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PART I

The purpose of this paper is to present the results of an
experimental investigation of the heterodyne phenomena which
occur in the oscillating state of the regenerative electron relay.
The questions to be determined were first, the magnitude of the
amplification produced by the presence of the local or auxiliary
current, and second, the nature of this amplification and the
factors which limit its extent.

In self-heterodyne circuits of the regenerative type there
are, as the names indicate, two methods of amplification, and
these occur simultaneously in the same circuit, each one operating
in its own particular way and practically independently of
the presence of the other to produce a total amplification pro-
portional to the product of the two. On account of the rather
involved nature of the various phenomena, the problem of
separating the total amplification into its component parts by
direct measurement is not simple and an indirect method is the
easiest way out of the difficulty. In the light of our present
knowledge concerning self-heterodyne circuits, there is no reason
to believe that the magnitude of the heterodyne amplification
obtained in these circuits should in any way differ from that
obtained in an ordinary circuit with an external heterodyne.
Hence by measuring the amplification produced in a simple
audion circuit and then by measuring the total amplification
produced when the same tube is provided with a regenerative
circuit and used as a self-heterodyne, a general idea of the
actual and relative magnifications of the two methods may
be obtained.

This method of measurement was therefore adopted and the
* Presented before The Institute of Radio Engineers, New York, Octo-

ber 4, 1916.
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arrangement of apparatus was made according to the diagram
of Figure 1. Referring now to this diagram, M represents the
antenna circuit and N the closed circuit of an electron relay
receiver which may be made regenerative by the opening of the
switch S. The electron relay, which was of the audion type,
was used as the detector and a condenser C1 was included in the
grid circuit in the ordinary way. On account of the high vacuum

FIGURE 1

of the tube an auxiliary leak was required and a high resistance R
was used between the grid and the negative terminal of the
filament. The two svstems X and Y represent the sources of
signaling and local currents respectively. Each system consists
of an oscillating electron relay arranged to excite a second relay,
the input side of which was connected across a resistance located
in the plate circuit of the oscillator. Energy is supplied to the
receiver from the plate circuit of the second tube which acts
purely as a repeater. This arrangement was adopted in order
to prevent the amplification of the signaling current in circuit N
by the regenerative action of the circuits of system Y which,
would occur with a direct coupling between the two. By using
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a one way repeater with the input side connected across a
Tesistance in the plate circuit of the oscillator, this danger is
avoided. The same arrangement was adopted in system X to
prevent the relatively strong local cuirrent reacting in any way
on the source of the signaling current. The relative amplitudes
of the signaling and local radio frequency currents in the closed
circuit were measured by means of a silicon rectifier D1 and a
galvanometer G1. The combination was connected across a
small inductance L one end of which was grounded. A shunt
resistance R2 across the galvanometer was used to vary its
sensitiveness and a series resistance R1 was used to compensate
for changes in the total resistance due to adjustment of the shunt.
The telephone current was measured in the manner described
by Dr. Louis Austin* in a recent publication. A telephone
transformer T separates the variable components of the plate
current from its continuous component and a silicon rectifier
D2 and a galvanometer G2 located in the secondary are therefore
responsive onlv to changes in the plate current. To separate
the audio from the radio frequencies, condensers C4 and C0 of
0.01 Mf. each were connected across both the primary of the
transformer and across the rectifier and as an additional precau-
tion one end of the secondary of the transformer was grounded.

Both the silicon rectifier uised for the measurement of the radio
frequency and the silicon-arsenic rectifier which was used for the
measurement of the audio frequency follow the square law in
the lower part of their characteristics; that is, the rectified
current is proportional to the square of the alternating current.
The reading of the galvanometer G6 is therefore proportional to
the square of the radio frequency current in the circuit N.
The reading of the galvanometer G2 is proportional to the square
of the audio frequency component of current in the plate circuit.
The alternating current energy available for producing sound is
likewise proportional to the square of the current and the reading
of the galvanometer 02 may therefore be taken as a direct
measure of telephone signal strength.

