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The invention herein described and claimed
relates to a phase-modulation system, and par-
ticularly to an improved phase-modulator circuit
capable of providing substantially linear phase
modulation over g relatively wide range, which,
in the preferred embodiment, is substantially free
of undesired amplitude modulation.

The eircuit of the present invention is very
simple and employs but g single vacuum tube,
which may be of standard construction; yet linear
‘phase variations are achieved over a deviation
range subsiantially wider than has heretofore
been attained prior to the frequency~-multiplica-
tion stages unless relatively expensive special
- tubes and complicated circuits be employed.

Frequency-multiplication snd heterodyning
meay also be employed, or even required, in con-
nection with my novel phase-modulator in order
to further widen the deviation range to usable
magnitude, but linear phase variations of the
order of 140° i, e. plus and minus 70°, are at-
tained prior to any multiplication of frequency.
This is substantially wider than has been hereto-
fore attained without the employment of costly
apparatus.

It is an object of this invention to provide rela-
tively simple, inexpensive means capable of pro-
ducing substantially distortionless phase modu-
lation over a relatively wide range, :

It is another object of this invention to pro-
vide means for producing substantially linear
prhase modulation over a relatively wide range
prior to the employment of frequency multipliers.

It is a further object of this invention to pro-
vide means for producing substantially linear
phase modulation over s relatively wide range
prior to the employment of frequency multipliers
end without simultaneously producing undesired
amplitude modulation,

These and other objects, advantages and fea-
tures of my invention will become clear from a
consideration of the following detailed descrip-
tion of the é.ccompanying drawings wherein

Figure 1 is a schematic illustration of a circuit
comprising one form of phase modulator embody-
ing my invention;

Figure 2 shows the phase-shift characteristics
of my improved circuit; and

Figure 3 is a schematic illustration of a modi-
fied form of phase-modulator embodying my in-
vention.. .

Referring now to Figure 1, there is shown g
vacuum tube {0, which may be g pentode, having
anode {1, cathode 12, control grid 13, screen grid
14 and suppressor grid 11, Anode 11 and screen
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grid {4 are connected t0 sources of fixed positive
potential which may be of the order of 180 volts
and 120 volts, respectively. ' Capacitor (§ func-
tions as a by-pass capacitor, Suppressor grid 17
is connected to cathode {2 and both are grounded
coil 18 which offers high im-
pedance to carrier frequencies but offers negli-
gible impedance to modulating frequencies, The
Q of coil 18 is high, preferably of the order of
twenty or more. The inductance value of coil {8
is preferably such that its reactance at carrier
frequencies is very high in comparison with the
minimum value of the inverse mutual conduct-
ance, 1/Gm, of tube 18. The optimum inductance
value of coil 18 is dependent upon the grid-volts
versus mutual-conductance characteristic of the
particular tube employed, as will be more fully
discussed hereinafter,

Tube 10 is breferably, although not necessarily,
& variable-u tube having a high amplification fac-
tor. An example of g tube. having very excellent
characteristics for this purpose is the pentode
identified commercially as type 9003, but as in-
dicated above, tubes having less desirahble charac-
In some of the experiments
which I conducted, a type 6J5 triode was used
and produced very satisfactory results, This tube
is not a variable-x tube and has an amplification
factor of twenty.

Referring again to Figure 1, the value of ca-
pacitor 19, connected between control grid 13 and
cathode 12, is such that its reactance at carrier
irequencies is greater than that of inductance coil
{8, preferably twice as great, for reasons that will
become clear. Capacitance {8 offers very high
impedance to modulating frequencies.

Control grid 3 is negatively biased with respect
to ground, as by battery 2f: the biag voltage is
applied by way of the secondary winding of coy-
pling transformer 15§ in series with grid resistor
22. Transformer {5 couples the modulating volt-
age source Em to the grid of tube I8 through re-
sistor 22. Coil 23 and capacitor 24 comprise g
carrier-frequency input circuit 25. The capaci-
tance of capacitor 24 is ordinarily much larger
than that of capacitor 8. The impedance of in-
but circuit 25 is low, preferably ‘much smaller
than the smallest input impedance of the phase~
modulator (Figure 1) at carrier frequency. The
manner in which the input impedance of the
phase-modulator circuit varies with the modu-
lating signal will be described hereinafter. The
its
source in a stable oscillator, such as a crystal os-
cillator (not shown),
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The operation of the circuit of Figure 1 will ‘novf/‘

be described. Consider first an unmodulated
wave of substantially constant carrier frequency
applied to control grid i3 by way of input circuit
25. The current flowing through coil {8 will be
comprised of two ‘components, (@) the carrier-
frequency current from the input source 25 flow-
ing through coil 18 by way of the total grid-to-
cathode capacitance, and (b) a carrier-frequency

