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UNITED STATES PATENT OFFICE 
2,44,040 

MODULATION SYSTEM 
Edwin K. Stodola, Neptune, N.J. 

Original application November 17, 1942, Serial No. 
465,921. Divided and this application March 5, 
;1946, Serial No. 652,210 

6 Claims. (C. 129-17.5) 

(Granted under the act of March 3, 1883, as 
amended April 30, 1928; 30 O. G. 757) 

The invention described herein may be manu 
factured and used by or for the Government for 
governmental purposes, without the payment to 
me of any royalty thereon. 
My present invention relates to modulation 

Systems, particularly Such as are suitable for 
modulation of carrier Waves. This.application is 
a division of my copending application for "Elec 
trical networks,' Serial Number 465,921, filed 
November 17, 1942, which has matured into Pat 
ent No. 2,397,992, issued April 9, 1946. 
In a signal system in which a source of energy 

is to be modulated in accordance With a signal, 
it is desirable to establish a linear relationship 
between the amplitude of the modulating signal 
and the desired modulating effect. It is a princi 
pal object of my invention to devise a simple and 
effective means for this purpose. 
One object of my invention is to provide a 

modulation netWorkfor a source of carrier waves, 
said network including a nonlinear impedance 
adapted to be modulated and having Such chair 
acteristics that a desired modulation character 
istic of the potential across a portion of the net 
work bears a linear relationship to the modulat 
ing potential. 
Another object of my invention is to provide a 

network for producing a variable output from a 
Source of input Voltage in response to a control 
factor, Variable over a predetermined range, said 
network comprising at least a pair of elements 
connected in series across said Source, one ele 
ment being an impedance which is preferably 
fixed, the other element being a resistance 
adapted to be varied in accordance. With Variation 
of said control energy, said elements being so 
related that the ratio of the magnitude of a 
given characteristic , of the Voltage across said 
output circuit with respect to the magnitude of a 
like characteristic of the voltage across said 
network is a substantially linear function of Said 
control factor variation. 
Another object of my invention is to provide a 

network for producing a Variable phase output 
from a source of alternating current input Volt 
age in response to a control factor Variable over 
a predetermined range, said network comprising 
at least a pair of elements connected in series 
across said source, one element being a reactance 
Which is preferably fixed, the other element being 
a resistance adapted to be Varied in accordance 
with said control factor, and an Output circuit 
connected across one of said elements, Said ele 
ments being so related that the phase angle of 
the voltage across said output circuit is a sub 
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2 
stantially linear function of said control factor 
Variation. 
In accordance with my invention, a source of 

energy to be modulated is connected across a 
Voltage divider including a pair of impedance 
elements, one of Which may be fixed and the 
other. Of which is variable by means of a modula 
tion potential, e.g., the Space-current path of an 
electron tube. The modulated output is derived 
across one of said elements, preferably the one 
which is variable. I have discovered that by 
properly proportioning the value of the fixed im 
pedance and properly choosing the relation be 
tween the impedance of said Space-current path 
and its control factor, a desired characteristic of 
the modulated output with respect to the same 
characteristic of the input is a linear function 
of the modulating potential. If the input energy 
is constant, then the modulated characteristic 
of the Output is a linear function of the modul 
lating potential. 

If the fixed impedance is resistive the network 
functions to produce linear amplitude modula 
tion. If said fixed impedance is reactive, linear 
phase modulation is obtained. 