In determining the amplification due to the heterodyne
method a difficulty is encountered in continuous wave reception
due to the fact that when the local current is not present there
is no audible signal in the telephones. In order to obtain a
tone a chopper must be used in some part of the receiving sys-
tem. In the present investigation a chopper of the revolving
commutator type was used in the antenna circuit and the square

* In the "Proceedings of the Washington Academy of Sciences."
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of the variable component of the telephone current taken as a
standard of reference on which to base the relative strength of
signal produced.by the heterodyne.

The first series of measurements were for the purpose of
comparing the signal strength obtained with a chopper and that
given by the heterodyne when the local current was equal in
amplitude to the signaling current. For convenience we may
refer to this case as the "equal heterodyne," i. e., "equal other
force." The conditions under which the comparison was made
were the following: The signaling frequency was set at about
40,000 cycles and the frequency of the local current adjusted
to a given beat tone approximately equal to the maximum
frequency of interruption produced by the chopper. This was
about 600 cycles per second. After a rough adjustment of the
tuning and coupling of circuits M and N, the grid condenser
C2 and the auxiliary leak R were adjusted to give maximum
response in the telephone. The values of capacity and resistance
which gave this result were 0.0001 Kf. and 2 megohms re-
spectively. The time constant of the discharge of the grid con-
denser thru the leak is therefore about 0.0002 seconds. After
this adjustment was completed, the local current was cut off
and circuits M and N carefully adjusted until a maximum of
current was obtained in circuit N as indicated by the maximum
deflection of galvanometer G6. These adjustments were held
constant thruout all measurements in which the external heter-
odyne was- used. The comparison was made over a wide range
of signal strength and it was found that the equal heterodyne
gave a signal which was from four to ten times as loud as that
given by the chopper, the greatest advantage being on the
weaker signals. The four fold amplification usually attributed
to the equal heterodyne with respect to the chopper is fully
realized but the ten-fold amplification was rather unexpected.
The explanation is, however, a simple one, and will appear in
the second part of the paper.

The second series of measurements were for the purpose of
comparing the signal strength of the equal heterodyne and that
obtained when the local current is increased to its critical value.
This case may be referred to as the "optimum heterodyne."
The results of these measurements are illustrated by the curve
of Figure 2 which shows the relation between the amplification
produced by the optimum heterodyne with respect to the equal
heterodyne and the amplitude of the radio frequency signaling
current. It is evident that the magnification varies over a very
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wide range and depends on some inverse power of the signaling
current. On the strongest signals the response for the best
adjustment of local current was only about one and a half times
as great as that of the equal current; whereas, on the weakest
signal, the response was increased fifty-five times and the shape
of the curve indicated that this would be greatly bettered for
still weaker signals. An amplification of several hundred ap-

FIGuRE 2

pears quite probable. With the apparatus on hand, it was
impossible to measure accurately a signal weaker than that
on which the fifty-five fold amplification was obtained. The
missing part of the curve presents an interesting field for further
investigation with more sensitive measuring instruments. An
idea of the strength of signal may be gathered from the fact
that a shunted telephone test gave an audibility of about one
hundred for the weakest signal on the curve. This measurement
was made for the equal heterodyne and it is important to note
that the. method employed was to insert a second pair of tele-
phones in series with the shunted pair and to take the square of
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the expression ZT+ Rs as the audibility. The justification of
R8

this procedure will be found in a contribution of L. Israel*
which fully covers the present case.

The next series of measurements were for the purpose of
determining the relation between the maximum signal strength
obtainable with a simple electron relay with separate heterodyne
and the signal obtainable when the same relay is supplied with a
regenerative circuit and operated as a self-heterodyne. A large
number of comparisons were made on a frequency of about
40,000 cycles. The results were extremely irregular due to the
very criticalnature of the adjustment of the self-heterodyne circuit
but there was found to be an average amplification of about
fifty times with respect to the signals produced by the external
heterodyne. The delicacy of the adjustment may be gathered
from the fact that even tho the tuning condenser of circuit N
was provided with a handle a foot in length the slightest touch
would frequently produce a change of 100 per cent. in the
deflection of the galvanometer G2. In addition to the arrange-
ment of Figure 1, other forms of regenerative circuits were used,
including the magnetic coupling and the particular form of
static coupling illustrated in Figure 3 which has been termed in
some quarters the "ultraudion connection." In spite of the
claims by the patentee that it cannot be a regenerative circuit,
and his explanation of the method of operation (which, by the
way, involves perpetual motion),* this arrangement regenerates
very effectively with a good bulb, and gives an amplification
about fifty times greater than the simple connection with external
heterodyne.