_current having its source in tube 10. Component
(b) flows through & series circuit which includes
the internal output impedance of tube 10, capaci-
tor 16, ground, and inductance coil i8.

The total grid-to-cathode capacitance, referred
to above, comprises capacitor 19 and the grid-to-
cathode inter-electrode” capacitance. The latter
wili ordinarily be very small in comparison with
the magnitude of capacitor 19.

Assume now & modulating voltage Em to be ap-
plied through transformer 15 and resistor 22 to
control grid 13. The effect of this voltage is to
vary the bias on tube 10 about the fixed operating
bias provided by battery 21. Care is to be eéxer-
cised in the selection of the fixed operating bias,
and in the preferred embodiment, this point is
jocated on the lower portion of the grid-volts
versus plate-current characteristic of tube 10. If
tube 10 be a variable-u tube, the lower portion of
this characteristic is long and curving and ap-
proaches cut-off slowly at & non-linear rate. The
mutual conductance, Gm, of tube 10 will there-
upon vary pon-linearly as a function of the ap-
plied modulating signal.

The manner in which the mutual conductance
Gm varies may be indicated generally as follows:
As the modulating voltage Em approaches a maxi-

tube 10 approaches close to
cut-off, the mutual conductance Gm of the tube
‘approaches zero, and the plate current is sub-
stantially zero. As the modulating voltage Em
approaches a maximum positive value, the Gm of
tube 10 attains a maximum value and a heavy
plate current flows through coil i8. Intermediate
these two extremes of modulating signal, the Gm
of the tube and the magnitude and phase of the
plate current vary over a range of intermediate
values as a function of the applied modulating
signal.

When the modulating signal is & maximum
negative value, and the mutual conductance Gm
of tube 10 is zero, or at least very small, the phase-
" modulator portion of the circuit of Figure 1 re-

duces to & capacitance-inductance voltage-divider
network in which the capacitance is comprised of
the total grid-to-cathode capacitance, including
capacitator i9, and the inductance is comprised
of coil 18. If the relationship between the capaci-
tance and inductance values of the voltage-divider
circuit be such that, at the operating carrier fre-
quency, the reactance of coil 18 be smaller than
that of the total grid-to-cathode capacitive re-
actance, then the carrier-frequency voltage ap-
pearing across coil {8 will be 180° out of phase
with the carrier-frequency input voltage. ‘And
if the reactance of coil {8 is one-half that of the
grid-to-ca.thc)de capacitive reactance, the carrier-
frequency voltage developed across coil 18 will not
only be 180° out of phase with the carrier-fre-
quency inpub voltage, but will also be equal in
_ magnitude thereto.

In short, when the modulating voltage applied
to grid (3 is a maximum negative value, tube 10
is virtually inoperative,

. and the magnitude and phase of the voltage devel-
oped across coil I8 is wholly dependent upon the

no plate current flows,-
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carrler-fr'eqﬁéncy input voltage and the parame-
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vider network.

At a maximum positive value of modulating -
voltage, the mutual conductance Gm of tube 10
becomes maximum, & large carrier-frequency
plate current flows through cathode-coupled coil
(8, and the circuit of Figure 1 functions as a
cathode-follower circuit, as will become clear
from the following consideration. - When the Gm
of tube 10 is very high, the large carrier-fre-
quency Dplate current flowing through coil (8
develops: a voltage. thereacross which is in phase
with the carrier-frequency input voltage. This
in-phase voltage opposes the input voltage and
has the effect of increasing to a relatively high
value the effective input impedance of the phase-
modulator as seen by the applied carrier-fre-
quency input voltage. The effect of this high
input impedance is to 1imit the input current to a
very small magnitude, and hence but a very small
input current flows through capacitor 19 and coil
18. The total voltage developed across coil 18 1s
therefore determined almost entirely by the rela-
tively large carrier-frequency plate current flow-
ing therethrough. ’

In brief, when the modulating signal is strongly
positive, the circuit of Figure 1 resembles a
cathode-follower circuit and has the well-known
characteristics thereof, namely, the input 4im-
pedance is very high, the output voltage developed
across the cathode load is in phase with the input
voltage, and the magnitude of the output voltage
is almost equal to that of the input voltage, being

"just slightly smaller.

