considered, which makes the use of a grid battery
unnecessary.
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current I, are seen to be unequal, due to the bend of the character-
istic curve. Thus, symmetrical variations of the grid voltage
produce asymmetrical variations of the plate current, as a result
of which rectification occurs. That is, whereas the operation of
the three-electrode vacuum tube as an amplifier about the center
portion of the straight part of its characteristic curve simply
results in a substantially undistorted amplified reproduction of
the grid electromotive force, asymmetrical amplification as used
here gives rise, in addition to the high-frequency plate current
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component, to a direct-current (rectified) component proportional
to (or direct function of) the amplitude of the received signals,
hence variable if these are damped or modulated, producing then
a sound in the telephone receiver.

These conditions are illustrated in Fig. 189. The upper curve
shows the symmetrical variations of the grid potential about its
normal steady value E, under the effects of the incoming oscilla-~
tions. The resulting plate current corresponding to the various
instantaneous values of grid potential is found by referring to
the charaecteristic curve of Fig. 188, and the plate-current curve
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of Fig. 189 is thus obtained, showing the symmetrical variations
of grid potential producing asymmetrical variations of the plate
current about its normal steady value I,. The resulting deflec-
tion of the telephone receiver diaphragm is shown in the lower
curve.

Obviously the operation of the tube about a point N of the
upper bend of the curve is similar to that about the lower bend,
except that the incoming oscillations produce at every cycle a
large decrease and small increase of the plate-current intensity,
instead of a large increage and small decrease, asin the case studied
above. The operation about the lower bend is generally a better
practice, as the steady current I, flowing in the plate circuit
when no oscillations are being received is smaller than in the
case of the upper bend, and the battery B furnishing this current
is therefore not so rapidly exhausted.

An advantage of the plate-rectification method is that, being
not based on the use of any current in the grid circuit, the steady
plate and grid voltages may be so chosen that the grid remains
always negative with respect to the filament during reception of
the signals and absorbs no power whatever from the tuned receiv-
ing circuits, which are hence in no way damped by the presence
of the detector. This advantage is offset, however, by the fact
that a grid-potential adjusting battery is required, which compli-
cates the apparatus. The grid-rectification method described
before is therefore more widely used, particularly as the damping
of the circuits resulting from the grid current may, if required, be
compensated for through regenerative amplification, as explained
in the following sections.

THE NON-OSCILLATING REGENERATIVE DETECTOR

Simple Regenerative Amplification.—In the preceding discus-
sion of the simple three-electrode vacuum-tube detector, the
detected or rectified current was seen to comprise a direct and
low-frequency component, and a high-frequency component.
Only the direct and low-frequency components were used, while
the high-frequency component appeared as useless and was either
by-passed by a suitable shunt condenser, or choked out by the
reactance of the telephone receiver winding, or other circuit
components.

The high-frequency component may, however, serve for the
radio-frequency amplification of the received signals. Referring
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to Chap. VIII, it is simply necessary to provide a negative “feed-
back’’ coupling between the plate and grid circuits of the tube, as
in the case of a three-electrode vacuum-tube oscillation generator,
but making this coupling loose enough so that the tube will not
of itself generate continuous oscillations.

When signals are being received, the high-frequency plate-
current component then induces an electromotive foree in the
input circuit of the tube, through this feed-back coupling, which
is in phase with the high-frequency electromotive force set up in
this input circuit by the incoming signals, and these are thereby
amplified. Any one of the vacuum-tube oscillation generator
circuits of Chap. VIII may be used for this purpose (provided the
feed-back coupling is loosened as just stated).

F1g.. 190.

Thus for instance, the circuit of Fig. 190 comprises an antenna
circuit AG, coupled to a vacuum-tube detector circuit which is
essentially the same as that of Fig. 184, except for the fact that
coils L’ and L'’ are inserted in the grid and plate circuits, respec-
tively, and loosely coupled to each other. Considering then, for
example, a damped incoming oscillation, thissetsup in the antenna
circuit an oscillating current of same frequency and general
damping characteristics. Through the coupling between the
antenna and secondary tuned circuit LL’'C, energy is transferred
to the latter, building up a damped, high-frequency oscillation
in it and operating the detector tube as described before. In
addition to the low-frequency impulse, this produces in the plate
circuit of the tube a high-frequency alternating current which,
flowing through the coil L”/, induces an electromotive force in the
coil I which, for a negative coupling polarity of the two coils,
is in phase with the oscillating electromotive force operating in
the circuit LL'C. Energy is thus synchronously supplied by the
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plate circuit to the oscillatory grid circuit, partly compensating
for the resistance losses in that circuit, and thereby increasing the
amplitude of the oscillations, and hence, also, the strength of the
signals heard in the telephones.

The circuit here described was chosen merely for the simplicity
of explanation. Other circuits, such as that of Fig. 159, are
actually better suited, as they permit a very smooth and fine
adjustment of the feed-back coupling, enabling the tube to be
operated very near to its oscillation point, without reaching it,
however.

As explained in the case of the three-electrode vacuum tube
oscillation generator, in Chap. VIII, the regenerative operation of
the tube is equivalent to inserting in the osecillatory grid circuit
a negative resistance which partly neutralizes the positive ohmic
resistance of the circuit. This neutralization grows as the feed-
back coupling between plate and grid circuits is tightened. Now,
ag the resistance of the circuit is thus being decreased, the damping
of the circuit is also lessened, and a point is reached when this
damping is so small that the oscillations set up in the circuit by
incoming waves can no longer follow the modulations accurately
enough to permit their faithful reproduction in the telephone
receiver.! This, together with the fact that for a tighter coupling
the tube breaks into oscillation, limits the amount of amplifica-
tion which may usefully be obtained by this method.

Superregenerative Amplification.—As just explained, the
amplification of received signals through the regenerative method
cannot be increased indefinitely by tightening the feed-back
coupling, due to the fact that a point is reached when the negative
resistance developed by the tube becomes greater, in absolute
value, than the positive ohmic resistance of the circuit, in which
continuous oscillations are then generated. The so-called super-
regenerative method of reception,® however, by preventing such
oscillation generation in a manner described further below, per-
mits the feed-back coupling to be given a much tighter value,
greater than normally required for oscillation generation, and

! This may be explained in considering that a modulated wave, as set
forth in the chapter on radio telephony, comprises a plurality of frequency
components, and the smaller the circuit decrement, the sharper its frequency
selecting action, so that for a tight feed-back coupling, the circuit singles out
one or a few only of the frequency components of the modulated wave,
correspondingly distorting the modulations.

* ARMSTRONG, E. H., Proc. Insi. of Radio Eng., 10, 244, 1922,
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extremely powerful amplification of the received signals is thus
obtained without the objectionable distortion mentioned in the
preceding section.

In order to understand the underlying principle of this method,
consider again the regenerative receiving circuit of Fig. 190. For
a very loose coupling between the coils L’ and L', the resistance
of the tuned input circuit LL'C is positive. If the coupling of L’
and L'’ is gradually made tighter, the regenerative action of the
tube enters into play more and more, introducing a negative
resistance in the circuit and reducing its total resistance, until a
point is reached when this total resistance becomes zero, after
which, for still greater values of the coupling, the circuit resist-
ance becomes negative and the tube starts generating continuous
oscillations in it.

But the value of negative resistance introduced by the tube
in the circuit LL’'C may be adjusted in a variety of other possible
manners. Thus, for instance, the feed-back coupling being kept
unchanged and fairly tight, the voltage of the plate-circuit ener-
gizing battery B may be given a smaller or a greater value. For
a small plate-battery voltage the tube then develops only a small
negative resistance, and operates simply as a regenerative ampli-
fier. For a large plate voltage, the regenerative action increases,
and for still larger voltages the tube starts generating oscillations
in the circuit.

Still a different way is to increase or decrease the positive
resistance of the grid oscillatory circuit LL'C (by means of a
rheostat inserted in it, for instance). The tube then will or will
not generate oscillations in this eircuit, depending on whether the
negative resistance developed by it is greater or smaller, respec-
tively, than the positive resistance of the eircuit.

Now, suppose an alternating electromotive force E, of fre-
quency equal to the natural frequency of the grid oscillatory
circuit LL'C, to be impressed upon the system, such as when a
signal is being received. If the total resistance R of the circuit is
positive (positive resistance greater than the negative resistance
developed by the tube, as determined by the operating conditions),
this electromotive force E rapidly establishes in the circuit an
alternating current which, since resonance conditions are estab-
lished (circuit tuned to the frequency of the energizing electro-
motive foree), is equal to

-
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In the case of a received signal, this current is, at best, very small,
and if the electromotive force E be suddenly removed, the current
is rapidly damped out by the positive resistance, as represented
by a curve of the form of Fig. 33.

If the resistance R of the circuit is nearly equal to zero! (posi-
tive resistance of the circuit but little different from the negative
resistance introduced in it by the tube), the impressed electro-
motive force E produces a current in the circuit which ultimately
reaches a very great value. But due to the fact that the damping
of the circuit is nearly zero, the time required for the current to
build up to this large ultimate value is correspondingly great,
as explained before, so that during the first few cycles (sometimes
as many as 50 or 100 cycles), the current intensity remains small.

Finally, if the resistance R is large and negative (positive
resistance of the circuit markedly smaller than the negative resist-
ance developed by the tube), a starting impulse given to the cir-
cuit produces the growth of a free osecillation in it, the amplitude
of which increases according to an exponential law. That is,
exactly as in the case of a circuit having positive resistance (posi-
tive damping), and in which a free oscillation was seen (Chap. IT)
to be damped out at a constant rate, or decrease logarithmieally,
or in other words, in which every cycle of the free oscillation had
an amplitude equal to that of the preceding cycle less a certain
constant, percentage or fraction determined by the positive resist-
ance of the circuit, the free oscillation of a circuit having negative
resistance (and, so to say, ‘“negative damping’’) builds up at a
constant rate, determined by the value of the negative circuit
resistance R, so that every cycle of the free oscillation has an
amplitude equal to that of the preceding cyecle plus a certain
constant percentage or fraction. This growth of the oscillation
continues until the power capacity of the tube is reached, as
determined by the curvature of its characteristic curve. It
follows that the maximum amplitude of the oscillation is reached
sooner or later, depending, respectively, on whether the initial
starting impulse is great or small, but the actual process of build-
ing up of the oscillation is independent from this initial impulse
and determined solely by the negative decrement of the circuit,
that is, ultimately, by the negative resistance R of the circuit,
other factors remaining constant.

1 Trrespective of whether positive or negative, as pointed out by Davip,
Durour and Mzusny, Onde Electrique, Paris, No. 41, pp. 175-200, May 1925,
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Applying these principles to the reception of radio signals,
a superregenerative receiving circuit is esgentially a regenerative
circuit, as shown in Fig. 190, but with a fairly tight feed-back
coupling, and in which the resistance is rapidly and alternately
made positive and negative, in one of the manners described
presently, at a frequency sufficiently greater than the modulation
frequency of the received signals as not to disturb or prevent their
proper reproduction in the telephone receivers, and sufficiently
smaller than the signal frequency (radio frequency) to permit the
building up of oscillations during the periods of negative resist-
ance of the ecircuit.!
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Before explaining the operation of such a circuit, a few of the
possible manners of effecting this rapid resistance change will be
described.

A first method consists in alternately varying the plate voltage
of the receiving tube of Fig. 190 above and below the plate-
battery voltage value, making the negative resistance developed
by the tube alternately greater and smaller than the positive
resistance of the oscillatory grid circuit, and hence making the
effective resistance R of the receiving circuit alternately negative
and positive. For this purpose, a generator of alternatingelectro-
motive force of suitable frequency (10,000 to 30,000 cycles) is
inserted in the plate circuit of the regenerative detector tube in
series with its plate-circuit energizing battery B. The most

iﬁuh&mm,——-ﬁ

Fig. 191.

L For radio telephony reception, this resistance variation frequency is
generally chosen between 10,000 and 30,000 cycles per second. For radio
telegraphy, it may be made somewhat smaller.
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convenient generator is the three-electrode vacuum-tube oseilla-
tor, and the circuit of Fig. 190 thus modified becomes as shown in
Fig. 191. The only difference is that the plate circuit of the
detector tube T comprises, in addition to the battery B, telephone
receivers H and feed-back coupling coil L”, an oscillatory circuit
M having a natural frequency of about 10,000 to 30,000 cycles, in
which an auxiliary tube K generates continuous oscillations, hav-
ing for this purpose its grid circuit suitably coupled to this
oscillatory cireuit M. The resulting alternating electromotive
force developed across the condenser and coil of this circuit M
thus adds to or subtracts from the electromotive force of the
battery B, and varies the plate voltage of the receiving tube T'.

A
L
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The same battery B'is here shown energizing the plate cireuit of
the oscillatory tube K, which simplifies the apparatus.

A second method is illustrated in Fig. 192. The receiving
tube T is here connected in exactly the same manner as in Fig.
190, and hence its operation need not be described again. How-
ever, the ends of the inductance LL’ of the tuned receiving circuit
LL'C are connected respectively to the filament and grid of a
second tube K. If the grid of this tube K is given some positive
potential (for instance by means of a battery, not shown in the
figure), then the alternating electromotive force set up by an
incoming signal across-the inductance LL’ will produce a current
flow in the grid circuit of tube K, and the resulting energy expend-
iture in the internal grid-filament resistance of this tube will
correspondingly damp out the received signal current. If, on

Fia. 192,
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the other hand, the grid is negative, no current will flow in the grid
circuit, and the signals will not be weakened by the presence of
the tube K. They will, on the contrary, be strongly amplified
through the retoractive action of the tube T. The operation of
the circuit of Fig. 192 is thus based on an alternately positive
and negative potential being given to the grid of tube K at a
frequency of 10,000 to 30,000 eyeles, which is done by coupling
the grid and plate circuits of the tube K to an oscillatory circuit:
M tuned to this frequency, the tube then operating as a generator,
which of course involves the production of an alternately positive
and negative potential on the grid of this tube, as required.
The positive resistance of the circuit LL’C then varies correspond-
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Fra. 193.

ingly, and becomes alternately greater and smaller than the
negative resistance developed by the tube 7.

It is also possible to use a single tube for the three functions
of detector, regenerative amplifier, and resistance-varying oscil-
lator. Thus (Fig. 193) the same receiving circuit is used as
shown in Fig. 190, but the plate circuit of the receiving tube T
comprises, in addition, an oscillatory circuit M tuned to a fre-
quency of 10,000 to 30,000 cycles, and in which the tube itself
sustains continuous oscillations, its grid circuit being, for this
purpose, coupled to the circuit M by means of a coil P. The
latter is shunted by a high-frequency by-pass condenser N, per-
mitting the radio-frequency currents of the received signals to
operate in the grid circuit without being choked out by the imped-
ance of the coil P. The electromotive force generated in circuit
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M is thus, as in Fig. 191, impressed upon the plate of the tube,
in addition to the battery electromotive force, and the desired
resistance variations of the circuit LL'C are obtained.

Referring now to the mode of operation of these superregenera-
tive receiving circuits, consider an incoming signal energizing the
antenna and setting up a high-frequency alternating electromo-
tive force in the circuit LL'C tuned to its frequency. This fre-
quency being much higher than that of the locally generated
resistance variations, there will be a number of cycles of this
signal electromotive force for every cycle of the local resistance
varying oscillation.