In summing up the total amplification obtained in the
regenerative oscillating relay as compared to the signal obtained
with the same relay in a simple circuit with a chopper, we find,
taking average values, a multiplication of about five times by
the equal heterodyne; a further magnification of at least twenty
times by the optimum heterodyne, and lastly a fifty fold magni-
fication by the operation of the regenerative circuit making a
total of approximately 5.000. This figure has been checked by
direct measurement and on weak signals even greater amplifica-
tions have been obtained.

* "PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS," volume 3,
1915, page 183. It should be noted, however, that as a high vacuum tube
was used, changes in the resistance of the plate potential by adjustment of
the shunt will not affect its sensitiveness. The sole object of the extra pair
of telephones was to maintain constant the impedance of the plate circuit for
the audio frequency current.
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FIGURE 3

PART II.

THE NATURE OF THE HETERODYNE PHENOMENA
Several writers have treated the heterodyne phenomena

mathematically,* but on account of various difficulties which
arise, none of the treatments have been rigorous. When the
special case of the current rectifier type has been considered it
has been largely on a basis of physical reasoning. Without
entering into details of the operations employed in getting at
results, we may consider the conclusions arrived at by the
various writers. They may be divided into two general classes,
one of which supports the view that the amplification which
may be obtained is, theoretically, unlimited, the practical limit
being determined by the disturbances produced in the receiving
system by the local frequency and the current carrying capacity
of the detector. The second theory, which is that due to

* PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS," volume 4,1916,
page 266. Discussion on paper by Dr. L. W. Austin entitled "Experiments
at U. S. Naval Radio Station, Darien." de Forest states "the circuit cannot
be regenerative," and that the manner of operation is such that "a sudden
change of potential impressed on the plate produces in turn a change in
the potential impressed on the grid of such a character as to produce, in
its turn, an opposite change of value of potential on the plate, etc. Thus
the to-and-fro action is reciprocal and self-sustaining, etc." And all this
self-sustaining to-and-fro action between grid and plate goes on (according to
de Forest) without any energy being supplied to the system!

Also Hogan, "Proc. I. R. E.," July, 1913.
Cohen, "Proc. 1. R. E.," July, 1913; June, 1915.
Liebowitz, "Proc. I. R. E.," June, 1915.
Latour, "Elect. World," April 24, 1915.
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Liebowitz, states that the maximum true amplification due to
the heterodyne is four; that this is obtained when the local
current is equal in amplitude to the signaling current, and that
any further increase in response which may be obtained by an
increase in the local current is due to an improvement in the
efficiency of the receiving apparatus and is governed by the
usual limit in such cases, namely 100 per cent.

FIGURE 4

From an experimental standpoint, the key to the true nature
of the phenomena would appear to lie in what may be termed
the "heterodyne characteristic"; that is, the relation between
telephone signal strength and the ratio of local to signaling
current. A number of these characteristics for various values
of signaling current were therefore obtained and the results are
shown graphically in Figure 4. The ordinates of these curves
represent the available energy in the telephones for producing
a tone and the abscissa are in terms of the ratio of local to
signaling current. It will be observed for all four values of signal-
ing current that an increase in the ratio of the local to the signal-
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ing current beyond the one-to-one point produces a very rapid
increase in telephone signal strength which continues up to a
certain maximum value. The maximum is maintained for a
limited range and then the curves fall off and gradually approach
zero value. This is the typical heterodyne characteristic for
the current rectifier and the explanation of the phenomena
attending the rise and fall of these curves should definitely
determine the nature of the amplification.