For a better understanding of the invention, 
together with other - objects thereof, reference is 
made to the following description, taken in con 
nection with the accompanying drawings, 
Wherein: 

Figure 1 is a simplified diagram of an ampli 
tude modulation circuit Which forms the basis 
of my invention; 

Figure 2 is a graph, illustrating the relationship 
between the grid Voltage and the plate cathode 
resistance of a triode at present available on the 
market; 
Figure 3 is a more detailed diagram Of the cir 

cuit shown in Fig. 1; 
Figure 4 is a family of curves showing the re 

lationship between the grid Voltage and the ratio 
between the tube voltage drop and total applied 
Voltage across the tube and resistor in Fig. 3; 

Figure 5 is a simplified diagram of a phase 
modulation circuit including a reactor in Series 
with the tube; 

Figure 6 is a more detailed diagram of the cir 
cuit shown in Fig. 5, and includes a tube and re 
actor in series to constitute a linear phase-modul 
lation circuit; and 

Figure 7 is a graph showing a family of curves 
directed to the relationship of the phase angle 
between the voltage across the tube and the 
modulating potential On the grid in the circuit, of 
Fig. 6. 
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Fig. 1 shows a voltage-divider circuit including 
two resistances 2 and 3 connected in Series and 
energized by a voltage E from an input circuit 4. 
An output circuit 5 is connected across the ter 
minals of the resistance 3. If resistances 2 and 
3 are fixed, the voltage drop acroSS each will 
always maintain the same proportion relative to 

5 

the input voltage E, regardless of the variation 
of said voltage. If, however, the Voltage E is kept 
constant and the resistances varied, the Voltage 
drops thereacross will vary according to their 
relative values. The ratio of the Output. Woltage 
Eo to the input voltage E will vary according to 
the ratio of resistance 3 to the sum of the resist 
ances 2 and 3. 
Where the resistance 2 is kept at constant Value. . 

and the resistance 3 is made variable, the drop 
in potential across resistance 3 will not vary 
directly in proportion to the variation of Said 
resistance, but will vary according to the ratio of 
the resistance 3 to the total resistance of the 
voltage-dividing circuit. It will be obvious, there 
fore, that if resistance 3 was linearly modulated 
in accordance with a signal potential, the modul 
lated output voltage would not be linear With 
respect to the signal potential. 

In accordance with one aspect of my invention, 
linear amplitude modulation is obtained by vary 
ing resistance 3 in accordance With a modulating 
signal in such a manner that the ratio of Said 
resistance with respect to the sum of both re 
sistances 2 and 3 is always proportional to the 
instantaneous voltage of the modulating Signal. 
Simple calculations show that the required rate 
of variation of resistance 3 with respect to the 
modulating voltage to obtain linear modulation 
is given by the following equation: 

R. En Ra-EKE, (I) 
Where: 

R3 is the resistance of resistance 3, 
R2 is the resistance of resistance 2, 
Em is the modulating factor which varies resist 
ance 3, and 

K is a constant of proportionality which estab 
... lishes the extent of the modulating function 
necessary to produce a given effect. 
I have found that at least a portion of the 

dynamic plate-resistance characteristic of an 
ordinary triode closely approximates the require 
ments of the above equation. Hence, by making 
resistance 3 the Space-current path of a grid 
controlled electron tube, the impedance of which 
Varies nonlinearly with the modulation voltage, 
the requirements of the equation can be realized. 
The curve in Fig. 2 shows the variation of plate 
resistance with respect to grid potential of one 
type of commercially available triode, generally 
designated as the type 6C5, with a D. C. plate 
potential of 250 Volts. By choosing the proper 
Operating portion of this characteristic and a 
proper Value for fixed resistance 2, it is possible 
to obtain linear amplitude modulation. 
A more detailed embodiment of the elementary 

circuit of Fig. 1 is shown in Fig. 3, wherein the 
plate-cathode circuit of the tube 3d corresponds 
to the resistance 3 in Fig. 1. The input circuit 
4 is shown connected to the voltage-dividing cir 
cuit, which includes the resistor 2 and the triode 
3d, through coupling condensers 8 and 9 of low 
impedance to the impressed frequency of input 
potential E, which represents a source of carrier 
frequency currents. 
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4 
The triode 3a is shown as a typical heater 

type triode, in which the heater element is shown 
as energized from a Source of heating energy, as 
a, battery , connected to the heater element 
through two R. F. chokes 2 and 3. The cathode 
is connected to one conductor of the input circuit 
A through the condenser 9. The grid is provided 

- with a biasing potential derived from a source 
indicated as a battery 4, connected to the grid 
through an R. F. choke 23 and a high series 
resistance 30. A modulation voltage is applied 
across resistance 3G and battery 4 to vary the 
grid bias. Blocking condenser 30 is of low im 
pedance to the modulating currents. Shunt 
condenser 30 is of high impedance to the modul 
lating currents but of low impedance to any 
residual radio frequency currentS. 