Now, analyzing this resistance variation,' when the receiving
circuit resistance is at first large and positive, the incoming signal
produces in it a high-frequency alternating current which,
as explained at the beginning of this section, rapidly builds up to
a small value directly proportional to the signal intensity. As
the ecircuit resistance, under the effect of the locally generated
oscillations, gradually decreases and approaches zero, the
continued action of the high frequency signal electromotive force
tends to increase the amplitude of the oscillation thus built up in
the circuit. But this increase is a slow one, due to the continually
decreasing damping of the circuit (and the consequent increasing
of its time constant). The circuit resistance thus reaches an
appreciable negative value, with a current of small, finite ampli-
tude flowing in the circuit, and directly proportional to the signal
intensity. This eurrent constitutes the starting impulse for a
~ free oscillation of the circuit, which now rapidly builds up, as
explained, at a rate determined by the value of the negative
resistance of the circuit. If this resistance were remaining
negative for some time, this free oscillation would soon reach the
maximum intensity possible with the particular tube used. But
the amount of time during which the circuit resistance is negative
being limited, the oscillation growth is stopped and the oscilla-
tion rapidly dies out, when the circuit resistance again becomes
positive. And since during its growth the free oscillation always
remains proportional to the amplitude of the starting impulse,
as explained before, the final amplitude reached by the oscillation
during the negative resistance time interval is also proportional
to the signal intensity. The circuit resistance being now again
positive, the entire process repeats itself.

1 See Davip, Durour and MEesNy, loc. cit,
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It is thus seen that the current in the receiving circuit LL’C
is made up of from 10,000 to 30,000 free high-frequency oscilla-
tions per second, the final amplitude of each of which is propor-
tional to that of the signal at the moment of its beginning growth.
The rectified or detected plate current is thus constituted by a
similar series of 10,000 to 30,000 impulses per second the envelope
of which forms a much amplified reproduction of the modulations
or envelope of the received signal. The fact that this reproduc-
tion is thus cut up into 10,000 to 30,000 impulses per second does
not disturb the reproduction of the modulations in the telephone
receivers, since this frequency is beyond the limit of audible
vibrations.

Of course, the maximum amplitude of each of the 10,000 to
30,000 free oscillations being a function of both the received signal
intensity and the rate of increase of the oscillations, this maxi-
mum amplitude is seen to depend upon the value of negative resist-
ance of the circuit, hence, on the local operating conditions, such
as the intensity of the locally generated oscillations, the tightness
of the feed-back coupling between coils L’ and L”, heating of the
filament, ete.

In particular, in order that the operation of the circuit may be
as described above, that is, in order that the final amplitude of
each of the 10,000 or 30,000 free oscillations be proportional to the
signal intensity at the moment of their starting growth, as
required for radio telephony reception, it is necessary that the
free oscillations be cut off during their growth and that they be
not allowed to reach the maximum possible value afforded by the
power capacity of the tube. The resistance variation frequency
being fixed, this requires the negative resistance of the circuit to
be limited to a not too large absolute value, which in turn requires
the locally generated oscillations to be of comparatively small
amplitude.

On the other hand, if the received signals are strong, or the nega-
tive resistance of large absolute value, all of the oscillations may
reach the maximum value afforded by the tube power capacity,
and the signal modulations will not be reproduced in the plate
circuit. Such an adjustment of the circuit-operating conditions
is hence unsuitable for radio telephony reception, but it permits a
strong reception of weak signals, and is particularly well suited to
the reception of radio telegraph signals.
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It should be noted that, when no signals are being received,
substantially no high-frequency oscillations are generated in the
circuit, although this is periodically in a condition which permits
such oseillation generation. The reason is that some impulse is
required in the circuit for starting the oscillations. In the
absence of received signals, such an impulse can be due only to an
occasional disturbance (static, stray, or an irregularity of the
electron emission from the filament, etec.), and an oscillation thus
started cannot last longer than one of the negative resistance
periods of the cireuit, being damped out in the following positive
resistance period. Such a disturbing osecillation is hence of so
short a duration that it does not seriously interfere with the
reception of the signals.

Finally, it should be stated that the superregenerative method
of reception is particularly well suited to short-wave (very high-
frequency) reception, it being necessary, for the proper perform-
ance, that there be a sufficiently great number of cycles of
the received signal current to permit the building up of an oscilla-
tion during each period of the circuit-resistance variation. If the
signal frequency becomes so small that only a few eycles can take
place during one period of negative resistance of the circuit, then
the free oscillation cannot build up to a sufficient amplitude, and
the circuit operates practically no better than the ordinary regen-
erative receiver.

THE OSCILLATING THREE-ELECTRODE VACUUM-TUBE RECEIVER

Autodyne Receiver.—As shown in Chap. V, one of the most
efficient methods of undamped wave reception is the heterodyne
method, involving the generation at the receiving station of a
high-frequency alternating current having an adjustable
frequency of the order of that of the incoming undamped oscilla-
tions. This generation may be effected by means of a three-elec-
trode vacuum tube, connected as an oscillator and used in place
of the alternator shown in Fig. 109.

It is possible, however, to use a single vacuum tube both for
detecting the incoming oscillations and generating the local
oscillations. It is necessary, for this purpose, simply to tighten
the feed-back coupling of any regenerative detector circuit, that
of Fig. 190 for instance, so that the tube will, in addition to detect-
ing the incoming oscillations, generate oscillations of its own.
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The antenna circuit being then tuned to the frequency of the
signal waves to be received, these waves set up strongoscillations
in it, which induce a corresponding alternating electromotive
force of their own frequency in the grid circuit of the tube. But
the tube being in an oscillating condition, locally generated oscilla-
tions are also set up. These are of the frequency of the grid oscil-
latory circuit LL'C (Fig. 190). This is adjusted to a frequency
slightly different from that of the antenna circuit. Thereare thus
two alternating electromotive forces of slightly different frequen-
cies impressed upon the grid, which, combining as explained in
Chap. V, result in a high-frequency alternating grid electromo-
tive force of periodically variable amplitude, the frequency of this
amplitude variation (beat frequency) being equal to the differ-
ence between the radio frequency of the received signal and the
frequency of the locally generated oscillation.

As in the case of an incoming wave modulated at the transmit-
ting station, the rectifying or detecting action of the tube then
produces corresponding beat-frequency pulsations of the plate-
current intensity, as explained for the simple three-electrode
vacuum-tube detector circuit (grid rectification), resulting in a
note being heard in the telephone receivers.

This method of self-heterodyne reception using a single tube
for detection and local oscillation generation is also called the
aufodyne method of reception. Its main advantage is its sim-
plicity and ease of handling. It has, however, certain disadvan-
tages, as outlined presently, which make it preferable to resort to
different ecircuit arrangements, to be described later under the
section on heterodyne receivers.

A first drawback is that the tube, generating oscillations con-
tinuously, excites the antenna circuit, which hence radiates
energy, sometimes as far out as several miles. This may be
avoided by inserting one or several stages of radio-frequency
amplification between the oscillating tube and the antenna, the
radio-frequency amplifier acting as a one-way relay or connection,
permitting received impulses to be transmitted from the antenna
to the detector-tube circuit, but preventing the oscillations gener-
ated in this latter circuit from reaching the antenna.

A second point is that the grid oscillatory eircuit, in which
the local oscillations are generated, must be detuned slightly, in
order that the local oscillations may have a frequency different
from that of the received signals and produce “beats’ with
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these. The circuit being then not in resonance with the incoming
signal frequency, the intensity of the signals is correspondingly
reduced.

Finally, a phenomenon known as ‘‘ automatic synchronization”
may take place, which entirely prevents the locally generated
oscillations from “beating "’ against the received oscillations. This
property will be studied in detail presently. Circuits and
methods whereby it may be avoided in view of accomplishing
heterodyne reception will be described thereafter.

Automatic Synchronization.!—Consider again the circuit of
Fig. 190, with the feed-back coupling between plate and grid
circuits so tightened that the tube will be generating continuous
oscillations. The frequency F of these oscillations is equal to the
natural frequency © of the grid oscillatory circuit LL’C. Suppose
that undamped wave signals of frequency f are to be received.
The adjustable tuning condenser C of the grid oscillatory circuit
will be varied, varying the natural frequency of the circuit and
frequency F of the locally generated oscillations, until the beat
frequency F-f becomes small enough to come within the range of
audible vibrations, when a high-pitched whistling note will be
heard in the telephone receivers of the set. As the circuit, is
further adjusted toward resonance, the beat frequency F-f
decreases, the pitch of the note becomes lower, and the note
disappears entirely when resonance is achieved, the local fre-
quency F being then equal to the frequency f of the received
signals. If the tuning condenser is varied further in the same
direction, the frequency F differs again more and more from the
frequency f, the beat note becomes audible again, increasing in
pitch until this becomes so high as to exceed the limit of audibility.

Such, at least, are the conditions in heterodyne receivers of the
kind described in a later section of this chapter, In the present
case, however, the alternating electromotive force of frequency f
due to the incoming signals operates directly in the local oscillator
circuit, giving rise to the so-called synchronization phenomena.
Thus, instead of decreasing continuously from a very high pitch
to zero and increasing again gradually to a very high value when
the receiving circuit is being tuned as just deseribed, the pitch of

t The property of automatic synchronization, studied here in connection
with the three-electrode vacuum-tube oscillator, is quite general, and may
be brought forth as well in mechanical oscillators, a tuning fork, organ pipe,
pendulum, ete,
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the note heard in the telephone receivers starts decreasing as
before, and then suddenly disappears, well before the resonance
point is reached, as if the receiving tube had stopped oscillating.
Adjusting the tuning condenser further in the same direction,
well past the resonance point, the beat note appears again suddenly
with the same pitch it had when it disappeared, the pitch then
increasing normally as described above, until it exceeds the limit
of audibility.

There is thus a frequency range, on either side of the resonance
point, wherein no beats are produced in the circuit, which can
be explained only by the fact that, within this range, the oscilla-
tions in the receiving ecircuit LL'C have a frequency equal to
that f of the incoming oscillations, the local oscillation frequency
being hence no longer determined by the local tuning adjust-
ments, contrary to the conditions obtaining when no signals are
being received (since the frequency of the generated oscillations
is then equal to the natural frequency of the oscillator circuit
LL’C). 1In other words, the local oscillations are synchronized
with the incoming oscillations.!

Similar conditions obtain when the frequency f of the incoming
oscillations is varied at the distant transmitting station while
the local receiver tuning adjustments remain unchanged: the
phenomensa depend essentially on the relative values of the local
and signal frequencies and intensities.

The study of the phenomena thus consists in recording the
frequency and intensity of the eurrent in the receiving circuit in
function of the frequency and intensity of the incoming oscilla-
tions. This has been done in the ease of the circuit of Fig. 190,
and the results? are given graphically in the curves of Fig. 194,
which will be explained presently.

1 Synchronization of the three-electrode vacuum-tube receiver was
described experimentally and theoretically by H. G. Méller, Jahr. d. Tel. u.
Tel., Vol. 17, No. 4, pp. 256-287. April 1921. The theory was also developed
from different standpoints, by E. V. Appleton, Proc. Cambridge Phil. Soc.,
Vol. 21, Part 3, pp. 231-248, 1922; and by B. van der Pol, Phil. Mag., 3,
January, 1927, pp. 65-80. Reference should be made to these three papers,
for a complete mathematical discussion. Experimental results are given by
J. Golz, Jahrb. d. Tel. u. Tel., Vol. 19, pp. 281-289, No. 4, April 1922; and
by F. Rossmann and J. Zenneck, Jahrd. d. Tel. u. Tel., Vol. 23, No. 3, pp.
47-52, 1924.

2 The current intensity in the oscillatory circuit LL'C is derived from the
readings of a galvanometer connected in series with a rectifying detector and
loosely coupled to the circuit LL'C. The frequency of the currents in the
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But consider first the circuit of Fig. 190, and suppose the
filament heating battery of the receiving tube to be disconnected,
or else the filament current to be reduced by means of a rheostat
to such an extent that there will be no appreciable electron
emission from the filament.! The tube will then be inoperative,
and the only current in the oscillatory circuit LL'C will be that
due to the incoming signals. This current hence has the same
frequency as the transmitter current, and if the latter be varied
(its amplitude remaining constant), the current in the receiving
circuit will be a maximum when the transmitter frequency is
equal to the natural frequency of the circuit LL’C. Thus, the
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well-known resonance curve L (Fig. 194) is obtained, giving the
current intensity in the circuit LL’C in function of the transmitter
frequency f. At the same time, the frequency of the current
in the circuit LL’C being always equal to the transmitter fre-
quency, it is represented in function of the latter by the straight
line OT (Fig. 194).

receiving circuit is measured by means of a heterodyne wavemeter coupled
loosely to the receiving circuit and adjusted to a frequency differing from
both the local and transmitter frequencies. The local and signal currents
then each produce a beat note in the heterodyne receiver circuit, and these
two notes, which are readily distinguished from each other, are compared
with a suitable audio-frequency generator of known frequency.

! RossManN, F., and J. ZENNECK, loc. cit.
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Suppose now the filament current to be turned on, permitting
the operation of the tube. If the coupling between the coils L’
and L" of the grid and plate circuits is negative, the operation
of the tube introduces a negative resistance in the circuit LL'C,
partially or completely neutralizing the positive (ohmic) resist-
ance of the circuit. Assuming first the negative resistance thus
introduced in the circuit to be smaller (in absolute value) than
the ohmic resistance, then the tube operates as a regenerative
amplifier, and the circuit LL’C behaves like an ordinary oscil-
latory circuit of very low ohmic resistance, its resonance curve
being highly peaked, with a sharp maximum when the trans-
mitter frequency is equal to the natural frequency of the circuit
(eurve K or H, Fig. 194).

In all the above cases, the current in the circuit LL'C is solely
due to the incoming signals, and has a frequency equal to the
transmitter frequency, as represented by the straight line OT.

If, on the other hand, the negative resistance introduced by
the tube is greater, in absolute value, than the ohmic resistance
of the circuit LL’C, the tube will generate oscillations of its own
in this circuit. And in the absence of any received signais the
effective intensity and frequency of these locally generated oscil-
lations, represented respectively by the ordinates OA and OF
(Fig. 194), are determined by the local operating conditions
(battery voltages, tightness of the feed-back coupling, ete.) and
by the natural frequency of the circuit LL'C.

Now, when signals are being received, the transmitter fre-
quency f being first assumed to be much different from the
local frequency F, an alternating current will flow in the circuit
LL’C in addition to the locally generated current, and this signal
current will have a frequency equal to the transmitter frequency f.
But, on account of the resonance properties of the circuit LL'C
(illustrated by the curve H, for instance), this signal current will
have a very small intensity only, its frequency being far removed
from the resonance frequency of the circuit; and in combining
with the local current it will not materially change the local
operating conditions, producing simply slight “beats’ with the
local current. In other words, the locally generated current
retains its original frequency F, substantially equal to the natural
frequency of the ecircuit LL'C, while its amplitude, which was
constant when no signals were being received, varies slightly
above and below this steady value by an amount equal to the
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amplitude of the received signal current and at a frequency
equal to the difference F-f between the local and signal frequencies.
This amplitude variation or modulation does not change the
average amplitude of the current in the circuit LL'C, and increases
but very slightly its effective intensity.

Thus, when the transmitter frequency f is gradually increased
toward the resonance frequency F of the receiving circuit, or
decreased from a large value toward this same frequency F, it
sets up in the receiving ecircuit a current of its own frequency
f, as represented by the line OT (Fig. 194), but of small ampli-
tude, while the locally generated oscillations retain their original
frequency, as shown by the lines FM and SR, and their origi-
nal effective intensity, as shown by the curve portions AB and
GE. At the same time a pure whistling “beat note’’ is heard in
the telephone receivers, of gradually decreasing pitch as the
frequency difference between the local and signal currents
decreases.

Actually, when the frequency f of the transmitter is thus
varied toward the receiver frequency, the signal current increases
gradually in the receiving circuit (see curve H), so that the ampli-
tude of the beats increases as their frequency decreases. These
increased amplitude variations of the current in the eircuit LL'C,
while not changing the average value of the latter, increase
slightly its effective intensity, which explains the rising tendency
of the curve portions A B and GE toward points B and E.