In summary of the foregoing, assuming the in-
ductive reactance of coil 18 at the operating car-

_yier frequency to be smaller than that of the grid-

to-cathode capacitive reactance, my novel circuit
arrangement is effective to accomplish the follow-
ing: At maximum negative modulating signal -
voltage, the Gm of tube 10 is substantially Zero
and the voltage developed across coil 18 is 180°
out of phase with the input carrier-frequency
voltage. At maximum positive signal voltage, the
Gm of tube 10 is very large and the voltage devel-
oped across coil 18 is substantially in phase with
the input voltage. For modulating voltages in-
termediate these two extremes, the Gm of tube 10
assumes instantaneous intermediate values which
are a non-linear function of the applied modulat-
ing voltages, and the instantaneous voltage devel-
oped across coil 18 is out of phase with the input
carrier-frequency voltage by an amount which is
dependent upon the instantaneous Gm of the
tube. -

1f the grid-to-cathode capacitive reactance of

. tube 10 be twice as large as the inductive re-
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actance of coil 18, then in addition to the above
recited - phase relationships, the output voltage
and input voltage will be substantially equal in
magnitude at all times irrespective of the instan-
taneous value of modulating voltage applied to
grid 13. The constancy of the relationship be-
tween the magnitudes of the input and outout
voltages may be explained by the fact that the
current through coil 18 is comprised of two
components which are out of phase and differ- -
entially related in magnitude. '_I‘hat' is to say, as
the applied modulating signal increases in a posi-
tive direction, the mutual conductance of the
tube increases and so does the plate current
component. of the current through coil 8. But
the voltage thus developed across- coil - 18 op-
poses the input voltage; and the input impedance



of the phase-modulator consequently increases

as & function of the developed voltage. The in-

crease in input impedance decreases the Input -

component of the total current through coil {8,
and offsets the increase in the plate-current com-
ponent. The net result is that the voltage de-
veloped across coil 18 remains substantially con-

stant in magnitude, i. e., equal at all times to

the applied input voltage. The phase, however,
changes.

With respect now to the lnearity of the phase
variations, it is to be understood that linearity
is dependent upon the grid-volts versus mutual-
conductance characteristic of the particular tube
and upon the value of the reactance of the
cathode-coupled coil §8. For 3 given tube, and
8 selected value of cathode-load reactance, the
degrees of phase-shift may be readlly calculated
and plotted for various linearly-spaced values

of grid volts. A convenient formula for this
purpose is .
—— 4anh
tan = @;{*X—-——b,_l
where

8=Degrees phase shift.

Zx=Cathode load reactance. .

Gm=Mutval conductance of tube for the various
values of grid volts.

‘The above formula assumes that the amplifi-
cation factor of the tube is very much greater
then one and that the cathode load reactance
is one-half the grid-to-cathode capacitive reac-
tance. It will be evident that by plotting 'a series
of .graphs for various values of cathode-load re-
actance Xx for each of various tubes, determing-
tion may be made of the combinations of tube
and cathode load reactance which give the more
linear phase-shift characteristics. '

In the operation of my novel phase modulator
as described above, it is assumed that the mag-
nitude of the carrier-frequency input signal is
insufiicient to cause substantial variations. in the
Gm of tube (8. Incidentally, one of the advan-
tages of using & variable-u tube is that the root-
mean-square value of the carrier-frequency in-
put signal may be larger without introducing un-
desirable variations in the Gm of the tube. An-
other advantage is that the operation of the
phase medulator is less critical with respect to
the constancy of the fixed potentials applied to
the electrodes. These advantages flow from the
fact that the grid-volts versus degrees-phase~
shift characteristic of a variable-x tube is less
steep than that of sharper cut-off tubes.