In order to balance out the interellectrode 
capacitance of the triode a parallel shunt, includ 
ing an inductance 7 and a capacitance 8, is 
connected across the tube 3d. The constants of 
the shunt elements and 8 are such, that, at 
the operating radio frequency, the tube capacity 
and the shunt are resonant to said frequency and 
constitute a substantially infinite impedance, 
non-reactive circuit, whereby the shunt resist 
ance is very high at all times compared to the 
plate-Cathode resistance. The plate Voltage for 
the triode 3d, which in the present example 
Operates at 250 volts, is provided by a source in 
dicated as a battery 9, the negative terminal of 
which is grounded, and the positive terminal con 
nected through an R. F. choke 2 to the plate. 
The cathode D. C. return path is provided by 
an R. F. choke 22. The grid biasing battery 4 
is grounded at the positive terminal. The plate 
of the tube is connected to the resistor 2 through 
a blocking condenser 5 having negligible im 
pedance at the operating radio frequency to pre 
vent short circuiting of the plate battery 9 by 
the inductance . 
The grid of triode 3a is shown provided with a 

by-pass condenser 25 to the cathode, to provide 
a low resistance path to any appreciable radio 
frequency Voltage between the grid and the cath 
Ode While, at the same time, permitting the appli 
cation of direct current biasing voltage and 
modulation Voltage between the cathode and the 
grid. 
The two condensers 8 and 9 in the input cir 

cuit, and two similar condensers 26 and 27 in 
the Output circuit, connected to the terminals 
of the triode, are provided to isolate the direct 
Current Voltage within the voltage-divider as 
Sembly of Fig. 3, when that assembly is connected 
to the rest of a circuit. These condensers all 
have a negligible reactance to the impressed fre 
quency. 

In the arrangement shown in Fig. 3, as the 
grid Voltage is varied, the resistance of the tube 
Varies. As above pointed out, the ratio of the 
Output Voltage, representing the drop across the 
tube, to the input voltage, as applied to the 
Voltage-dividing circuit, depends upon the value 
of the resistor 2, and the relationship of that 
Value to the resistance characteristics of the tube 
3d. Since the resistance of the tube 3a between 
the cathode and the anode, will vary with the 
excitation of the grid, the ratio of the output 
Voltage to the input voltage will also vary with 
the grid excitation. 
In Fig. 4, several curves 28a to 28e are shown, 

representing the relationship between the ratio 
of output voltage to input voltage and the cor 
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responding grid voltage for different values of 
resistance in the Series resistor 2 in Fig. 3. 
The Value of the resistor 2 corresponding to 

each curve 28d to 28e is shown at the upper end 
of each curve. The middle curve 28c. correspond 
ing to a resistance value of 15,000 ohms in series 
with the tube, shows a linear relationship be 
tween the ratio of output voltage to input voltage 
Eo/E and the grid voltage, between values of 
Eo/E=0.795 and Eo/E=0.47. Thus, with a cir 
cuit including a tube and a resistor having the 
proper resistance values corresponding to the 
characteristics of the tube, a direct linear voltage 
relationship may be established between modul 
lating voltage on the grid of the tube and the 
output voltage over an extended range, provided 
that the input voltage is held constant. 
While in the above circuit a tube has been used 

as a non-linear resistance, it is evident that any 
other known type of element which has a non 
linear relation between its resistance or imped 
ance and the controlling factor applied thereto 
can be used. In addition, all or part of resist 
ance 2 in Figs. 1 and 3 can be constituted by the 
internal resistance of the source of voltage E. 
Thus, by making the impressed voltage E, in 