If, now, the transmitter frequency f is adjusted further toward
the resonance frequency of the receiver, the intensity of the
current in the circuit LL'C suddenly decreases, as shown by the
curve portions BC and ED, while at the same time the note
heard in the telephone receivers becomes harsh and ragged.
And when the transmitter frequency reaches the value f; and f,
corresponding to the minimum points C and D of the curve,
the sound in the telephone receivers ceases completely, while the
frequency of the local current jumps from its original value to
that of the transmitter frequency, as shown respectively by the
straight-line portions MN and RP.

Finally, as the transmitter frequency is varied between the
values fi and f;, the eurrent intensity in the circuit LL'C rises
sharply to a very large maximum W when the transmitter fre-
queney is given a value fo equal to the natural frequency (reson-
ance frequency) of the receiving circuit, while the frequency
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of the locally generated current has within this entire interval
f1f2 the same value as the transmitter frequency, as shown by the
portion NP, which coincides with the line OT, no “beats’’ being
then produced within this frequency range f)fa.

These various conditions may be explained quite simply
by referring to Fig. 195, in which the curve SQPHNT is the grid-
potential, plate-current operating characteristic of the tube.
Suppose, first, that no signals are being received. The tube
then simply operates as an oscillation generator, and its grid
voltage oscillates, as shown by curve 1, with a constant ampli-
tude 4 and at the natural frequency of the circuit LL'C. The
operating point of the tube then travels back and forth along the
characteristic curve between points ¢ and N.

Now, as shown in Chap. VIII, in order that stable oscillations
may build up in the circuit, it is necessary that the average slope
of the curve portion QN, which is substantially equal to the slope
g of the straight line QN fulfil the requirement

CR+1>
9>\~

(the letters having the same meanings as in Chap. VIII), as this
will make the negative resistance developed by the tube greater (in
absolute value) than the ohmic resistance of the oscillatory circuit.

It was shown also that this slope g is greatest when the oscilla~
tions are small, and decreases when the oscillation amplitude
increases, the oscillations thus building up until their amplitude
reduces the slope g of the straight line joining the extreme posi-
tions of the operating point of the tube on the characteristic
curve to the critical value

M

Thus, if A (Fig. 195) is the stable oscillation amplitude in the
case considered here, the slope g of the straight line QN is just
equal to the above critical value, and the negative resistance then
developed by the tube equals the ohmie resistance of the circuit
LI/C, the overall resistance of the circuit thus being zero, and
the free oscillation maintaining itself in it with this constant
amplitude A.
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If a signal of appreciably different frequency is received,
the signal and loeal currents produce ‘““beats’” and the grid
voltage will be of the general shape of curve 2 (Fig. 195), which
differs from curve 1 in that the amplitude of the alternating grid
voltage, instead of being constantly equal to 4, varies periodically
between values A + B and A — B, where B is the amplitude of
the received signal electromotive force. The operating point
of the tube, instead of oscillating continuously between points
Q and N of the curve, will consequently oscillate between points
S and T when the “beat current”

amplitude is a maximum, between T " /N/, T
points P and H when it is a minimum, /1//4.l |
and between intermediate points, such & A |
as @ and N forinstance, at other times. é / : B: B;
Now, although the beat modula- £ A4 :"f*’}
tion B of the grid voltage extends &| o /,’/ A :‘_f"; i
equally above and below the average | 5%/ clia Pbtentidl

value 4, the shape of the character- i
istic curve of the tube is such that |
the angle between the straight lines !
QN and PH 1is smaller than that b
between the lines QN and ST. It ¥
follows that with a modulated grid N —
voltage of the form of curve 2, the =
average slope g’ of the operating char- )
acteristic curve (taken over a whole
“beat’’ eycle) is smaller than the slope
g of the line QN corresponding to the
operating curve when no signals are
being received.

Thus, the fact that an incoming signal is received and produces
beats with the locally generated current results in a decrease of
the average slope of the operating characteristic curve of the
tube. But this, in turn, according to the above remarks, reduces
the value of the negative resistance developed by the tube, which
thus becomes smaller than the ohmic resistance of the oscillatory
circuit LL'C. The overall resistance of the circuit thus becomes
positive, the free (locally generated) oscillation dies out, and
the system behaves like an ordinary tuned receiving circuit, in
which, therefore, the current and electromotive force have the
frequency of the received signals. Of course, in view of the very

Time |

Fia. 195.
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tight feed-back coupling, and considering the particular mode of
operation of this process, the received signals are very greatly
amplified, but no beats are produced, since the local frequency
current is no longer generated.

It should be noted also that this synchronization process as
just described does not take place if the beat-modulation ampli-
tude B is smaller than a certain critical value. Thus, if the beat
amplitude B increases gradually from zero upward, the lines PH
and ST gradually swing away from the line QN until the line PH
coincides with the straight portion of the characteristic curve
(in which position it is shown in Fig. 195). From this point on,
the line ST alone continues to separate from the line QN, the
angle between these two lines then becoming markedly and
increasingly larger than that between QN and PH, and permitting
synchronization to take place, as described, through a reduction
of the average slope of the operating curve! and a consequent
reduction of the negative resistance developed by the tube.

The minimum beat amplitude B required for bringing about
this condition is hence dependent on the initial angular position
of the line QN (which in turn is determined by the amplitude A
of the locally generated oscillations when no signals are being
received), being smaller the closer the line QN comes to the
straight portion of the characteristic curve, hence the smaller
the amplitude A of the locally generated oscillations. Indeed,
the mathematical discussion shows that synchronization takes
place only if the ratio B/A is greater than a certain eritical value.

Now, B is equal to the electromotive force induced in the
receiving circuit by the incoming signals. It is therefore directly
proportional to the signal intensity, and is greater the smaller the
difference between the signal and local frequencies (as shown,
by curve H (Fig. 194). If the received signals are so weak that
the electromotive force B set up by them in the receiving
circuit makes the ratio B/A smaller than the critical value, even
when the natural frequency of the circuit is equal to the trans-
mitter (or signal) frequency, then synchronization will not take
place. If, on the contrary, the ratio B/A is greater than the
critical value when the receiving circuit is exactly tuned to the
transmitter frequency, then the receiving circuit may be more
or less detuned with respect to the signal frequency without

1 This average slope is the slope of the bisector line of the angle between
ST and PH.



THE THREE-ELECTRODE VACUUM-TUBE RECEIVER 245

destroying the synchronization of the local and signal electro-
motive forces, until the detuning is made so large that the
resulting reduction of B makes the ratio B/A smaller than the
critical value, when the local oscillation frequency separates from
the signal frequency. A synchronization frequency range is thus
defined, the width of which increases and decreases with the
received signal intensity.

On the other hand, the value of the ratio B/A may be altered
by changing the intensity A of the locally generated oscillations,
which may be done by varying the feed-back coupling between
coils L' and L (see Fig. 149). Thus, for a very weak feed-back
coupling, the generated oscillations A are small and the ratio
B/A has a correspondingly large value.. It follows that even a
weak signal B, or a strong signal of
greater detuned frequency, will pro-
duce synchronization of the receiver.
This same condition occurs also when
the feed-back coupling is made so tight
that the locally generated oscillations
nearly stop (coupling coefficient M.
(Fig. 149)). But if the coupling is
given some average value, the gen- Coupling —
erated oscillations A become large, as Fic. 196.
shown in Fig. 149, and the ratio B/A
is correspondingly reduced. Synchronization then takes place
only when the incoming signal sets up a strong electromotive
forece in the receiving circuit, or in other words, when the signal
has a frequency very close to the natural frequency of the receiving
circuit. The width of the synchronization frequency range is
thus a function of the tightness of the feed-back coupling, being
large for weak couplings, small for tighter couplings, and larger
again for very tight values of the coupling, as shown approxi-
mately by the curves of Fig. 196.

There remains to be explained why the current intensity
decreases in the receiving circuit when the signal frequency is
just outside the synchronization frequency band, as shown by the
curve portions BC and DE (Fig. 194). This may be under-
stood as follows, by referring again to Fig. 195. When the signal
and local currents combine and produce ‘‘beats’” in the receiving
circuit, the maximum amplitude of the current in this circuit
alternately increases and decreases above and below its original

Range

o Synchronization Frequency
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value A. Consider first one half-cycle of the “beat’’ when the
amplitude varies from 4 to A + B and comes back tothe value A.
The average operating curve of the tube then changes from QN
to ST and then returns to QN. During this entire half-beat
cycle the average slope of the operating curve is then smaller
than the slope of the line QN. The negative resistance developed
by the tube is hence smaller, in absolute value, than the ohmic
resistance of the cireuit LL/C (Fig. 190), and the locally generated
free oscillation in this circuit is damped. If the beat amplitude B
is large, such as when the signal frequency approaches the
resonance frequency of the circuit, the local oscillation may thus
be damped out completely. During the following half-cycle
of the “beat,” the average operating line swings from QN to
PH, and then back to QN. The average slope is thus greater
than the slope of the line @N, and the negative resistance developed
by the tube is consequently greater than the ohmic resistance of
the circuit LL’C. A free oscillation therefore builds up in the
circuit at a rate proportional to its negative resistance, But this
negative resistance being, in absolute value, very near zero,
the building-up process is slow, and the oscillation thus does not
reach a large value when the following half-beat cycle begins,
damping out this free oscillation as explained before.

This process of course becomes noticeable only when the signal
frequency is sufficiently close to the local frequency to make the
beat amplitude B large, for the damping action of the positive
resistance developed during one half-beat cycle is then sufficiently
greater than the building-up process, due to the negative resist-
ance developed during the following half-beat cycle to offset the
latter markedly. This increasing damping action results in the
decreased current intensity in the circuit represented by the curve
portions BC and DE (Fig. 194). When the action is complete,
synchronization takes place, as described before, the local oscilla-
tion being completely damped out, and the resonance curve then
developing normally to a high peak value under the action of the
incoming oscillations.

An application® of the synchronization properties of the auto-
dyne receiver consists in tuning the receiving circuit to the fre-
quency of the signals to be received, and making the adjustments
in such a manner that synchronization will take place. Incom-
ing signals then do not produce “beats’ with the locally genera-

! MOLLER, loc, cit.
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ated oscillations, but change the amplitude of these oscillations
from the value OA (Fig. 194) to the value corresponding to the
maximum ordinate W (Fig. 194). As explained before for the
simple detector operation of the tube, this increase of the oscilla-
tions produces a corresponding decrease of the plate current inten-
sity during the entire signal (dot or dash), capable of operating
a direct-current recording deviece (telegraph relay, ete.). On
the other hand, an interfering signal of slightly different frequency
will produce ‘“‘beats’” with the locally generated oscillations,
provided its frequency lies outside the synchronization fre-
quency range, and hence produces a beat-frequency alternating
current in the plate circuit, which either will not operate the
direct-current receiving instrument, or else may readily be
separated from the direct current representing the desired signal.

Multiple-circuit Regenerative and Autodyne Receiver.'—
Instead of the simple circuit arrangement of Fig. 190, more com-
plicated circuits are sometimes used for special purposes, two
examples of which will be given here.

Thus, the sharp resonance curve which characterizes the circuit
of Fig. 190, when operating as a regenerative or as an autodyne
receiver, may make this circuit unsuitable for the reception of
signals comprising a number of frequency components spread
over a more or less wide frequency band. The arrangement
of Fig. 197 may then be used, in which the antenna circuit
AG is coupled to the grid circuit of the detector tube 7, the
grid and plate circuits of this tube being, furthermore, coupled,
through coils L, and L, respectively, to a complex oscillatory cir-
cuit system, which is here made up of two coupled circuits K and
H, tuned independently to a same frequency F. Asknown, such
a circuit system HK has fwonatural frequencies F” and F'/, respec-
tively smaller and larger than the natural frequency F of each
circuit considered separately.

In the arrangement of Fig. 197, the circuit H is coupled to the
circuit K, and the latter is coupled to both the plate and grid cir-
cuits of the tube T. TUnder these conditions, it is simply neces-
sary that the coupling polarities of the plate and grid circuits to
the circuit K be properly chosen, as in the case of a single tuned
circuit, irrespective of the coupling polarity of the circuits H and
K, which does not play any part in the feed-back process. The

1 See HazeLTINE, L. A., Proc. Inst. Radio Eng., 1918, and also F. Ross-
MANN and J. ZENNECK, loc. cit.
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receiver then behaves exactly like that of Fig. 190 as a regener-
ative or autodyne receiver, with the only difference that it has
two resonance frequencies, as just pointed out. Asexplained in
Chap. 11, if the coupling between the two circuits A and K is
loose, these two frequencies F/ and F”' come very close to each
other and the resonance curve of the system is flat-topped, the
system then operating as a frequency band filter.

There is a second manner in which the circuits may be arranged,
as shown in Fig. 198, in which the entire circuit chain HK now

forms the feed-back coupling link or channel between the plate
and grid circuits of the tube. The properties of this arrangement
are distinetly different from those of the former, due to the fact
that the oscillation-sustaining impulses are here transferred from
the plate to the grid circuit through the medium of the currents
in both circuits H and K.

Now, as known, the alternating currents in the circuit H and
K are in phase with each other at one of the resonance frequencies
F’ or F"’, and in phase opposition (180 deg. out of phase) at the
other of these two frequencies. If, therefore, the polarities of



THE THREE-ELECTRODE VACUUM-TUBE RECEIVER 249

the couplings between L, and H, H and K, and K and L, are such
that the tube develops a megative resistance at one of these two
frequencies, say F’ for instance, it will develop a positive resistance
at the other frequency F'. It follows that the system will oper-
ate as an amplifier at the one frequency F’, and as a choking or
damping-out device at the other frequency F’’. These two fre-
quencies being adjustable by varying the coupling between cir-
cuits H and K, itis thus possible to amplify desired signals
of frequency F’ and reduce interfering signals of frequency F’.

Fia. 198.

VACUUM-TUBE HETERODYNE RECEIVERS

Many heterodyne receiving circuits have been devised with the
object of avoiding radiation of the locally generated high fre-
quency oscillations and avoiding also possible interaction between
the oscillatory ecircuit tuned to the frequency of the received
signals and the circuit in which the local heterodyning oscillations
are generated.! Since interaction is due primarily to the fact that
the electromotive force which operates in either one of these
circuits also operates in the other, or in other words, that the two
circuits are to some extent coupled to each other. The methods
used therefore either aim at uncoupling the two circuits or else
detuning them with respect to each other to such an extent that
the electromotive force operating in one of them will have a
frequency so different from the natural frequency of the other

1Such interaction either may produce automatic synchronization, as
explained in the preceding sections, or may lead to the phenomena described
in Chap. VIIJ, p. 202, in which the tuning of one of the circuits affects that
of the other.
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cireuit that it will produce only a negligibly small current or
reaction in it.

A first uncoupled circuit arrangement! is shown in Fig. 199.
The grid circuit of the three-electrode vacuum tube T comprises a
first oscillatory circuit LC, coupled or connected to the antenna
circuit AG (either directly or through some high-frequency ampli-
fier) and tuned to the frequency of the incoming signals, and a
second oscillatory circuit L’C’ coupled to a coil L'’ of the plate cir-
cuit and in which the local oscillations are generated. One side a
of the coil L and condenser C being connected to the filament F of
the tube, the other side b is connected to the middle point d of the
coil L’.  One side % of the coil L’ and condenser C” is connected to
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the grid g and may hence be considered as connected to the fila-
ment of the tube through the internal grid-to-filament resistance
of the tube. The other side e of the coil L’ and condenser C’ is
then connected to the filament F through a resistance B whichis
adjusted to be equal to the average value of this internal grid-fila-
ment resistance of the tube.

Under these conditions, when an incoming signal sets up an
‘electromotive force across the coil L and condenser C (hence also
across the filament and grid of the tube through the portion dA of
the coil L’), the resulting currents in the two circuit branches bdhg-
Fa and bdeRFa will be equal, and produce equal and opposite elec-

1 A circuit of this general type is used, in particular, in the so-called
‘‘tropadyne’’ superheterodyne receiver.
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tromotive forces across the two coil halves dh and de, so that
no electromotive force appears between the ends e on k of the
coil ’.  The incoming signals thus do not set up any current in
the circuit L'C’, and hence do not in any way disturb or affect
the local oscillation generation. Conversely the local oscilla-
tions do not appreciably energize the antenna circuit.