Referring again to Figure 1, atteniion is called
to the fact that while capacitor {9 has thus far
been described as being present in the circuit be-
tween the grid and cathode electrodes of tube 10,
there may be instances in which capacitor {8
may be omitted altogether, as for example, where
the operating carrier frequency is very high and
the capacitive reactance between grid and cath-
ode due to the inter-electrode capacitance is ade-
quate for the purpose.

In Figure 2 there is shown an illustrative grid-
volts versus degrees-phase-shift characteristic of
the ecircuit of Figure 1. It will be observed that
linear phase modulation is not obtained over the
entire 180° range, slight distortion occurring at
the two extremes of the curve. Linear phase
shift is obtained, however, over a range of about
140°, My improved circuit consequently permits
phase modulation of the order of plus and minus
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70° prior to frequency multiplication. This, to

~the best of my knowledge, is substantially greater

than that achieved by prior art systems without
the use of special and expensive apparatus,

Results similar to those cbtained from the cir-
cuit shown in Figure 1 are obtainaple from the
modified circuit shown in Figure 3, in which many
of the elements are identical to those of Figure
1 and are identified by the same reference nu-
merals. In the circuit of Figure 3, however, the
cathode~coupled load coil is replaced with a cath-
ode-coupled load capacitor 48 across which the
output voltage is developed. Coil 43 is 8 carrier-
trequency choke. An inductance coil 49 is con-
nected between grid {3 and cathode 12. Capaci-
tor 42, shown in series with coil 40, is a blocking
capacitor having low impedance to radio frequen-
cies but high impedance to modulating frequen-
cles. The reactance of coil 40 at operating car-
rier frequency is larger than that of capacitor 44,
preferably twice as large in order to keep simul-
taneous amplitude modulation to a minimum.

The circuits shown in Figures 1 and 3 may, by
changing the relative values of capacitor 24 and
grid resistor 22, be used to provide indirect fre-
quency modulation. - A definition and discussion
of indirect frequency-modulation may be found in
“Frequency Modulation” by Hund, 1942, When
my circuits are employed to provide phase modu-
lation, the reactance of capacitor 24 at the modu-
lating frequencies should be much greater than
the resistance of grid resistor 22. When, how-
ever, the circuits are to be used to provide indirect
frequency modulation, the reactance of capacitor
24 at modulating frequencies should be much
smaller than the resistance of resistor 22.

In describing the operation of my circuit I have

assumed the input voltage to be of substantially
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constant high carrier frequency since in many ap-
plications of my phase modulator the signal ap-
plied to input circuit 25 will be an unmodulated
radio frequency voltage. It should be understood.
however, that the input voltage may be of lower
than radio frequency, the requirement merely be-
ing that the modulating signal be of lower fre-
quency, preferably substantially lower, than the
frequency of the input.voltage. It should be fur-
ther understood that the voltage applied to input
circuit 25 may be a modulated signal which is to
be further modulated, and that, if desired, two or
more of my novel phase modulator circuits may,
with suitable isolation, be coupled in tandem.

Having described my invention, I claim:

‘1. In a phase-modulation system: a vacuum
tube having cathode, plate and grid; a source of
alternating input voltage of predetermined fre-
quency connected between said grid and a point
of reference potential; a source of direct-current
plate voltage connected between said plate and
said point; a first reactance, having substantial
magnitude at the frequency of said input voltage,
connected between said cathode and said point,
sald first reactance being common to the grid-
cathode and plate-cathode circuits of said tube;
a second reactance of opposite sign connected di-
Tectly between said grid and saiq cathode, the
magnitude of said second reactance at the fre-
quency of said input voltage being substantially

“larger than that of said first reactance; modulat-

Ing means connected in the grid-cathode eircuit of

~ said tube for varying the tube’s mutual conduc-

75

tance at a frequency lower than the frequency of

said input voltage; and means for deriving an out-

put voltage between said cathode and said point.
2. In a phase-modulation system; & vacuum
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tube having cathode, plate and grid; a source of
alternating input voltage of substantially constant
peak amplitude and frequency connected between
said grid and a point of reference potential; &
source of direct-current plate voltage connected

between said plate and said point; a reactance,

having substantial magnitude at the frequency of
said input voltage, connected between sald cath-
ode and said point, said reactance being common
to the grid-cathode and plate-cathode circuits of
said tube: a reactance of opposite sign obtaining
between said grid and said cathode, the magnitude
of said last-mentioned reactance at the frequency
of said Intut voltage being substantially twice that
of said first-mentioned reactance; modulating
means connected in the grid-cathode circuit of
said tube for varying the tube's mutual conduct-
ance at a frequency lower than the frequency of
said input voltage; and means for deriving an out-
put voltage between said cathode and said point.