The rapid rise in the curve as the local current is increased
beyond the one-to-one point will be found in the shape of the
rectifying or valve characteristic of the relay. In relays of the
audion type, this characteristic is the relation between the gird
voltage with respect to the filament and the grid-to-filament
current. The curve of Figure 5 shows this relation for the relay
which was used in obtaining the curves of Figure 4. The grid

r1IUGJRE a

current is the actual conduction current flowing between grid
and filament, and it is on the amplitude of this current that the
value of the cumulative charge in the grid condenser depends.
The curve may be divided into two parts, the upper section of
which is practically a straight line and the lower section of which
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is curved in such a manner that the ordinate is proportional,
approximately, to the square of the abscissa. On account of
this curvature, a difference exists between the conditions of
operation of the equal and optimum heterodyne. A graphical
representation of these conditions is given by Figure 6. In
case (A), which shows the equal heterodyne a local voltage of
amplitude V is continuously applied and maintains a continuous

FIGURE 6

negative charge on the grid of some potential T. The value of
the steady charging current is proportional to 0 P. When the
signaling voltage v is superposed, we get, for the additive state
a total voltage of (V+v) and the charging current becomes
proportional to OQ. For the opposing state the voltage (V-v)
is equal to zero and the charging current is consequently equal
to zero. The total variation of the grid condenser charging cur-
rent, and hence the variation in the average value in the average
value of the grid potential, is between 0 Q and zero. The condi-
tions of the optimum heterodyne are those illustrated by (B).
A local E. M. F. of amplitude V' many times greater than the
signaling voltage v continuously maintains the average value
of the grid potential at some negative value T'. The steady
value of charging current corresponding to V' is proportional
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to O' P'. When the signaling E. M. F. is superposed for the
voltage (Vl+v) the charging current is given by O'Q' and for
(V'-v) by O' R'. The total variation in charging current is
therefore proportional to (O'Q'-O' R') or to R'Q' which is
obviously very much greater than the variation 0 Q in the
charging current for the equal heterodyne.

It must be here stated that the foregoing analysis must not
be taken too literally as to quantitative results. Tendencies
only are represented and these are limited by certain factors
which will now be taken into account. The most obvious limit
to an ever-increasing amplification by increase of the local
current even if the valve characteristic followed the square
law thruout is the counter E. M. F. of the grid condenser.
The variation of the average value of the potential difference
across this condenser can clearly never exceed the variation in
amplitude of the beat voltage across the tuning condenser to
which the relay is, connected. When the efficiency of rectifica-
tion is poor, as it is on the lower part of the characteristic, the
counter E. M. F. of the grid condenser is negligible in comparison
with the resistance reaction of the value. As the efficiency of
rectification is improved by means of the local frequency, the
back E. M. F. of the condenser becomes the dominating reaction
of the circuit and definitely limits the variation of the charging
current. The phenomena are almost identical with the action
of the electrostatic telephone and coincides exactly withthetheory
of Liebowitz. In the case of the electrostatic telephone, the
increase in the efficiency as the local current is increased produces
a greater amplitude of vibration of the diafram. This in turn
produces an increase in the counter E. M. F. of the telephone
which reduces the amplitude of the signaling current and con-
sequently the variation in amplitude of the beat current. In the
vacuum valve, the same increase in efficiency is obtained until
the resulting increase in the counter E. M. F. of the part of the
apparatus on which the work is being done (in this case, the grid
condenser), definitely limits further amplification.

The fall of the curves of Figure 4 are apparently due to the
overloading of the tube by the local current. The steady value
of the grid condenser charge maintained by the local current
gradually cuts down the plate current as the ratio of local to
signaling current increases. This interferes with the relay action
of the tube; and finally, when the plate current is reduced to
zero, renders it entirely inoperative. This form of overloading
may be compensated for in the manner shown in Figure 7 by
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means of an auxiliary battery in the grid circuit which makes it
possible to maintain the plate current at its normal value.
The effect of this auxiliary voltage in compensating for the grid
charge is shown by the two curves of Figure 8. Curve A was
taken with the arrangement of Figure 7 while curve B was taken
in the same manner as the curves of Figure 4. The curves are
self explanatory in this respect. It will be noted, however,

FIGIJRE 7

that curve A, even when the effect of overloading of grid conden-
ser is removed, eventually shows a tendency to fall off. This
is undoubtedly due to another form of overloading, caused by
the radio frequency variations of the grid potential overrunning
the straight part of the grid potential-plate current characteristic
and thereby interfering M ith the audio frequency repeating action.
It is difficult to determine from the heterodyne characteristics
of Figure 4 whether the peaks of the curves indicate a maximum
of efficiency of rectification or the beginning of the overloading
of the tube. The shape of the curves indicate the latter especially
on the stronger signals, but it is in any case immaterial whether
the limitation of apparatus or method predominates in present-
day practice. It is entirely clear that outside of the four-fold
amplification of the equal heterodyne, any further amplification
by increase in the local current is purely a question of improve-
ment in efficiency.