Tracing out the circuit in a similar manner for the locally gen-
erated oscillations, these are seen to set up no electromotive force
across the terminals a and b of the circuit LC. The resonance
adjustments of the two circuits LC and L'C’ are thus entirely
independent from each other.

Tj \;--411 -

= H

Fra. 200.

The arrangement may be considered as an alternating-current
bridge circuit, the four corners of which would be points e, d, h, and
F. 'The electromotive force, due to the incoming signals, is
applied to this circuit system at points d and F'; that, due to the
locally generated oscillations, is applied at points ¢ and A.

If the tube is to operate also as a detector, a grid condenser is
inserted at point S, and the resistance R serves then also as a grid
leak. The beat frequency output electromotive force of the tube
is then developed across the secondary terminals of the trans-
former M.

A second bridge receiver circuit! is shown in Fig. 200, in which
the internal grid-filament capacity of the tube 7', in series with
the condenser S, constitutes one arm of a capacity bridge arrange-
ment, the other arms of which are constituted by condensers C,
C"and C”". A first oscillatory circuit 4 is coupled to the antenna

LRunGE, W., Jahrbuch d. Tel. u. Tel., Vol. 27, p. 171, No. 6.
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circuit and tuned to the frequency of the received signals, and
connected to two opposite corners G and H of the system. The
other corners K and N are connected to a second circuit B
in which the local oscillations are generated, this circuit being,
for this purpose, coupled to the coil L” of the plate circuit of the
tube. Both the signal and locally generated electromotive forces
are thus impressed upon the grid, but the electromotive force of
either circuit A or B does not operate in the other, if the capacities
of the bridge arms are suitably adjusted and balanced. The grid
is, further, connected to the filament through a high leak resist-
ance E, and the tube, operating as a detector, will furnish a beat

M
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frequency electromotive force at the secondary terminals of the
output transformer M.

A different principle is used in the circuit of Fig. 201. The grid
circuit of the tube T again comprises an oscillatory circuit A
coupled to the antenna and tuned to the frequency of the incom-
ing signals, and a second oscillatory circuit B, coupled to the plate
circuit, and in which the local oscillations are generated. Only,
this ecircuit is tuned to a frequency equal to nearly one-half or
one-third, or some other fraction of the frequency of the incoming
signals, and the tube operating conditions are so chosen that, in
addition to this low fundamental frequency, harmonics will be
generated as well. The second, third, or higher harmonic fre-
quency will then differ from the signal frequency by a certain
amount, and the resulting beats produce an electromotive force of
their own frequency across the output terminals of the trans-
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former M. Thus, if the incoming signals have a frequency of,
say, 1,000,000 cycles and the local frequency generated in circuit
B is 500,500 cycles (that is, one-half the signal frequency plus
500), the second harmonic of this local current will have a fre-
quency of 1,001,000 cycles and produce beats of 1,000 cycles fre-
quency with the incoming signals.

Finally, a still different method! is shown in Fig. 202. The
grid cireuit of the receiving tube 7 comprises simply an oscillatory
circuit A tuned to the frequency of the incoming signals and
coupled to the antenna circuit. The plate circuit of this tube T
comprises the output transformer M, but is not energized by any
battery. Instead, it comprises an oscillatory circuit B in which

%f

oscillations are generated locally by a second tube H, energized
by a battery K and having its grid circuit coupled to the plate
circuit B, in the usual manner, for oscillation generation.

The alternating electromotive force generated across the coil
and condenser of circuit B is thus impressed between the plate
and filament of the tube 7. The plate thus becomes alternately
positive and negative, so that a current will flow in the plate cir-
cuit of tube T during the positive cycle halves only of the elec-
tromotive force generated in circuit B. If, then, an electromotive
force of slightly different frequency from this is developed by
incoming signals in the grid circuit 4, the plate current of the tube
T will have an average value varying at a frequency equal to the
frequency difference between the currents in circuits 4 and B.
The local oscillations being rectified in tube T (through its unidi-
rectional conductivity between filament and plate), the incoming

1 Jouaust, R., Onde Electrique, Paris, Vol. 1, No. 1, pp. 26-33, Jan. 1922,
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oscillations need not be ‘“detected” or rectified in any way to
produce a beat-frequency electromotive force in the transformer
M. No grid leak or condenser is hence shown in the figure.
With this method, interaction between the two circuits A and B
ig, of course, impossible (except through the very small internal
capacities of the tube).

Superheterodyne Receivers.—It was shown in a previous sec-
tion that the rectifying efficiency of a detector increases with the
amplitude of the alternating electromotive force to be detected,
and that high-frequency ecascade amplification of the received
signals before their detection thus permitted a considerable
increase in the distance range of the receiving station.

7 A D E G T

Fia. 203.

Now, a multistage high-frequency cascade amplifier operates
most effectively over a certain limited frequency range only, the
impedance balance between the tubesand the coupling elements of
the various amplifier stages varying with the frequency of the
received signals. In addition to this limitation of the frequency
range, within which a given amplifier may be used with good effi-
ciency, arises the difficulty of operating amplifiers at the very high
frequencies corresponding to short and very short wave signals.

For these reasons, the heterodyne method of reception may be
used for transforming the high-frequency alternating current of
the received signals into an alternating current of lower radio
frequency, through combination of the received-signal current
with a locally generated current of suitable frequency, this lower
transformed frequency being then better suited to the character-
istics of the cascade amplifier used. The method, primarily
designed for the reception of continuous-wave telegraph signals,
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involves the use of several heterodyning and detecting stages, and
is therefore called the superheterodyne or multiple-heterodyne
method of reception.! It may alsobe adapted for radio telephone
reception, as pointed out later, but the last (audio-frequency)
heterodyning stage must then be omitted.

The principle of the method is illustrated in Fig. 203. The
antenna circuit, here constituted by a loop L, is tuned by means
of an adjustable condenser C and connected to a first detector
circuit A, which also receives the output electromotive force of a
local heterodyne generator B. The detector A will then yield an
alternating output current having a frequency equal to that of
the “beats” of the local and signal currents, that is, equal to
the difference between the radio frequency of the signals and the -
frequency of the local generator B.

This beat frequency being adjustable at the convenience of the
receiving operator through a suitable choice of the frequency of
the local generator B, is given some radio frequency, generally
comprised between 15,000 and 50,000 cycles, for which the ampli-
fier D will operate with good efficiency.

After this amplification, the beat or intermediate frequency
current is combined with the current produced by a second
local generator F and sent through a second detector E. The
operating frequency of this second generator F is so chosen
that the beat frequency with the output current of the amplifier D
will be of audible frequency. The audio-frequency output elec-
tromotive forece of the detector E is then impressed upon the
input terminals of a low frequency amplifier G, which then
actuates the telephone receivers or loud speaker 7.

Of course, if the receiver is intended for radio telephony recep-
tion, the second oscillator F must be omitted, since the received
signals are already modulated at audio frequency at the trans-
mitting station.

The apparatus may be simplified, as shown in Fig. 204, in hav-
ing a single tube perform the operations of the detector A and
local generator B, and similarly a single tube in place of the inde-
pendent detector E and generator F, these tubes being then con-
nected up in one of the manners described in the preceding section.

Also, the intermediate frequency developed at the output ter-
minals of the detector A and the low-frequency output of the detec-

1E. H. ArMsTRONG, French Patent 501511, Dee. 30, 1918 and Proc. Inst.
Radio Eng., 1924,
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tor E being markedly different, the amplifier D may be“reflexed”’
and serve for both intermediate and low-frequency amplification.
An additional low-frequency amplifier G may nevertheless be
added after this, as shown in the figure.

The superheterodyne receiver, thus permitting the efficient use
of cascade amplifiers, constitutes a very powerful receiving appa-
ratus, and has the advantage of being both selective and very
easily adjusted and tuned. Since the frequency of the currents
to be amplified in D is adjustable at the receiving station, and
independent from the frequency of the received signals, the ampli-
fier may be built for a given frequency at which it will operate
most effectively, the “intermediate’’ or first beat frequency being
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then always adjusted to that value by properly choosing the
operating frequency of the local generator B.

The operation of adjusting the apparatus for receiving a given
station then reduces to the tuning adjustment of the antenna cir-
cuit (which is done by means of the condenser C) and the fre-
quency adjustment of the local generator B (which may be done
by means of a second variable condenser, the generator B being a
three-electrode vacuum tube oscillator and therefore comprising
a frequency determining oscillatory circuit). These two adjust-
ments may, in fact, be effected simultaneously by means of a
single knob, by connecting the two variable condensers mechan-
ically (through gears or by mounting them on a same shaft) and
giving such shapes to their movable plates that the frequency
difference between the antenna and local generator circuits
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remains substantially constant and equal to the operating fre-
quency of the amplifier D.

The great selectivity of the superheterodyne receiver may be
explained in the following manner. Consider an incoming signal
of, say, 1,000,000 cycles frequency and a disturbing signal of 1,005,-
000 cycles frequency. The per cent frequency difference between
the two signals is extremely small (0.5 per cent) and the ordinary
tuning methods will hardly be capable of separating these
properly unless multiple tuned circuits be used (tuned cascade
amplifiers, for instance). With the superheterodyne method,
however, a locally generated current of, say, 1,040,000 cycles
frequency is superimposed upon the received currents, so that
the output electromotive forces of the first detector corresponding
to the two received signals will have frequencies of 30,000 and
25,000 cycles respectively between which a difference of 20 per
cent is thus established. The two signals hence become readily
distinguishable, and may be easily separated by means of tuned
filter circuits.



CHAPTER X
RADIO TELEPHONY

General Underlying Principles.—In undamped-wave radio
telegraphy, the transmitting circuit radiates energy continuously
when the key is closed, at a constant and uniform rate, as a result
of the constant amplitude of the alternating current in the trans-
mitting antenna. There results, after simple rectification in the
receiving circuit, an unvarying direct current which, as shown in
Chap. V, simply deflects the telephone receiver diaphragm with-
out setting it into vibration and, therefore, without producing
any sound.

Now, if the amount of energy radiated by the transmitting
antenna is varied, for instance, by varying the maximum ampli-
tude of the alternating current flowing in the antenna, a cor-
respondingly varying or pulsating unidirectional current will,
after rectification, flow in the radio receiving circuit and telephone
receiver. And if these variations of the current in the transmit-
ting antenna are at audio frequency, such as those produced by a
telephone transmitter actuated by the voice, a sound having the
same frequency and characteristics as the transmitter-current
variations will be produced in the telephone receivers of the radio-
receiving circuit, thus enabling the reproduction at the receiving
station, under suitable conditions. of the sound or speech produc-
ing these variations at the transmitting station.

A radio telephone transmitting circuit thus consists essentially
of a radiating or antenna circuit in which oscillations are set up by
some generator of continuous oscillations, and an arrangement
whereby the amplitude of these oscillations may be varied or
modulated by voice or sound vibrations. The most important
methods for generating continuous oscillations have already been
studied; namely, the are, the alternator and the three-electrode
vacuum-tube oscillator. The study of radio telephone transmit-
ting circuits will therefore be confined mostly to that of modulat-
ing systems, and the methods of their connection or coupling to
the oscillator systems previously studied.

258
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A radio telephone receiving circuit, as explained above, is
essentially the same as a damped-wave radio telegraph receiving
circuit, and comprises a tuned antenna circuit connected or
coupled to a rectifying detector and telephone-receiver circuit and
such auxiliary tuned and amplifier circuits as may be required.
Certain limitations of these circuits will be explained later, but
they do not affect the fundamental characteristics just stated.

However, before describing these radio telephone methods and
circuits, a brief study will be made of the low-frequency modu-
lated high-frequency alternating current which permits radio
telephone communication to be achieved.

The Modulated High-frequency Current.—Consider an alter-
nating current

A cos
of amplitude A and radio frequency Q flowing in an antenna cir-

cuit. This current is said to be modulated or unmodulated accord-
ing to whether or not its amplitude 4 is varied.

Current

Fia. 205.

Suppose, for simplicity, that this amplitude is modulated sinu-
soidally by an amount B above and below its value A at a fre-
quency o, so that the amplitude, instead of remaining constantly
equal to A4, is equal to

A + B cos wt.

The modulated high-frequency antenna current, represented in
Fig. 205, will then be expressed by the relation

(A + B cos ot) cos 4,
which may also be written
A cos U + B cos wt cos O,
or, through a simple trigonometric transformation,

A cos Ot + g cos (2 + o)t + gcos (2 — W)t (@)

Thus, the fact that the high-frequency alternating current
A cos @ is modulated sinusoidally by an amount B and at a fre-
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quency wresultsin two continuous, undamped alternating currents,
of constant amplitude B/2 and of respective frequencies @ + w
and @ — o flowing in the antenna circuit ¢n addition to the orig-
inal unmodulated current A cos Qf, generally called the carrier
current.

Conversely, generating these two constant amplitude, con-
stant frequency alternating currents in the antenna circuit in
addition to the original carrier current A cos Qf, results in the
sinusoidally modulated current of Fig. 205. It is the function of
the modulating apparatus to generate these two high-frequency
currents when energized or actuated by the low-frequency
modulating current B cos wt.

A simple sinusoidal modulation of this kind is actually but
seldom encountered. It represents a pure musical note, such as
the steady whistling sound of a flute. Speech vibrations are
much more complex and may be considered as a combination of a
number of simultaneous sinusoidal vibrations of different ampli-
tudes and frequencies, the latter being comprised approximately
between the useful limits of 200 and 3,000 vibrations per second.
Each one of these component vibrations gives rise, in the radio
telephone transmitting circuit, to two high-frequency alternat-
ing currents, as just explained, of frequencies respectively above
and below that of the high-frequency carrier current, and differ-
ing from this by an amount equal to its own (component)
frequency.

The voice-modulated antenna current thus comprises the car-
rier current frequency F and two frequency side bands extending
respectively from F -+ 200 to F + 3,000 cycles, and from # — 200
to ' — 3,000 cycles per second.

Since, as will be shown further below, the component currents
of at least one entire side band must all be transmitted and
received with approximately the same relative strength, it fol-
lows that the tuning of the circuits cannot be made as sharp as for
radio telegraphy, where only one single frequency is involved.!

1In radio telegraphy, the high-frequency alternating current is periodi-
cally established and interrupted to form the dots and dashes. In other
words, its amplitude is thus varied between a constant maximum when the
key is closed and zero when it is open. Strictly speaking, this variation
may hence be considered as a modulation of the high-frequency current,
according to the definition of modulation given above. But the sending or

keying speed results in a modulation frequency which is of a small order as
compared to the ordinary useful speech frequencies, say, of the order of 100
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This requires the tuned circuits to have a certain amount of damp-
ing, or better, the simple oscillatory circuits should be replaced by
filter circuits having a flat-topped resonance curve.

Referring again to the first case of simple sinusoidal modula-
tion, the curve of Fig. 205 may be taken as representing the cur-
rent in the receiving antenna as well as in the transmitting
antenna circuit. And if a simple rectifying detector receiving
circuit be used, as shown in Fig. 87 or 88, only the positive or the
negative cycle halves of this current will pass through the tele-
phone receivers, producing a pulsating current varying in the same
manner as the current in the transmitting circuit, and producing
a sound which follows the original modulations.

Like the eurve of Fig. 205, the above expression (a) may also be
considered as representing the current in both transmitting and
receiving circuits. In this expression, only the last two terms are
functions of the modulating current, the first term A cos Qf being
the carrier current, which is thus seen to remain unchanged, irre-
spective of whether there is a modulating current operating in the
circuit or not. Now suppose that in some manner the carrier
current is suppressed and prevented from flowing in the transmit-
ting antenna, and suppose also that a local generator at the receiv-
ing station produces a current of carrier frequency @ and of proper
amplitude. Then the currents in the receiving circuits will be
the same as if the carrier current had been received from the
transmitting station, and reception will occur in a normal manner.?