3. The combination claimed in claim 2 charac-
terized in that said first-mentioned reactance is
an inductance.

4. In a phase-modulation system; a vacuum
tube having cathode, plate and grid; a source of
alternating input voltage of substantially constant
frequency connected between said grid and a point
of fixed potential; a source of direct-current plate
voltage connected between said plate and said
point; a first reactance, having substantial mag-
nitude at the frequency of said input voltage, con-
nected between said cathode and said point, sald
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first reactance being common to the grid-cath- -

ode and plate-cathode circuits of said tube; a sec-

ond reactance of opposite sign connected directly
between said grid and said cathode, the magnitude
of said second reactance at the frequency of said
input voltage being substantially larger than that
of said first reactance; means for applying a fixed
bias to said tube; means for applying a modulat-
ing signal between said grid and cathode, the fre-
quency of said modulating signal being lower than
the frequency of said input voltage; and means for
deriving an output voltage between said cathode
and said point of fixed potential.

5. In a phase-modulation system; a vacuum
tube having cathode, plate and grid; a source of
aiternating input voltaze of substantially constant
frequency connected between said grid and a
point of fixed potential; a source of direct-current
plate voltage connected between said plate and
said point; a first reactance, having substantial
magnitude at the frequency of said input voltage,
connected between said cathode and. said point,
said first reactance being common to the grid-
cathode and plate-cathode circuits of said tube; a
second reactance of opposite sign connected di-
rectly between said grid and said cathode, the

magnitude of said second reactance at the fre-.

quency of said input voltage being substantially
twice that of said first reactance; means for
applying a fixed bias to said tube; means for
applying a modulating signal between said grid
and cathode, the frequency of said modulating

signal being lower than the frequency of said in-

put voltage; and means for deriving an output

voltage between said cathode and said point of
fixed potential. :

6. The combination claimed in claim 5 char-
acterized in that sald plate is coupled to said
point of fixed potential by means having substan-
tially negligible impedance at the frequency of
sald input voltage. . i

7. In a phase-modulation system; a vacuum
tube having cathode, grid and plate; a source of
voltage of substantially constant carrier fre-
quency connected between said grid and ground;
a source of direct-current voltage connected be-
tween said plate and ground; an inductive reac-
tance connected between sald cathode and ground,
said inductive reactance being common to the
grid-cathode and plate-cathode circuits of said
tube, the magnitude of said inductive reactance
at said carrier frequency being substantial and
of the order of one-half the magnitude of the
capacitive reactance obtaining between said grid
and cathode; modulating means connected in the
grid-cathode circuit of said tube for varying the
tube’s mutual conductance; and means for de-
riving an output voltage between said cathode
and ground.

8. In a phase-modulation system; a vacuum
tube having cathode, anode and grid; a source
of voltage of predetermined radio frequency con-
nected between said grid and a point of fixed po-
tential; a source. of direct-current voltage con-
nected between said anode and said point; a first
reactance, whose magnitude at said radio fre-

5 quency is substantial, connected between said

- cathode and said point, said first reactance being
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common to the grid-cathode and plate-cathode
circuits of said tube; a second reactance of op-
posite sign connected directly between said grid
and cathode, the magnitude of said second re-
actance at said radio frequency being of the.order
of twice that of said first reactance; a source of
fixed biasing voltage connected in the grid-cath-
ode circuilt of said tube, said biasing voltage being
of such magnitude as to produce operation of
sald tube on the non-linear portion of the grid-
volts versus mutual-conductance characteristic;
8 source of modulating signal connected in the
grid-cathode circuit of sald tube; and means for
deriving a radio-frequency output voltage be-
tween said cathode and said point of fixed
potential.

SIDNEY W. LEWINTER.
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