Fig. 3, a source of carrier potential and placing a 
source of modulating potential in series with bat 
tery f4, the output Eo will be an amplitude 
modulated carrier which will bear a linear rela 
tionship to the modulating voltage over a range 
depending upon the constants of the circuit. 
Another object of my invention is the use of 

the principles above described to obtain linear 
phase modulation. It is well known that when 
an alternating voltage is applied to a circuit in 
cluding a resistor and a reactance in series, the 
voltage across the reactance is phase displaced 
with respect to the voltage across the resistor, 
and that each such voltage is phase displaced 
with respect to the applied voltage. Such circuit 
arrangement is shown, for example, in Fig. 5, in 
which the applied voltage from an input circuit 
4, similar to that of Fig. 2, is applied to a circuit 
including the resistor 3 and reactance 29. The 
circuit is similar to that shown in Fig. i, except 
that either an inductive or capacitative reactance 
29 is substituted for resistor 2. It Will be evident 
that the output voltage Eo will be phase displaced 
with respect to the input voltage E, the direction 
of such phase - displacement depending on 
whether reactance 29 is capacitative or inductive. 
If the applied voltage E and the reactance 29 are 
held constant while the resistOr 3 is varied in ac 
cordance with a modulation voltage, the phase 
displacement of output voltage Eo will be nodu 
lated. 
The required law of variation of resistance 3 

with respect to the modulating voltage function 
to obtain linear phase modulation of the output 
Eo with respect to the modulating voltage is given 
by the following equation: 

X 
Ratan kE. 

Where X is the reactance of reactor 29 and the 
other symbols are similar to those in Equation I. 
As is the case with Equation I, the require 

ments of Equation II can also be closely approxi 
mated by making the resistance 3 the Space-cur 
rent path of an electron tube. Such a circuit is 
shown in Fig. 6 in which the space-current path 
of tube 3a, which may be of the 6C5 type, corre 
sponds to resistance 3 of Fig. 5. In other re 
spects the circuit is substantially similar to Fig. 3. 
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6 
The modulation characteristics of the circuit 

in Fig. 6 are illustrated by the curves in Fig. l. 
Curves 30a-e-30d show the relationship between 
the grid voltage on tube 3a and the phase angle 
between the applied voltage E. and the Output 
voltage Eo across the space-current path of the 
triode. 
The curve 30b, corresponding to the case where 

a reactor 29 having 15,000 ohms reactance is 
lised, shows a linear relationship between the grid 
voltage and the phase angle between the applied 
voltage and the output voltage for the range of 
values of the phase angle between 15 and 55. 
Thus, by use of proper circuit constants in a volt 
age-dividing System. Such as shown in Fig. 6, a 
triode may be employed as a variable resistor, 
and an output voltage derived across the triode, 
whose phase relationship to the input voltage will 
be a linear function of the amplitude of the 
modulation voltage applied to the tube over a 
substantial range of that Voltage. 

It should be noted that curve 20e in Fig. 7 
shows that amplitude modulation will accom 
pany the phase modulation when reactance 29 
has a value of 15,000 ohms. If this is considered 
undesirable it can be eliminated by conventional 
amplitude liniting or automatic volume control 
methods. 
As is the case with Figs. 1 and 3, any other type 

of non-linear impedance can be used instead of 
tube 3d in Figs. 5 and 6. Also, all or part of re 
actance 29 can be constituted by the internal re 
actance of voltage source E. 
Although in the above described circuits the 

linear relationships are functions of the grid volt 
age, the circuits can be arranged to make Said 
relationships a function of the voltage impressed 
on another electrode or combination of elec 
trodes. 
The phase modulators above described can be 