These remarks illustrate the actual function of the carrier-fre-
quency current in the receiving circuits. In exactly the same
manner as for heterodyne reception, the carrier-frequency current
combines with each component of each side band, producing

cycles per second for a transmitting speed of 300 words per minute. The
frequency side-band width thus extends over only 100 cycles on either side
of the carrier frequency, and permits a reasonably sharp tuning of the
circuits.

1 This suppressed-carrier current transmission method has the advantage
of reducing the necessary power at the transmitting station in a considerable
proportion, the amplitude of the carrier current being at least equal to one-
half the total modulated current. However, it has the disadvantage of
requiring the current of carrier frequency generated locally at the receiving
station to be absolutely of the same frequency and phase as the carrier current
suppressed at the transmitting station, any departure in frequency or
phase resulting in a more or less frequent interruption of the sound in the
telephone receivers, rendering actual reception impossible.
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“beats’’ of a frequency equal to the frequency difference between
the carrier and the particular component considered. Thus, in
the above case of simple sinusoidal modulation, the carrier current
of frequency @ combining with the upper side-band current of
frequency @ + w, produces! a beat current of frequency ». And
combining with the lower side-band component of frequency Q
— w, it produces beats of this same frequency w. These two beat
currents are in phase with each other and add their effects in the
telephone receiver, reinforcing each other.

But this also shows that a eurrent of modulation frequency w
may be obtained in the receiver circuit just as well if one side band
only had been transmitted, the other being suppressed. This
reduces the received-signal intensity, but has the double advan-
tage of permitting the suppression of the carrier current without
creating the difficulties mentioned in the preceding footnote, and
of reducing the overall frequency band width required to that of
one single side band, permitting a correspondingly sharper tuning
of the circuits.?

In the following sections, therefore, a study will be made, sue-
cessively, of the ordinary radio telephone transmitting circuits
(sending out the two side bands and the carrier current), the sup-
pressed carrier and single side-band methods, and the correspond-
ing receiving methods.

Ordinary Modulating Methods.—The modulating devices
described in the present section yield a modulated high-frequency
current which comprises the carrier frequency current as well as
the two side bands.

Ferromagnetic or Detuning Modulation M ethods—When a
transmitting antenna is connected to a high-frequency alternating
current generator of fixed operating frequency, a high-frequency
alternator, for instance, or a three-electrode vacuum-tube oscilla-
tor followed by a one-way power amplifier, the current intensity
in the antenna depends upon the tuning of the latter. It is a

1 After detection.

2 In the case of single-band transmission, the phase of the carrier frequency
current generated locally at the receiving station is of no practical impor-
tance (it changes the relative phases of the various sound components, but
this is generally not detected by the ear). The frequency of this local
current may also be slightly different from the actual carrier frequency
without unduly altering the pitches of the various sound components. For
speech transmission, the permissible difference between local and actual
carrier frequency may be as high as about 40 cycles per second.
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maximum when the natural frequency of the antenna circuit is
equal to the generator frequency, and decreases when the
antenna-circuit frequency differs from this value, or in other
words, when the antenna circuit is detuned, the current being
smaller the greater the amount of detuning.

If the antenna inductance is a coil wound over an iron core (or
better, a finely laminated steel core of high electrical resistivity).
carrying also a second winding connected to a direct-current gen-
erator, the inductance value of the first coil will depend upon the
amount of magnetization provided by this second coil, the mag-
netic permeability of the core (and hence also the coil inductance)
decreasing when the direct-current magnetization is increased.

Assuming, then, the antenna circuit to be tuned to the alter-
nator frequency when the direct-current magnetization is zero, the
flow of a direct current in the second coil will detune the antenna
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circuit, correspondingly reducing the intensity of the high-fre-
quency antenna current. If, then, the direct current in the mag-
netizing coil is given such a value that the antenna alternating
current is decreased to about one-half its maximum value, a vari-
able resistance connected in series with the direct-current gener-
ator may be used for varying the direct-current magnetization,
and, therefore, also the detuning of the antenna circuit and the
intensity of the high-frequency antenna current. This variable
resistance may be constituted by a telephone transmitter (micro-
phone), and the current variations will then follow the modula-
tions of the sound vibrations actuating the microphone.

A particular form of this so-called ferromagnetic modulator is
the Alexanderson magnetic amplifier, schematically shown in
Fig. 206. This shows a high-frequency alternator A connected to
the trangmitting antenna, in which a continuous high-frequency
alternating current is thereby established. The antenn ainduct-
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ance is made up of two coils L; and L,. These are wound in
opposite directions on two iron cores, and connected in parallel.
Their magnetic fields are therefore at each instant in opposite
directions, as shown by the arrows, which condition prevents
high-frequenecy currents from being induced in the direct-current
magnetizing coil L;.

This third coil Ls is wound over the two iron cores of the coils
L, and L, and connected, as shown, to a battery B and a micro-
phone 7', which may be inserted in the circuit either directly or
through a vacuum-tube amplifier. The effect of talking into the
microphone T is then to vary the direct current set up by the bat-
tery B in the coil L; and therefore to vary the magnetization of
the iron core. And since the permeability of iron is a function of
its magnetization, it follows that the reactance of the coils L; and
L, is correspondingly varied, and modulation of the alternator
output is accomplished.

If the device is properly designed, the small amount of power
controlled in the coil Ls can be made to control a considerably
larger amount of power in the coils L; and L,, hence the name of
“ferromagnetic amplifier”’ given to the device. This can be
readily understood by considering that the reactance of the coils
Ly and L, is directly proportional to the permeability of the iron,
which in turn is controlled by the ampere-turns of the coil Ls.
There is thus a multiplication of the effect of the microphone in
its control of the reactance of the coils L; and L.. It is thus pos-
sible by producing a variation of 0.2 amp. in the current of coil
L; to vary the antenna power from 5.8 to 42.7 kw.?

Vacuum-tube Modulation Methods.—There are many different
manners in which the three-electrode vacuum tube may be used
for controlling or modulating the amplitude of a high-frequency
alternating current. These vacuum-tube modulation methods
are generally used in connection with vacuum-tube oscillation
generators, but may also be used with other types of high-fre-
quency generators.

A first method is illustrated in Fig. 207. The plate circuit of
the three-electrode vacuum tube M, energized by the battery B,
is coupled to the antenna circuit AG. The grid circuit of the tube
comprises the battery C,and the secondary windings of transform-
ers F and E through which, respectively, the outputelectromotive
forces of the high-frequency alternating current generator H

1 See Goupsmrrh, A, N., Radio Telephony, p. 203.
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{which may be a three-electrode vacuum-tube oscillator) and of
the microphone ecircuit D are impressed upon the grid. A con-
denser K of small capacity is connected in series with the secondary
winding of the high-frequency transformer F, in order that this
winding shall not form a low impedance short-circuit across the
low frequency transformer E.

Under these conditions the high-frequency generator H ener-
gizes the antenna circuit AG through the medium of the tube M,
which operates as a high-frequency amplifier. But at the same
time, the audio-frequency electromotive force due to the opera-
tion of the microphone D, varies the average grid potential about
which the high-frequency grid-potential variations, due to the
generator H, are taking place. The operating point of the tube
thus oscillates along the characteristic ecurve about an average
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position, which changes at audio frequency according to the micro-
phone modulations.

Now, if the high-frequency electromotive force ¢ operating in
the grid circuit, due to the generator H, is not too large, the result-
ing high-frequency alternating plate-current component 7 is given
by the relation

1= ge,
where g is the slope of the curve at the average operating point!
(in other words, ¢ is the mutual conductance of the tube at
that point).

Assume, then, the grid cireuit battery C to be of such polarity
and voltage that the average operating point, in the absence of
any audio-frequency modulation, is somewhere on the upper or
lower bend of the characteristic curve of the tube. The

1 This relation follows directly from the definition of the mutual con-
ductance of the tube, as given in Chap. VI.
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audio-frequency modulations, in alternately shifting the average
operating point above and below this position, will then corre-
spondingly increase and decrease the average operating slope g,
and consequently also the high-frequency current intensity ¢ as
expressed above.

These conditions are illustrated graphically in Fig. 208. Curve
A being the lower part of the grid-voltage, plate-current charac-
teristic curve of the tube, let P represent the direct-current oper-
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ating point in the absence of any modulation, as determined by
the plate- and grid-battery voltages. A high-frequency grid
electromotive force of constant amplitude, as shown by curve B,
will then produce an equally constant amplitude high-frequency
alternating current in the plate circuit, as shown by curve N.
If, now, a low-frequency modulating electromotive force is also
applied to the grid, the constant amplitude high-frequency elec-
tromotive force will no longer vary the grid potential above and
below an average value equal to the voltage of the battery C, but
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about a comparatively slowly variable value equal to the sum of
this battery voltage and the low-frequency modulating electro-
motive force (curve S). The resulting plate current is shown by
the curve T. It comprises a low-frequency component, which is
an amplification of the modulating microphone current, and a
high-frequency component of variable amplitude (although the
high-frequency grid electromotive force is of constant amplitude,
as supplied by the generator H), the amplitude being smaller or
larger, according to whether the average operating point is shifted
toward the more horizontal or the more vertical portions of the
characteristic curve by the low-frequency modulating electromo-
tive force. ,

Now, the low-frequency component of the plate current pro-
duces no useful current in the antenna circuit, which has a practi-
cally infinite impedance at audio frequencies. Only the high-
frequency component will set up a current in the antenna circuit,
and this antenna current will be proportional to the high-fre-
quency plate-current component. This high-frequency plate-
current component is shown by curve W, which may also be taken
as representing the antenna current. It is seen to have an envel-
ope which has the same shape as the low-frequency modulating
electromotive force. And if a rectifying detector is used at the
receiving station, cutting off all the negative (or all the positive)
cycle halves of the received current, the rectified current will
have an average value which will follow the original audio-fre-
quency modulations.

Actually, the modulation of the high-frequeny current will
have exactly the same shape as the modulating grid electromotive
force only if the portion of the charactefistic curve described by
the operating point of the tube is an arc of a parabola (the mutual
conductance g being then a linear function of the modulating elec-
tromotive force), which is approximately the case over a limited
portion only of the operating characteristic curve of the tube. It
follows that distortionless operation requires both the high- and
low-frequency grid electromotive forces to be of comparatively
small amplitudes. The modulated high-frequency output of the
tube (curve W) may then be amplified by means of a high-fre-
quency cascade amplifier before being impressed onto the antenna
circuit.

Instead of applying both the audio- and radio-frequency elec-
tromotive forces to the grid circuit of the modulator tube M, one
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only of these electromotive forces may be applied to the grid cir-
cuit, the other being then impressed onto the plate circuit. Thus,
Fig. 209 shows an arrangement belonging to the so-called
‘““absorption modulation” circuits, in which the plate circuit of
the tube M, energized by the battery B and coupled to the
antenna circuit AG, is also coupled to the high-frequency genera-
tor H through a transformer ¥, while the grid circuit of the tube is
coupled to the microphone circuit D through the transformer E.

Under these conditions, the generator H sets up a high-fre-
quency alternating current in the plate circuit of the tube, which
induces a proportional high-frequency electromotive force in the
antenna circuit AG. The intensity of the high-frequency alter-

%

nating plate current depends, of course, upon the resistance of the
plate circuit. This resistance is, for a large part, constituted
by the internal plate-filament resistance of the tube M and
depends, therefore, upon the value of grid potential of the tube
(being greater or smaller according to whether this potential is
more or less negative). This potential being, in turn, varied at
audio frequency by the action of the microphone D, the alternat-
ing-current intensity in the plate circuit of the tube, and hence
in the antenna circuit, is correspondingly varied or modulated.
Of course, the high-frequency electromotive foree of the gener-
ator H, instead of operating in the plate circuit of the tube M in
series with the battery B, may operate in parallel with this, as
shown in Fig.210. The battery B is here connected in series with
a choke coil N, which prevents the flow of a high-frequency alter-
nating current through the battery. The small-capacity con-
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denser K prevents the flow of direct and audio-frequency currents
through the generator H. The high-frequency output of the
generator H thus divides between the radiation resistance of the
antenna circuit AG and the parallel connected internal plate-fila-
ment resistance of the tube M. The latter being varied at audio
frequency by the variable grid potential due to the operation of
the microphone D, the high-frequency current distribution
between the antenna circuit and the tube M is correspondingly
altered, and the antenna current thereby modulated.

An application of this arrangement where the generator H is
constituted by a vacuum-tube oscillator is shown in Fig. 211.
The tube H, energized by the battery B, has its grid-and plate
circuits coupled to each other and to an oscillatory circuit, and
also (directly or through a high-frequenecy amplifier) to the
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antenna circuit, and operates as an oscillation generator. The
modulating tube M, with its grid circuit connected to the micro-
phone circuit D as before through the transformer E, is connected
in parallel with the oscillator tube H and energized by the same
battery B. The variable internal plate-filament resistance of the
tube M thus shunts the output terminals of the high-frequency
generator H, as in the case of Fig. 210, and operates as explained
before.

Of course, the audio-frequency output electromotive force of
the microphone circuit D might be impressed onto the grid circuit
of the oscillator tube H, and the tube M dispensed with altogether.
This method, however, is generally not as good as that illustrated
in Fig. 211, for the grid voltage, under thelow-frequency variations
due to the operation of the microphone, may then become so
highly negative or positive that the oscillator tube H suddenly
ceases to oscillate. The antenna current then passes suddenly
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from some large value to zero, and the operation is consequently
interrupted. The operation of the set may even be entirely
stopped. _

Finally, as explained before, the audio-frequency electromotive
force may be made to operate in the plate circuit of the tube M,

4
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as shown in Fig. 212, which represents a so-called ““ power modu-
lation” arrangement. The output electromotive force of the
high-frequency generator H is impressed onto the grid circuit of
the tube M, and the resulting alternating plate-current component
excites the antenna circuit AG. The amount of high-frequency
power developed in the plate circuit of the tube and trans-

ferred to the antenna circuit depending upon the plate voltage of
the tube, this is varied or modulated by connecting, in series with
the battery B, the secondary winding of the transformer £
through which the audio-frequency output electromotive force of
the microphone circuit D is introduced into the plate circuit, add-
ing to or subtracting from the battery voltage.
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Figure 213 shows a similar ‘“power modulation” eircuit
arrangement, in which the tube H operates as an oscillation gen-
erator. Its plate circuit is energized by the battery B connected
in series with the choke coil N. The plate and grid circuits are
coupled electrostatically to each other through the condensers P
and 7T, and continuous oscillations are thus generated in thecir-
cuit PTL, coupled to the antenna circuit AG. (The grid is con-
nected to the circuit through a condenser S which prevents
the high potential of the battery B from being impressed onto it
through the coil L. It must then be connected conductively to
the filament through a high impedance R).

In parallel with the energizing battery B and its choke coil N
is connected the secondary winding of the transformer E, through
which the audio-frequency electromotive force produced by the

A
P
L
b
S" 'T'T
1l
6

operation of the microphone D is impressed between the plate
and filament of the tube H. A condenser K is connected in series
with this secondary winding to prevent the direct current from
the battery B flowing through it. The audio-frequency electro-
motive force thus varies the operating plate voltage of the tube,
and correspondingly changes the amplitude of the high-frequency
oscillations generated by it in the circuit PTL and in the antenna
circuit.