One of the remarkable features of the curves of Figure 4 is
the very rapid increase in the telephone signal strength for a
relatively small change in the local current. In the case of
curve A, the change from the equal heterodyne to the two-to-
one ratio gave a response in the telephones four times as great
as for the one-to-one ratio. The reason for this will be found
in the energy relations in the tube with respect to the radio
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frequency current. The rectifying characteristic shows that the
charging current of the grid condenser and hence the grid
potential is proportional to the square of the radio frequency
current. The useful telephone current is proportional to the
change in potential of the grid and hence to the square of the
radio frequency current. The energy in the telephones available
for producing a tone is therefore proportional to the fourth power

FIGURE 8

of the radio frequency current. In the case of the equal heter-
odyne, the variation in amplitude, assuming unity value of
signaling current, is between 2 and 0, and for the 2:1 ratio it is
between 3 and 1. The relative telephone currents are therefore
proportional to 22 and (32_ 12) or to 4 and 8. The relative
telephone signals are according to the square of these values or
in the ratio of 1:4. This corresponds almost exactly with the
experimental result.

The shape of the valve characteristic also explains the interest-
ing fact discovered by Dr. Austin,* that the plate current is
proportional to the second power of the radio frequency current
in the non-oscillating state but to the first power in the oscillating
state. In the non-oscillating state, the rectification takes place

* "Bulletin Bureau of Standards," 11, 77, Reprint 226, 1914.
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on the lower part of the curve where the square law holds (with
reference to zero current). In the oscillating state the operation
takes place on an upper part of the curve which, for small
changes of potential is practically a straight line.

It is evident from this that a regenerative receiver in the
oscillating state delivers to the telephones an amount of energy
which is proportional to the energy of the radio frequency
current in the antenna. The relative amplitude of stray to
signaling current in the telephones is therefore independent of
the size of the antenna, and barring physiological effects and the
possibility of overloading the tube, the readableness of signals
should also be independent of antenna size. In ordinary practice
this seems to be the case.

In the non-oscillating state the first power proportionality
between antenna and telephone energies is maintained only for
strong signals. For weak signals or even moderately strong
signals the telephone current is proportional to the square of
the antenna current. This means that in the working range
the telephone energy will fall off very rapidly with a decrease in
antenna energy with the result that the smaller the antenna
the greater the ratio of the intensities of strays to signals in the
telephones. Hence it follows that the larger the antenna the
more readable the signals.

The relative effect of antenna size on readability of signals is
well illustrated by experiences in the reception of the con-
tinuous waves of Nauen and Eilvese and the damped waves of
Glace Bay at stations in the vicinity of New York. It is a well
known fact that on a small antenna the German stations give
more readable signals thru strays than the Glace Bay station.
On a large antenna the conditions are reversed and the Glace
Bay signals are by far the best.

In conclusion, the writer wishes to state that this paper does
not pretend to be in any way an exhaustive treatment of the
heterodyne phenomena. Only the outstanding features have
been considered, but it is believed that it has been established
from an experimental and physical basis that there is a very
definite limit to the amplification which can be produced by the
heterodyne action. The analysis of the mechanism of the
amplification occurring in the electron relay receiver supports
in every respect the conclusions of Liebowitz.
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SUMMARY; The amplifying action of the regenerative oscillating electron
relay is carefully studied. It is found, by separation of the various effects,
that there exist three distinct types of amplification. The first, or equal
heterodyne type, occurs when the local oscillating current is equal to the
signaling current. The second, or optimum heterodyne type, occurs when
the local oscillating current is increased to the critical value for maximum
response. The third, or regenerative type, results from the amplifying
action of the relay and its associated circuits. The roughly approximate
numerical values of the three types are five-, twenty-, and fifty-fold, making
a total amplification of five thousand times or more.

The mechanism of these phenomena is considered in detail with especial
reference to the limitations of each process.
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