used as components of conventional frequency 
modulation systems. It has been pointed out by 
Armstrong and others that pure frequency mod 
ulation is equivalent to phase modulation in 
which the maximum phase shift for a given 
modulating voltage is inversely proportional to the 
modulating frequency. Hence, any device which 
produces phase modulation will produce fre 
quency modulation by making the modulating 
voltage inversely proportional to the modulating 
frequency. Of course, at any single modulating 
frequency there is no distinction between the two. 
Hence, in this application reference has been 
made to phase modulation. With the understand 
ing that by properly correcting the modulating 
voltage the same devices and methods will pro 
duce frequency modulation. 
The specific circuits and constants above de 

scribed are to be considered as illustrative of the 
principles of the invention. Numerous modifica 
tions can be made without departing from the 
spirit of the invention as set forth in the append 
ed claims. 

I claim: 
1. A netWork for providing a variable-phase 

output from a source of alternating-current in 
put voltage in response to a control factor vari 
able over a predetermined range comprising: a 
reactance adapted to be coupled to said source in 
series with the space-current path of an electron 
tube, an output circuit coupled Solely acroSS Said 
path, and means adapted to be controlled Solely 
by said control factor to vary the resistance of 
said path, the resistance of said path over said 
range of variation of said control factor being a 
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non-linear function of said variation, the magni 
tude of said reactance being so related to said 
non-linear function that the phase: angle be 
tween the voltage across said output circuit and 
the voltage across said network is a substantially 
linear function of said control factor variation. 

2. A network for providing a variable-phase 
output from a source of fixed-frequency input 
voltage in response to a control voltage variable 
over a predetermined range comprising: a fixed 
reactance adapted to be connected across said 
source in series with the anode-cathode path of 
an electron tube, an output circuit coupled solely 
across said path, and a control grid in said elec 
tron tube adapted to be coupled solely to said 
control voltage to vary the resistance of said path, 
the resistance of said path over said range of 
variation of control voltage being a non-linear 
function of said control voltage, the magnitude of 
Said fixed reactance being so related to the aver 
age resistance of said path over said range that 
the variation of the phase angle of the voltage 
across said output circuit is a substantially linear 
function of said control voltage variation over 
Said range. 

3. A network for varying the phase angle of 
the voltage of a source of alternating current in 
response to a control factor variable over a pre 
determined range, said network comprising an 
input circuit including a pair of impedances con 
nected in series across said source, an output 
circuit coupled solely across one of said imped 
ances, one impedance being predominantly re 
active, the other impedance being predominantly 
resistive, the resistance of which is adapted to be 
controlled solely by said control factor, the varia 
tion of Said resistance being a non-linear func 
tion of the variation of said control factor over 
Said range, the magnitude of said reactive im 
pedance being Sorelated to the average resistance 
of said resistive impedance over said range that 
the ratio of the phase angle of the voltage across 
Said input circuit relative to the phase angle of 
the voltage across said output circuit is a sub 
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8 
stantially linear function of the magnitude of 
Said control factor over said range. 

4. A network for varying the phase angle of 
the voltage of a source of alternating current in 
response to a control voltage variable over a pre 
determined range, said network comprising an in 
put circuit including a pair of impedances con 
nected in series across said source, an output 
circuit coupled Solely across one of said imped 
ances, one of Said impedances being fixed and 
predominantly reactive, the other of said imped 
ances being predominantly resistive and compris 
ing the Space-current path of an electron tube, 
a Control grid in said electron tube adapted to 
be controlled solely by said control voltage, the 
resistance of said path being a non-linear func 
tion of the variation of said voltage over said 
range, the magnitude of said reactive impedance 
being so related to the average resistance of said 
path over said range that the ratio of the phase 
angle of the voltage across said input circuit rela 
tive to the phase angle of the voltage across said 
output circuit is a substantially linear function 
of the magnitude of said control voltage over 
Said range. 

5. A network as set forth in claim 4, including 
means to minimize the effect of the interelectrode 
capacitance of said electron tube. 

6. A network as set forth in claim 5, wherein 
Said means includes reactance shunted across 
Said interelectrode path to form therewith a cir 
cuit which is parallel resonant to the frequency 
of said source. 
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