More effective operation is obtained by first amplifying the
audio-frequency electromotive force produced by the microphone,
before impressing it onto the oscillator tube H. This is shown in
Fig. 214, which differs from Fig. 213 in that the audio-frequency
output electromotive force of the microphone circuit D is
impressed onto the grid circuit of a tube M. The plate circuit of
this tube being energized by the battery B in series with the audio-
frequency choke coil N, the audio-frequency grid potential
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variations eannot produce corresponding plate-current variations,
in view of the large impedance of the coil N. But they develop a
much amplified audio-frequency electromotive force between the
plate and filament of the tube M (as explained in Chap. VII, in the
section on Voltage Amplification). This is then impressed
between the plate and filament of the oscillator tube H, varying
its operating plate voltage and hence the amplitude of its gener-
ated oscillations.

Fie. 214.

The radio-frequency choke coil K connected between the two
tubes H and M prevents the oscillations generated by the former
from being shunted off by the plate-filament resistance of the
latter.

Ordinary Radio Telephone Reception Methods.—The current
in a radio transmitting antenna, as obtained by the methods
deseribed above, is a high-frequency alternating current of varying
maximum amplitude, the variations following the current vari-
ations of the telephone transmitter circuit when actuated by the
voice. 'This modulated high-frequency antenna current sets up
in space similarly modulated alternating electromagnetic and
electrostatic fields, which in turn induce in the receiving antenna
a modulated high-frequency current which is a proportional repro-
duction of the current in the transmitting antenna. An idea of
the shape of the received current may thus be had from curve W
(Fig. 208).

If this current is rectified by a suitable detector, such as a erys-
tal or vacuum tube, only the negative or positive half-cycles are
permitted to flow in the receiving circuit. The current thus recti-
fied then has an envelope and an average value which vary in
proportion to the microphone current at the transmitting station.
The rectified current received will therefore reproduce the speech
when made to flow through telephone receivers.
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1t follows that in a radio telephone receiving circuit, the only
modification of the received current required in order to make the
signals audible in a telephone receiver is rectification by means
of a suitable detector. Damped-wave radio telegraph receiving
circuits making use of such detectors can therefore be used sub-
stantially without alteration for radio telephone reception.

It is important to note, however, that radio telephone signals
do not permit of very sharp tuning of the circuits. This is due to
the fact, pointed out at the beginning of this chapter, that the
transmitting antenna does not radiate a wave of one single fre-
quency, but one comprising a large number of component frequen-
cies which, through their combinations, constitute the modulated
high-frequency wave, and whiech, for a speech-modulated wave,
form a frequency band of about 6,000 cycles width (3,000 for each
frequency side band).

It follows that the circuits, instead of being sharply tuned, must
have a flat-topped resonance curve, as explained before. Fail-
ure to receive all of the transmitted frequency components
equally well, or approximately so, results in a distortion of the
low-frequency detected current, which is no longer an exact repro-
duction of the original speech modulation.

Another cause of distortion, which applies to all frequency com-
ponents alike, lies in the faet that the operating characteristic
curve of the detector differs from a straight line. That is, the
current through the detector is not directly proportional to the
voltage applied to the detector, but is rather proportional, say,
to the square of the voltage. This introduces double-frequency
harmonies in the low-frequency detected current, which do not.
exist in the original modulating vibrations nor in the envelope of
the received modulated high-frequency current, and hence unduly
alter the shape of the telephone receiver current.

This is illustrated in Fig. 215, where S represents the voltage-
current characteristic curve! of the detector. Let, then, the solid
line curve W represent the high-frequency alternating voltage set
up across the detector by an incoming wave. The amplitude of
this alternating electromotive force varies in accordance with the

1In case of a three-electrode vacuum-tube detector utilizing the grid-
detection principle and employing a shunted grid condenser, curve S should
be taken as representing the grid-voltage, grid-current curve of the tube.
In case the plate-detection principle is used (asymmetrical amplification),
curve S is the grid-voltage, plate-current curve of the tube.
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speech modulations, and it is the function of the detector to fur-
nish a low-~frequency current having as closely as possible the
same shape as the “ envelope” (dotted line MNPQ) of thisreceived
high-frequency electromotive force.

Suppose, as an illustration, that the modulations are such that
the amplitude of the received signals varies periodically by equal
amounts above and below the unmodulated amplitude 4, as
shown in the figure. A distortionless rectification should then
vield a low-frequency detected current, as shown by the dotted
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curve E, which is an exact reproduction of the envelope curve
MNPQ, with its positive and negative halves of identical shape.

Actually, however, the rectifying action of the detector is based
on the fact that the operating characteristic S of the detector is
curved, in other words that the detector eurrent (represented by
the solid line curve D) is a distorted reproduction of thereceived
current (or electromotive force) shown by curve W, as explained
before. It follows that the envelope M'N'P'() of the detected
current, corresponding to the envelope MNPQ of the received
input detector electromotive force is also distorted, so that
finally the low-frequency output current of the detector (curve F)
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is a correspondingly distorted reproduction of the original
modulations.

Now, the amount of distortion depends essentially on the
so-called modulation depth of the received signals. In the case of
a sinusoidally modulated signal (Fig. 205), this modulation depth
is defined as the ratio B/A of the modulation amplitude B to the
unmodulated amplitude A of the high-frequency carrier current.
The greater this ratio, that is, the deeper the modulation,
the greater is the amount of distortion resulting from the process
of detection as just described.

This may readily be shown mathematically as follows. Let

1 = 19 + ae + be?

represent the detector voltage-current characteristic curve S
(Fig. 215), ¢ and e being, respectively, the detector current and
voltage, and 74, ¢ and b being three constants. If then

e = A cos Qt+%cos(9+w)t+§cos (@ — w)t

represents a sinusoidally modulated electromotive force, as
explained before, A and © being the carrier amplitude and fre-
quency, B and « the modulation amplitude and frequency, the
term ae in the above expression becomes a high-frequency term,
which is of no interest here, while the term be? comprises, in addi-
tion to high-frequency terms, two low-frequency terms:

2
bAB cos ot and bf« cos 2w,

the first of which is of the original modulation frequency w and
the second, the distorting, undesired double-frequency term.
Now, the relative amplitude of this double-frequency term, as
compared to that of the fundamental frequency term, is equal to
the ratio '
bB2/4 B
bAB 44
Hence, the greater the value of the ratio B/A, called, as stated
before, the modulation ratio or depth, the greater also the ampli-
tude of the second harmonic as compared to that of the funda-
mental component of the detected current, and consequently the
greater the resulting speech distortion in the receiving apparatus.
In order. to minimize such distortion, it is thus necessary to
make the ratio B/A small. This may be done at the transmitting
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station by keeping the modulation amplitude B small as compared
to the carrier amplitude 4, that is, to modulate the carrier current
but weakly at the transmitting station. This, of course, has the
disadvantage of reducing the transmission efficiency, sinceradio
telephone transmission is precisely based on the modulation of the
carrier current; in other words, it requires the major part of the
energy to be transmitted unmodulated in the form of a large car-
rier current, while the modulated part of the current, which is
ultimately the useful current for telephone communication, must
be kept small. .

A second and better method therefore consists in using a rather
large modulation ratio B/A and increasing the carrier current
amplitude 4 at the receiving station by generating at the receiving
station a local high-frequency alternating current of same phase
and frequency as the received carrier current, and impressing this
local current onto the detector in addition to the received signal
current. The ratio B/A may thus be decreased in the receiving
circuit as much as required while at the same time the modulation
ratio B/A may be made substantially as large as desired at
the transmitting station, thereby giving a good transmission
efficiency.!

It may at first seem difficult to thus provide at the receiving
station a locally generated current of identically the same phase
and frequency as the received carrier current. Actually, this is
a simple operation, it being necessary merely to use an oscillating
receiving circuit so adjusted that it will become synchronized
by the incoming signals. As explained in the preceding chapter,
a circuit like that of Fig. 190 might be used, or any other type
of regenerative amplifier circuit, with the feed-back coupling
so tightened that the tube will generate continuous oscillations
of its own in the absence of any received signals. The frequency
of these locally generated oscillations is simply made approzi-
mately equal to the carrier-current frequency of the signals to be
received. When these are being received, automatic synchroniza-
tion takes place, as described in the preceding chapter, the locally
generated current falling into step with the received carrier cur-

1 With the modulating arrangements deseribed in the preceding Section,
the ratio B/A is never greater than unity (which corresponds to 100 per
cent modulation), at least as long as undistorted modulation is effected.
Values of B/A greater than unity may be obtained by special methods
described later.
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rent, and adding to the latter, thereby reducing the ratio B/4, as
required.

However, this receiving arrangement does not only greatly
amplify the carrier current, but also those frequency components
of the complex received current which are in the neighborhood of
the carrier current frequency (and which, in each of the two
side bands, correspond to the low-frequency components of the
modulating sound vibrations), while it does not in the same
proportion amplify the received-current components the fre-
quencies of which are further away from the carrier frequency,
and which correspond to the higher frequency components of the
modulating sound vibrations. This results in a distortion of the
detected currents, producing a sound in the telephone receivers
which is more guttural than the original. This may readily be
corrected in a number of different manners, by inserting suitable
filter circuits in the radio-frequency amplifying circuits (this
method is particularly effective when applied to the intermediate-
frequency amplifier circuits of a superheterodyne receiver), or
by using an audio-frequency amplifier after the detector, having
such operating characteristics as to amplify the high-pitched
notes or sounds to a greater extent than the lower-pitched ones.
The distortion is thus compensated by a distortion in the opposite
direction, provided as just described.

Single Frequency-band Radio Telephony.—As explained
before, radio telephone communication may be effected by trans-
mitting one only of the two side bands of the modulated high-
frequency current, and combining this single side-band current in
the receiving circuit with a locally generated alternating current
of carrier frequency. The latter then produces beats with each
one of the component currents of the received side-band eurrent,
which after rectification or detection give rise to low-frequency
alternating currents reproducing the various components of the
original modulating vibrations.! '

The reception method thus constitutes a special case of the
heterodyne reception method, and use may be made of the
heterodyne receiving circuits described in the preceding chapter.

1In thus combining with the locally generated current of carrier fre-
quency, each component of the received side-band current also gives rise
to harmonics, the envelope of the “beats” being not sinusoidal. However,
these harmonics are sufficiently small not to produce any objectionable dis-
tortion of the speech.
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In fact, the main problem in single side-band receiving appara-
tus is that of keeping the frequency of the local current as
constant and as nearly equal as possible to the frequency of
the carrier current suppressed at the transmitting station.

On the other hand, special circuit arrangements are required
at the transmitting station for suppressing the carrier current and
one of the two side bands, permitting one only of the two side-
band currents to energize the antenna circuit.

It will be recalled that F being the carrier-current frequency,
and the useful speech frequencies being comprised between, say,
200 and 3,000 cycles per second, the speech-modulated high-fre-
quency current in an ordinary transmitting circuit comprises, in
addition to the earrier current (of frequency F) the two side-band
currents the frequencies of which are respectively comprised
between F + 200 and F 4 3,000 cycles (upper side band) and
between F — 200 and F — 3,000 cycles (lower side band). The
relative importance of the frequency differences between the vari-
ous components of such a modulated high-frequency current, or
in other words the per cent differences between the various fre-
quency components, is hence greater the lower the carrier fre-
quency F. The separation of the one side-band frequencies is
therefore most easily achieved when as small a carrier frequency 7
as possible is used, say of the order of 30,000 cycles per second.
Of course, in most cases an appreciably greater carrier frequency
is required or desirable for establishing radio telephone communi-
cation. A second modulation operation is then required at the
transmitting station at this higher carrier frequency, as described
further below. The process of single side-band transmission thus
involves two distinet operations, which will be studied presently.

Consider an ordinary radio.telephone transmitting circuit as
previously described, comprising a radio-frequency geunerator and
a modulating arrangement. As pointed out in a preceding section,
the modulating action of the microphone results in two side-band
currents arising in the output circuit ¢n addition to the carrier
current, the latter flowing in the output circuit of the set
irrespective of whether the microphone is actuated by the sound
vibrations or not. If then the radio-frequency generator be also
used for energizing an auxiliary circuit, the constant carrier-fre-
quency alternating electromotive force set up in the latter may be
opposed to the equally constant carrier-frequency electromotive
force operating in the actual output circuit of the transmitting set.
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This carrier-frequency electromotive force may thus be neutral-
ized, and no current of carrier frequency will then be set up in the
actual output circuit. The output circuit of the radio set will
therefore carry the two side-band currents only, and only when
the microphone is actuated by the modulating sound vibrations.
If then the carrier frequency used is comparatively small, say 30,-
000 cyecles, it will be an easy matter as explained above, to tune out
one of the two side-band currents by means of a simple filter cir-
cuit, leaving only one side-band current operating in the output
circuit, the per cent frequency difference between the two side
bands being then very large, and a frequency gap of 400 cycles
existing between the two bands, owing to the elimination of the
carrier-frequency current.

Fig. 216.

The neutralization or elimination of the carrier current is
generally done by means of a so-called balanced modulator,’
represented schematically in Fig. 216, which utilizes two similar
three-electrode vacuum tubes connected substantially in the same
manner as for push-pull amplification (see Fig. 144). Only, the
output electromotive force of the high-frequency carrier-current
generator H is here impressed onto the grids of both tubes S and
T through a transformer F connected in the common cireuit branch
connecting the grids to the filaments of the tubes, while the low-
frequency modulating electromotive force developed by the action
of the microphone D is impressed differentially upon the grids
through a transformer E hawing the middle point of its secondary
winding connected to the filaments of the tubes, and the ends of
this same winding connected to the grids.

1 See ¢ Carrier Current Telephony and Telegraphy, ” by E. H. CorpiTTs and
O. B. BLACkWELL, Trans. Am. Inst. Elec. Eng., Vol. XL, pp. 205-300, 1921;
and also “Production of Single Side Band for Transatlantic Telephony,” by
R. A. Hrising, Proc. Inst. Radio Eng., June 1925,
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Suppose, first, that no speech is impressed onto the microphone
D. Onuly the high-frequency alternating electromotive force of the
carrier-current generator H operates then in the grid circuits of the
tubes, varying the grid potentials of both tubes simultaneously,
and hence producing synchronous, in-phase current variations in
the plate circuits of the two tubes. By suitably connecting the
secondary windings of the transformers N and P in series
with each other, the high-frequency electromotive forces
induced in them by these plate-current variations of the tubes S
and 7', may then be made to oppose each other, and if the tubes,
transformers, and other corresponding circuit elements are respec-
tively similar to each other, these electromotive forces will be
equal and balance each other out exactly. Thus, in the absence
of any modulating electromotive force, the output electromotive force
of the device, as developed across the series-connected secondaries of
transformers N and P, is equal to zero, providing the circuits of the
two tubes are properly balanced.

If now the microphone D is actuated by a sound vibration, an
alternating low-frequency modulating electromotive force is
developed across the secondaries of the transformer E and
impressed onto the grids of the tubes, varying the grid potentials
of the two tubes in opposite directions. And since the average
operating grid potential of the tubes, as determined by the volt-
age of the battery C, is so chosen as to bring the operating point
of the tubes on a curved portion of their characteristic curve,
these oppositely directed grid-potential variations unbalance the
system in periodically opposite directions. Thehigh-frequency
alternating plate currents of the two tubes produced by the action
of the generator H will then no longer be equal, and the electro-
motive forces developed in transformers V and P no longer bal-
ance each other exactly, so that a high-frequency electromotive
force appears at the output terminals of the device.

Thus, in the presence of a modulating electromotive force in the
transformer E, a high-frequency output electromotive force is devel-
oped across the series-connected secondaries of transformers N, P.

Analyzing the action further, the low-frequency alternating
electromotive force developed by the operation of the microphone
D across the secondary of transformer ¥ first increases the grid
potential of one of the tubes while it decreases that of the other,
then decreases the grid potential of the first tube and increases
that of the second. The high-frequency alternating current
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developed by the action of the generator I in the plate circuit of
tube S will hence be periodically greater and smaller than that
developed in the plate circuit of tube T. In other words, the
unbalance between the secondary high-frequency electromotive
forces of transformers N, P is periodically reversed, and the sec-
ondary high-frequency electromotive force of transformer N is
greater than that of transformer P during one-half cycle of thelow
frequency modulating electromotive force due to the microphone
D, while that of transformer P is greater than that of transformer
N during the following half-cycle of the modulating electromotive
force.

It follows that the high-frequency output electromotive force
of the device, developed across the ends of the secondary circuit
branch NP varies periodically in amplitude between zero and a
maximum proportional to the modulation amplitude, at a fre-
quency equal to twice the modulation frequency (since the perio-
dicity of the unbalance reversals is equal to that of the successive
half-cycles of the modulating electromotive foree, as just stated),
and also that the polarity of this output electromotive force
reverses at every half-cycle of the modulating electromotive force.
These characteristics denote that the output electromotive force of
the device does not comprise the carrier frequency of the generator H,
but comprises the two side-band frequencies.

Having thus isolated these two frequency bands (which in the
present example extend from 30,200 to 33,000 cycles and from
29,800 to 27,000 cycles, respectively), a filter circuit is connected
in series with the output terminals of the balanced modulator,
stopping one of the two frequency bands, the lower one, for
instance, and passing only the electromotive forces and currents
belonging to the other frequency band.

The single frequency band electromotive force thus obtained
(extending from 30,200 to 33,000 cycles) is now used as a modulat-
ing electromotive force in a second modulator, actuated by a sec-
ond high-frequency alternating-current generator, the frequency
of which is the actual transmission-carrier frequency, say, for
instance, 100,000 cyecles. As in the case of audio-frequency
modulation just described, the resulting modulated high-fre-
quency current then comprises two frequency side bands the
limits of which are respectively equal to the carrier frequenecy
(100,000 cycles) plus and minus the modulating frequencies (30,-
200 to 33,000 cycles), hence extending, in the present instance,
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from 130,200 to 133,000 cycles (upper side band) and from 67,000
to 69,800 cycles (lower side band). These two side bands are
thus separated by a frequency gap of 60,400 cycles, and may very
easily be separated by means of tuned filter circuits, so that only
one of these two side-band electromotive forces, the upper one for
instance, will energize the transmitting antenna circuit. The
modulated waves thus occupy a frequency band of only 2,800
cycles width (equal to the frequency-band width of the modulat-
ing sound vibrations).

At the receiving station, the received current will, correspond-
ingly, be a complex current the component frequencies of which
extend from 130,200 to 133,000 cycles, and it is necessary merely
to combine this received current with a locally generated alter-
nating current having a frequency of 130,000 cycles (equal to the
sum of the frequencies of the suppressed intermediate and high-~
frequency carrier currents, viz., 30,000 and 100,000 cycles) to pro-
duce beats which, after rectification or detection, result in a
current reproducing the original audio-frequency modulations.
Thus, although the modulation at the transmitting stations is
effected in several steps, demodulation at the receiving station
may be achieved in one single operation.

Mathematical Theory of the Balanced Modulator.—It may be
of interest to outline the operation of the balanced modulator in
mathematical terms, in a manner showing the relation of this
device to the push-pull amplifier, and also leading to the theory
of the modulator-type heterodyne receiver, as pointed out further
below.

Following the same method as on page 173, let ¢, and 7, repre-
sent the alternating plate currents set up in the plate circuits of
the tubes S and 7T respectively. Since the output windings of
transformers N, P are so connected that the electromotive forces
induced in them oppose each other, as explained in the preceding
section, the electromotive force developed at the terminals of the
series-connected secondaries of these transformers is proportional
to the difference 7; — 7, of these alternating plate currents. This
was found, on page 174, to be equal to

2
7] — 1g = A[2g — 6c2m — :—32& ] sin wf 4 %43sin 3wt
where A sin wt represents in the present instarice the electromotive
force of amplitude A and audio frequency w developed by the
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operation of the microphone D (Fig. 216), pure sinusoidal modula-
tion being here assumed for simplicity. Now, the factor ¢ in the
above expression, representing the electromotive force operating
in the common branch of the grid circuits of the two tubes, is not
constant as in the case of the push-pull amplifier, but is equal to
the voltage ¢ of the battery C (Fig. 216) plus the alternat-
ing voltage
h=H sin &
produced by the generator H, of carrier frequency €.
The above expression thus becomes
2 3
1 —1g = A{2g —6m<c-l—h)2 —%]sinwt—l—%

3 sin 3wt,

which, after some simple handling, becomes
. . H? 3427 .
11—12=A 29—67’”62'{‘"2* "'—2* sin wi
3
—|—%4 sin 3wl

2
+§m—;ﬂ sin (292 + W)t
2
I G (20 — o)t
+6mAcH cos (2 + w)t
—6mAcH cos (2 — w)t.
It appears at once that all of these six terms being multiplied by
A, which is the amplitude of the audio-frequency modulating
electromotive force, the device will not develop any output elec-
tromotive force when the modulation is absent, that is, when the
microphone is not operating. This result was already pointed
out in the preceding section.

When A is different from zero, that is when the microphone
is actuated by sound vibrations of frequency w, the six terms of
the above expression appear in the output electromotive force of
the modulator.

The first and second terms represent audio-frequency currents
of frequencies respectively equal to w and 3w. They do not play
any useful part in the radio-frequency output circuits of the trans-
mitting set, which have a practically infinite audio-frequency
impedance. \

The third and fourth terms represent two side-band currents of
frequencies respectively equal to (22 4+ ) and (292 — ), differ-
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ing from twice the carrier-current frequency by an amount
equal to the modulating audio frequency. They are of compara-
tively small amplitude and may be suppressed completely by
means of filter circuits, or simply choked out by the high imped-
ance of the output circuit, which is designed for an output fre-
quency of the order of the carrier frequency Q.

Finally, the last two terms represent the two side-band currents
of frequencies respectively equal to (2 + ) and (€ — w), that is,
equal to the carrier frequently € plus or minus the modulating
frequency w.

It will be noted that there is no output current of carrier fre-
queney 2, which brings out the essential property of the balanced

1S

Fig. 217.

modulator, which is to eliminate the carrier-frequency current
from the output circuit.

Note on the Modulator-type Heterodyne Receiver.—The bal-
anced modulator circuit just described may be adapted for use as
a heterodyne receiving circuit, serving to combine a locally gener-
ated current of frequency Q with the radio-frequency current due
to incoming signals. A receiving circuit of this kind is shown in
Fig. 217, which is essentially the same as that of Fig. 216, except
that the microphone circuit D is here replaced by the receiving
antenna circuit AG, and the output transformers N, P are con-
nected to telephone receivers R (or to an intermediate frequency
amplifier if the beats are of superaudible frequency as in the super-
heterodyne receiver). Using the above formulas, the frequency
w then repersents the radio frequency of the received signals while
Q is the frequency of the local generator H. As shown by the
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last expression, the output current of this eircuit system comprises
a term of frequency @ — w. If then the local generator frequency
Qs so adjusted as to make this frequency difference 2 — w small
enough to come within the range of audible vibrations, a sound
will be heard in the telephone receivers R without any further
rectification or detection being required.

The transformers N and P being audio-frequency transformers,
the radio-frequency terms of the output current (represented by
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the first five terms of the above expression) are by-passed by small
capacity condensers K, M (Fig. 217).

The generation of the local heterodyning oscillations may be
effected by the very same circuit system, as shown in Fig. 218. It
is simply necessary to insert an oscillatory circuit H in the com-
mon branch of the grid circuits of the two tubes and couple it
inductively to a coil L connected in the common branch of the
two plate circuits. It should be noted that in this arrangement
the received signals do not operate in the circuit H, and that this
circuit is not coupled to the antenna circuit, which istherefore
not energized by the loeally generated oscillations.



CHAPTER XI
MISCELLANEOUS APPLICATIONS

Airplane Radio Apparatus.—Airplane radio apparatus does
not differ fundamentally from ordinary radio apparatus. It must
be specially designed, however, to meet a number of special
conditions existing on an airplane, which are to a great extent
absent in ground radio.

A primary consideration is that all apparatus shall be built
of carefully selected material to insure minimum weight and
bulk, as the carrying capacity and available space of the airplane
is limited and heavy auxiliary apparatus is not thought of kindly
by the airplane designer. The design and construction of all
parts must also have great ruggedness in order that the apparatus
may operate properly and without changing its adjustment under
the continual vibrations of the airplane due to the engine, wind,
etc. For this reason, all adjusting handles are usually locked in
position after the set has been tuned and adjusted. Vacuum-
tube sockets are mounted on soft, sponge-rubber cushions to
absorb the shocks, and the set box itself is generally mounted on
shock absorbers.

In addition to these mechanical considerations of the installa-
tion, great care must be taken in preventing all possibility of
producing an open spark, as the danger of fire on an airplane is
extremely great. This will be well appreciated when it is noted
that the ““dope’ or varnish painted on the line or cotton fabric
of the wings and fuselage is a highly inflammable composition.
The fire hazard is also increased by the likelihood of gasoline
vapors being present in the cockpits. For these various reasons,
all wiring on an airplane is made with high insulation and is
securely attached along the airplane struts so that it will not
shake loose. Special telegraph keys are used, having enclosed
contacts, and all spark gaps are either totally enclosed or covered
with wire gauze.

Damped- and undamped-wave radio telegraph sets and also
radio telephone sets were developed and successfully operated

286
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on airplanes by the various governments engaged in the World
war. In all the later airplane sets, except of course the damped-
wave transmitting sets, vacuum tubes were used both for trans-
mitting and receiving. The circuits are essentially the same as
for ordinary sets designed for ground use. An interesting
question, however, was as to the best method of supplying power
for the vacuum-tube filament and plate circuits. Storage bat-
teries have been used to quite some extent in cases where high
voltages were not required; but the limited time during which
such batteries can be depended upon to supply power at uniform
voltage without recharging makes it essential, on account of
the long duration of many flights, to derive the required energy
from a small generator. Most of the generators thus used are
enclosed in a streamline casing and mounted either on the wing
or on one of the landing-gear struts and usually in the air stream
of the propeller on tractor-type planes. They are driven by a
small propeller or air fan rotating at high speed on account of
the high velocity of the wind. In order to obtain constant
output from such generators, special regulating devices are used.
These include variable pitch air fans, which drive the genera-
tor at approximately constant speed despite variations in the
airplane or wind velocity; special regulating vacuum tubes, iron
wire resistances, ete. These various devices, as well as many of
the special types of generators used, have been described in the
technical press of different countries, and are not treated here
further.

A problem bearing more directly on radio communication is
that of the radiating or antenna circuit used on airplanes. Both
the loop and the “open’ type of antenna are used successfully.
With regard to the loop type, reference should be made to a
section of Chap. III in which the loop radio receiving circuits
used on airplanes were fully discussed. These are used mostly
for direction finding and navigation purposes, but may, of course,
serve for receiving messages in the usual way. Other types of
loop antennae permit both transmitting and receiving from an
airplane, and have been used, to a limited extent, on airplanes
flying in squadron formation.

The type of open antenna which has found the widest appli-
cation is illustrated in Fig. 219, and constitutes a so-called
“trailing antenna.” It consists of a 300-ft. length of bare wire
which is attached to a reel at one end while the other or trailing
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end is weighted by means of a small lead weight shaped often
like a fish and called by that name. The antenna wire is led
out of the airplane through a tube called the ““fairlead’ which is
mounted in the floor or wall of the fuselage. The antenna wire
bears against the metal tube extending through the center of
the fairlead, which is connected to the radio set box, and makes
electrical contact. The antenna wire is thus free to slide through
the fairlead and may be reeled in to avoid breakage before the
airplane comes down for landing.

The trailing wire forms one side of the radiating circuit and
is equivalent to the aerial of the ordinary ground radio system.
The counterpoise is made up of the metallic parts of the airplane—
the engine, stay wires, etc., which are all carefully bonded
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together. The radiation characteristic of a trailing antenna is
shown in the diagram of Fig. 220, which illustrates the directional
properties of this antenna. It is seen that the airplane, when
sending or receiving, must fly toward the point with which it is
desired to communicate, for greatest range and loudest signals.
It may be noted from Fig. 220 that the directional characteristic
is not quite symmetrical with respect to the longitudinal axis of
the airplane. This is because the antenna reel is generally
mounted on the right or left side of the fuselage, and not in the
center. In the case of the figure, the antenna wire is led out of
the airplane from the left-hand side of the fuselage, which results
in an angular displacement of the electrical axis of the system,
giving maximum directional effect ahead of the airplane and a
little to the right.

The construction of the fairlead is shown in Fig. 221, which
represents a cross-sectional view. The fairlead is made up of a
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tube of insulating material, such as bakelite or micarta, which is
clamped to the fuselage wall or floor. Inside this tube is a metal
sleeve or pipe, through which the bare antenna wire passes. The
metal sleeve thus makes electrical contact with the wire, and a
binding post attached to the sleeve furnishes a ready means of
connecting the antenna to the radio set box.

The length of antenna wire used depends upon the wave length
of the signals. As a rough rule, the natural wave length in
meters is approximately equal to the length in feet of the trailing
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antenna, as used on a Curtiss JN-4 airplane. It should be noted
that the natural wave length of such a trailing antenna depends
not only upon the length of the trailing wire, but also upon its
position relative to the counterpoise and the airplane. It follows
that the antenna constants, and, therefore, the tuning of the air-
plane radio set, change whenever the airplane alters its direction
of flight, or whenever the wind alters the position of the trailing
wire. When using damped wave sets, this results in a temporary
fading out of the signals, due to detuning. When using
undamped wave sets with heterodyne reception, it results in
a variation of the piteh of the signal note.
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Another type of antenna is shown in Fig. 222, and is known as
the double trailing antenna. The diagram is self-explanatory.
This antenna is not quite as directional in front of the airplane
as the single trailing antenna, as shown in Fig. 223, but somewhat
more on both sides of the machine, so that it is better suited for
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to make sharper turns, or even to loop the loop without as great
danger of getting the antenna entangled with the tail of the
airplane.

Submarine Radio Apparatus.—Loop antennae have been suc-
cessfully used for submarine radio work, and some of the tests
made will be briefly described here.!

Referring to Fig. 224, the submarine loop antenna ABEF is
shown to be made up of a wire A B insulated at end A by means of
the insulator I, and grounded at the lower end B to the hull of
the ship, which forms part of the loop circuit. Point B is thus
connected to point £ through the metal body of the submarine.
EF is another wire similar to AB. Both these wires are of copper,
covered with heavy insulation. Lead-in wires similarly insulated
are connected at A and F, and brought inside the ship to a vari-
able tuning condenser C and a suitable transmitting or receiving

1 The data on the submarine loop antenna was kindly furnished by the
U. S. Bureau of Standards, Washington, D. C.
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circuit connected at D. The loop circuit is thus electrically the
same as an ordinary loop circuit. Its simple construction does
not require any additional mast and therefore does not interfere
with the submerging of the boat.

The operation of the loop when the submarine is running on
the surface of the water is, of course, no different from that of an
ordinary loop used on any ship or ground station. Reception
and transmission of signals can, furthermore, be effected without
special difficulties when the boat and loop are totally submerged.
During tests made by the Bureau of Standards off the Atlantic
coast, the following data among other were obtained.

When the submarine is submerged, any North American or
European station can be received as distinctly as when it is on
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the surface. The maximum depth at which the signals are read-
able is dependent upon the wave length of the transmitting
station. This depth increases with the wave length, and is
about 21 ft. (for the top of the loop) when receiving signals of
10,000-m. wave length. The receiving apparatus used in these
tests comprised a vacuum tube detector and three-stage resist-
ance coupled vacuum tube cascade amplifier.

Transmission of the signals from below the surface of the water
can also be effected successfully, the range decreasing as the
submarine submerges deeper below the surface. With a 1-kw.
spark set and a 952-m. wave length, the range observed in the
Bureau of Standards tests was 10 to 12 miles with the submarine
and loop just below the surface of the water, while it reduced to
2 or 3 miles for a depth of 8 to 9 ft., measured from the top of
the loop to the surface. When the submarine is running awash
or on the surface, the range becomes at least 100 miles even in
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very stormy weather. Grounds or short-circuits caused by
heavy seas which render ordinary antennae inoperative in
stormy weather have no effect on the closed loop. A further
use for the submarine loop radio is as a direction finder, whether
the ship is submerged or on the surface, in the manner explained
for ordinary loops in a preceding chapter.

USE OF THE VACUUM TUBE FOR SUSTAINING MECHANICAL
OSCILLATIONS

The three-electrode vacuum tube may be used to sustain
mechanical oscillations in any system possessing inertia and

Fic. 225. Fiac. 226.

elasticity, in a manner similar to that of sustaining electrical
oscillations. It is simply necessary that the mechanical system
be started oscillating and made to vary the grid potential of the
tube in such a way that the resulting plate-current variations are
of suitable magnitude and phase to sustain the mechanical
oscillations.

As an illustration, consider the system of Fig. 225, which shows
how a three-electrode vaccum tube may be used to maintain
continuous oscillations of a pendulum P. Two coils L, and L,
are inserted respectively in the grid and plate circuits of the tube
and placed in front of a small armature HK which is integral
with the pendulum. As the pendulum is swung out of position,
it oscillates back and forth, moving the end H of the armature
alternately toward and away from the grid coil L,. This induces
an alternating potential between the grid and filament of the
tube, which in turn varies the current in the plate circuit and
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plate coil L,. There results a correspondingly varying attraction
of the coil L, on the end K of the armature which, for suit-
able magnitude of the currents and proper polarity of the connec-
tions, has such a phase relation with respect to the oscillation
cycle of the pendulum as to sustain its motion continuously.
The energy expenditure from the plate battery thus compensates
the friction losses which, in the absence of the vacuum-tube
device, would damp out the oscillations of the pendulum and
bring it to rest.

Another example is given in Fig. 226, where continuous vibra-
tions of a tuning fork 7' are sustained by means of grid and plate
coils L, and L, disposed on either side of the tuning fork. The
explanation is quite similar to that just given for the pendulum.
It will be noted that in both cases the plate and grid circuits are
coupled magnetically to a common mechanical system possessing
a natural period of vibration or oscillation of its own. This is
identical with the case of electrical oscillations, where the tube
circuits are coupled inductively to a common oscillatory circuit
having a natural period of electrical oscillation.

Now, in both of the above cases the operation is based on the
fact that the motion or vibration of the mechanical oscillator
produces magnetic field variations in a coil connected in the grid
circuit of the tube. Similar effects may be obtained if the
motion of the mechanically vibrating body produces electric
field variations, a condenser being then used for linking the
mechanical vibrator to the vacuum-tube circuits. This is most
strikingly illustrated in the so-called piezo-electric oscillators
which will be described presently.

Piezo-electric Resonators and Oscillators.—These devices
make use of the property of certain crystalline dielectric materials,
such as quartz, Rochelle salt, and tourmalin, for instance, to
become electrically polarized when submitted to a mechanical
stress; and, conversely, to become mechanically strained when
subjected to an electrical stress, that is, when placed in an elec-
trostatic field.!

Thus, consider a condenser made up of two metal plates
separated by a thin piece of quartz. If the plates are pressed

1 These properties obtain only as far as the mechanical or electrical stress
applied to the crystal is suitably directed with respect to the axes of the
crystal. This makes it necessary in practice to grind opposite faces of the
crystal piece used parallel to each other, and in the desired direction.
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together, squeezing the quartz slab between them, they will
become electrically charged; in other words, a potential difference
will appear between them. Conversely, if the condenser is
connected to a battery establishing a potential difference between
the metal plates, the quartz plate will become slightly flattened,
or else its thickness will increase slightly, depending upon the
polarity of the metal plates.

This permits electrical vibrations to be converted into mechan-
ical vibrations, or, conversely, mechanical into electrical vibra-
tions. Thus, if an alternating potential difference is established
between the metal plates of the condenser, the quartz plate
between them will correspondingly and alternately contract and
expand at the same rate and frequency, and this mechanical
vibration of the quartz plate will be particularly strong if the
frequency of the alternating potential difference applied to the

[ L

e

Fra. 227,

condenser armatures is equal to the natural frequency of mechan-
ical vibration of the quartz plate (which may be as high as
several hundred thousand cycles per second when the piece of
quartz is sufficiently small).

Conversely, if the piece of quartz is struck mechanically and
set into free vibration, an alternating potential difference appears
at the condenser terminals, having a frequency equal to that of
the free mechanical vibrations of the quartz crystal.

Now, if, as in Fig. 227, the condenser with the quartz dielectric
Q is connected between the grid and filament of a three-electrode
tube,! this alternating electromotive force will produce corre-
sponding current variations in the plate circuit of the tube. And
by inserting in this plate circuit an oscillatory ecircuit LC tuned
to the frequeney of the mechanical vibrations of the quartz
piece, a high alternating potential will build up by resonance

1Tn order that the grid shall not find itself insulated from the filament

by the condenser @, it is then necessary to provide a conductive grid-to-
filament connection through a choke coil K of large inductance,
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- across this circuit, and hence also between the plate and filament
of the tube.

As a result of the internal grid-to-plate capacity of the tube, a
proportional alternating electromotive force will be induced in
the grid circuit and applied across the condenser @, adding itself
to the electromotive force originally developed across this con-
denser by the starting vibration of the quartz erystal. And
since, as stated before, an alternating electromotive force applied
to the condenser @ will produce alternate contraction and expan-
sion of the erystal, it may be understood that this arrangement
will serve to sustain continuously the oscillations or vibrations
of the quartz crystal.

This oscillator does not differ in principle from that of Fig. 163,
the only change being that the grid-circuit oscillating element is
here a quartz crystal instead of an electrical oscillatory circuit,

The mechanical oscillators described here (pendulum, tuning
fork, and piezo-¢lectric oseillator) find their most useful applica-~
tions as standard frequency oscillation generators, and in all
circuit arrangements where a great constancy of the generated
frequency is required.
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Aircraft radio apparatus, 286
compass, 88
Airplane antennae, 88, 287
Alternator, high-frequency,
anderson, 112
Goldschmidt, 105
inductor, 108
circuits, high-frequency, 117
Amplification factor of vacuum
tube, 137, 142
power, 154
regenerative, 225
voltage, 152
Amplifier, ferromagnetic, 263
magnetic, 263
reflex, 163
Amplifiers, magnetic, 263
vacuum-tube, 149
cascade, direct-current, 161
impedance-capacity coupled,
158
reflex, 163 .
resistance-capacity coupled,
156
transformer-coupled, 160
input impedance of, 154
neutralization of oscillations in,
192
performance of, 168
push-pull, 169, 173
Antenna systems, 57
Antennae, aircraft, 88, 287
constants of, 63 ;
directional characteristics of, 66
loop, 75, 80, 87
resistance of, 62
various types, 64
wave, 69
Aperiodic discharge, 46

Alex-

Arc, oscillating, 113, 118

Audio frequency, of spark set, 100
Audion (see Vacuum tube).
Autodyne receiver, 235

Automatic synchronization, 237

B
Balanced modulator, 279, 282

C

Capacitance, 7
Capacitive reactance, 23
Capacity, electrostatic, 7
Carrier current, 260
elimination, 261, 277, 282
Cascade amplifiers (see Amplifiers).
Characteristic curves, crystal detec-
tor, 101
oscillating are, 115, 117
three-electrode vacuum tube,
dynamie, amplifier, 150
dynamie, oscillator, 177

static, 134
two-electrode vacuum tube, 129,
130, 131
Characteristics, directional, of an-
tennae, 66

Charge, space, 131

uniformly moving, 10
Circuits (see Coupled circuils).
Closed oscillator, 57
Compass, aircraft radio, 88
Condenser, 7

discharge, aperiodic, 46

oscillatory, 39, 44

energy stored in a, 9

oscillatory discharge of a, 39, 44
Conductance, mutual, 141, 144
Constant, dielectric, 4
Constants, antenna, 63, 80
Cooled-plate vacuum tube, 147
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Coulomb’s law, 3
Counterpoise, 64
Coupled circuits,
tions in, 34
free oscillations in, 47
oscillation generation in, 202
Coupling, effect of, on vacuum-tube
oscillations, 179
Crystal detector, 100
Current, earrier, 260
elimination, 261, 277, 282
electric, intensity of, 12
high-frequency, modulated, 259
saturation, 130
Curves (see Characteristic curves).

D

Damped oscillations, 41
Decrement, 46, 54
Decremeter, 54
Detector, crystal, 100
three-electrode vacuum tube, 216,
222, 225, 227, 235, 247
two-electrode vacuum tube, 215
Detuning method of keying, 118
of modulation, 262
Dielectric constant, 4
Direct-current amplifiers, 161
Direction finding, 82, 88
Directional - characteristics of an-
tennae, 66
Discharge of a condenser, aperiodic,
46
oscillatory, 39, 44
Distortion in radio telephone recep-
tion, 274
Doubler, frequeney, 171, 173
Dynamic characteristic of are, oseil-
lating, 115, 117
vacuum tube amplifier, 150
oscillator, 177

E

Effect of gas on plate current, 182
Electric current intensity, 12
Electromagnetic field, 11

induction, 17

radiation of energy, 19, 60, 66, 73

waves, 19, 60, 66, 73

forced oscilla-
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Electron emission by hot bodies, 128
theory of matter, 1
Electrostatic capacity, 7
field, 4
intensity, 3
induction, 6
Energy, lost through resistance, 14,
62
magnetie, 11
potential, 4
radiation of, 19
stored in a condenser, 9
Excitation, impulse, of damped
oscillations, 52
External-plate-type vacuum tube,
147

F

Factor, amplification, 137, 142

Fading, 75

Fairlead, 288

Ferromagnetic amplifier, 263

Field, electromagnetic, 11
electrostatic, 4
intensity, electrostatic, 3
magnetie, 11
of a uniformly moving charge, 10
of an accelerated charge, 19
radiation, 22

Forced oscillations, 23

Free oscillations, 39, 47, 48

Frequency, audio, of spark set, 100
beat, 122
doubler, vacuum-tube, 171, 173
natural, 42
resonance, 30

Front, wave, 60

G

Gap, quenched-spark, 52

Gas, effect of, on plate current, 132

Goniometer, 82, 84

Grid voltage, effect of, on vaccum-
tube oscillations, 184

H

Heterodyne receivers, 124, 249
reception, advantages of, 125
modulator-type, 284
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Heterodyne receivers, reception,
principle of, 122
High-frequency alternator circuits,
117
alternators, 104
current, modulated, 259

Horn type vacuum tube, 146

1

Impedance, 26

input, of vacuum-tube amplifier,
154

Impulse excitation of oscillations, 52

Inductance, 15
mutual, 18 ;

Induction, electromagnetic, 17
electrostatic, 6

Inductive reactance, 25

Inductor alternator, 108

Input impedance of vacuum tube,

154

Intensity of electric current, 12

of electrostatic field, 3

K

Keying, detuned method, 118
methods, continuous-wave sets,
high-frequency  alternator,
117, 118 -
oscillating are, 118, 119
vacuum-tube, 199, 200
damped-wave sets, 93, 94

L

Length, wave, 60

Long waves, 66

Loop antenna, 75
constants of, 80
unbalance, 87

M
Magnetic amplifier, 263
energy, 11
field, 11

Mechanical oscillators, 292
Medium waves, 66
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Modulated high-frequency current,
259
Modulation methods,
ferromagnetic, 262
detuning, 262
vacuum-tube, 264
ratio, 275, 277
Modulator, balanced, 279, 282
-type heterodyne receiver,
Moving charge, field of, 10
Multivibrator, 208
Mutual conductance of vacuum
tube, 141
induetance, 18

N

Natural frequency, 42
Negative resistance, circuits, vac-
uum tube, 212
developed by vacuum-tube
oscillator, 177, 181
developed by carbon arc, 114
Neutralization of amplifier oscil-
lations, 192

ordinary,

284

0

Ohm’s law, 13
Ohmic resistance, 13
Open oscillator, 57
Oscillating arc, 113, 118
condenser discharge, 39, 44
Oscillations, damped, 41
free, 39, 47, 48
forced, 23, 34
Oscillation generation, by carbon
arc, 113
by vacuum tube, 175
in amplifiers, 192
in coupled circuits, 202
Oscillator, closed, 57
open, 57
Oscillators, mechanical, 292
piezo-electric, 293
quartz, 293
vacuum-tube, 175, 177, 179, 180,
184, 185, 187 :
short-wave, 196
Oscillatory circuits, properties of, 23
discharge of condenser, 39
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P

Parallel resonance, 32

Piezo-electric oscillators, 293
resonators, 293

Potential, 3

Power amplification, 154

Propagation of radiated energy, 19,

60, 66, 73
Push-pull amplifier, 169, 173

Q

Quartz oscillators, 293
resonators, 293
Quenched gap, 52

R

Radiation of energy, 19
resistance, 63
Radio telegraph (see Telegraph).
telephone (see Telephone).
reception, distortion in, 274
Ratio, modulation, 275, 277
Reactance, capacitive, 23
inductive, 25
Receiver, autodyne, 235
Reflex amplifier, 163
Regenerative amplification, 225
Resistance, antenna, 62
energy lost through, 14
internal, of vacuum tube, 139,
140, 143
negative, 177, 181, 212
ohmie, 13
radiation, 63
Resonance, curve, 30
frequency, 30
parallel, 32
series, 28, 32
in coupled circuits, 34, 47
Resonator, piezo-electric, 293
quartz, 293

8

Saturation current, 130
Series resonance, 28, 32
Short wave oscillator, 196
Short waves, 73
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Side band; 260

Single side-band radio telephony,
277

Signalling speed, 119

Space charge, 131

Speed, signalling, 119

Submarine radio apparatus, 290

Superheterodyne receivers, 254

Superregenerative receivers, 227

Synchronization, automatic, 237

T

Telegraphy, radio, continuous-wave
transmitting circuits, 117, 198
continuous-wave receiving cir-
cuits, 120, 122, 125, 249, 284
damped-wave transmitting cir-

cuits, 92, 97
damped-wave receiving ecircuits,
98

Telephony, radio, principle of, 258
ordinary reception, 272
single-frequency band system, 277

Thermionic emission, 128

Three-electrode vacuum tube, alter-

nating-current resistance, 140,
143
amplification factor, 137, 142
amplifiers, 140
dynamic characteristic, 150
cascade amplifiers (see Ampli-
Siers).
characteristic curves, static, 134
constants, measurement of, 142
detector, grid detection, 216
plate rectification, 222
differential resistance, 140, 143
general properties, 128, 133
internal resistance, 139
mutual conductance, 141, 144
oscillator, dynamic characteris-
tie, 177
effect of coupling, 179
effect of grid voltage, 184
efficiency of, 185
mathematical theory, 180
physical explanation, 175
typical circuits, 187



INDEX

Three-electrode  vacuum  tube,
receivers, autodyne, 235
heterodyne, 249, 284
multiple-circuit, 247
regenerative, 225
simple detector, 216, 222
superregenerative, 247
various, types of, 144
Tube (see Three-electrode vacuum
tube and Two-electrode vacuum
tube).
Tuning, 31
Two-electrode vacuum tube, 129
detector, 215

U

Unbalance of loop antenna, 87

Unidirectional goniometer, 84

Uniformly moving charge, field of,
10

301
v

Vacuum tube (see Three-electrode
vacuum tube and Two-electrode
vacuum tube).

cooled-plate, 147
horn-type, 146
impedance of, 154

w
Wave antenna, 69
front, 60
length, 60

propagation, 19, 60, 66, 73
train, 92, 98
Waves, long, 66
medium, 66
short, 73
Wavemeter, 53
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