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x Nathaniel Bishop, Fairfield, Conn.
N Application April 24, 1941, Serial No. 390,135
' 1 Claim. (CL 179—171.5) )

The present invention relates to & crystal sta- my invention to provide a system and circuits by
bilized frequency modulation system wherein it is means of which these desirable results are oh-
proposed, according to the invention, to use & tained.
plezo electric crystal for the stabilization of the With the above and other objects in view, em-
carrier frequency generated by an oscillator, 5 podiments of the invention are shown in the ac-
which oscillator is to be frequency modulated by a -companying drawings, and these embodiments
reactance modulating device, having the charac- will be hereinafter more fully described with ref-
teristic that the reactance that the device intro- erence thereto, and the invention will be finally
duces into the. oscillator circuit varies with the pointed out in the claim.
modulating voltage applied to the device. 10 In the drawings:

The use of a vacuum tube reactance moduiator Fig. 1 shows a schematic circuit of a triode
and an ordinary vacuum tube oscillator as & crystal oscillator, this being & known circuit and
means of producing frequency modulated signals llustrated for the purpose of explanation.
is a technique well known to the art. Because of Fig. 2 shows & schematic circuit of & crystal
the difficulty of maintaining adequate stability of 15 stabilized frequency modulation system, accord-
the carrier frequency, such use has been limited ing to the invention.
to experimental work. Systems using reactance Fig. 3 is a graph showing a curve illustrating
modulated oscillators are now in use, wherein the variation in output frequency of a triode
stability is maintained by beating the output of crystal stabilized with changes in plate load re-
the reactance modulated oscillator with the out- 20 actance, according to the circuit shown in Fig. 2.
put of a separate crystal oscillator, and then by Fig. 4 shows a schematic circuit according to
applying the difference frequency to electrical or the invention in which a pentode reactance mod-
electro-mechanical circuits which react back on ulator is used in combination with & triode crys-
the modulated oscillator in such a8 W&y a5 to tend tal stabilized oscillator.
to hold the carrier frequency constant. It will 25 Fig. b shows & schematic circuit in which 2
be noted that such systems do not use the crystal pentode reactance modulator is used in combina-

_ oscillator directly in the signal generating cir- tion with a pentode crystal stabilized oscillator.
" cuits. : : Fig. 6 is a graph showing a tuning curve char-

The only systems at present in use in which a - acteristic of the circuits illustrated in Figs. 4.

' . plezo electric crystal is used directly in the signal 30 and 5.
S . generating circuits of & frequency modulation Fig. 7 shows a schematic circuit according fo
transmitting system are (1) the phase chift meth-  'the invention in which frequency modulation of
. od as disclosed in patents to Edwin H. Armstrong, the crystal stabilized oscillator is obtained by re-
wherein a small phase shift at a relatively low actance variation in the input or grid circuit.
frequency requires several stages of frequency 35 The theory of operation of the system of crystal
" multiplication to arrive at an operating frequency stabilized frequency modulation, according to my
with sufficient frequency deviation to give a use- invention, and the circuits illustrative thereof ~
ful frequency modulated signal, and (2), & sys-. may best be understocd by 2 preliminary ex- )
tem of frequency modulation of a crystal con- planation of a simple triode crystal oscillator of

trolled oscillator by reactance variations in the 40 known form &s shown schematically in Fig. i,
plate circuit as disclosed in the patent to Irving and which comprises the following elements:
Langmuir, No. 2,082,620 1t is well-known to ,
those versed in the art that the amount of fre- '_.—_GCrS,'Sml plate and mounting.
quency change produced by reactance variation 2—Grid resistor.
in the plate circuit of & normal or pure crystal 45 3—Triode vacuum tube with heater, cathode,
controlled oscillator, by which is meant a crystal — lgnd, aﬁld plate.
oscillator in which the outpub frequency is large- Plate coll.
wd : §—Plate tuning capacitor.
etermined by the natural period of the crystal 6 Plate by-pas cit
jtselt, can only be an extremely small percentage y-pass capaciior.

1—Source of plate potential.
of the frequency determined by the natural pe- .
2log of the crystal. 8—Source of heater potential. -

o

0

The circuits and systems briefly outline above The values of the plate coil 4 and the plate tuning
indicate that & simpler and more direct means of capacitor 5 are chosen so that this tuned circuit
obtaining stable frequency modulated signals is resonant at the crvstal frequency at about the
. -would be highly desirable, 'ahd it is an object of 85 mid-capacity setting of the plate tuning capac-
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ttor. It will be noted that plate load of the tri-
ode 3 is a positive reactance at the crystal fre-
quency when the circuit is tuned to a higher fre-
quency than the crystal frequency.

The operation of the circuit llustrated in Fig, 1
is well known to the art but, for the sake of
tompleteness, the following description is given
here. The condition for oscillation in this circuit
is that sufficient voltage of the proper phase is
fed back from the output circuit to the input
circult by way of the plate to grid eapacity of
triode 3, to neutralize the losses in the crystal
and the grid circuit of the oscillator. This con-
dition is met as the capacity of the plate tuning
capacitor § Is increased to the point where the
positive reactance of the plate load is high enough
to feed back the requisite voltage. If the ca-
pacity of the capacitor 5 is Increased beyond this
starting point, the feedback, and consequently
the output of the oscillator, increases until the
conditions of oscillation are no longer met and
osclllation ceases. The important phenomenon
which is noted as one observes such an oscillator
during the process of tuning the plate circuit,
is that the frequency of the oscillator decreases
BS the capacity of the capacitor § is increased
in the tuning range just before oscillation ceases.
This change in frequency is very small, in the
order of 100 or 200 cycles for g 7000 kilocycle
crystal. The small range of frequency variation,
with changes in plate load reactance, makes the
combination of a normal crystal oscillator and a
reactance modulator impracticable for the gen-
eration of frequency modulated signals. ]

According to my invention, I bropose to pro-
vide the means of making it possible to get a
relatively large range of frequency variation of a
crystal stabilized oscillator with variations in the
reactance of circuits in the oscillator external
to the crystal itself, thug allowing the frequency
modulation of such an oscillator by means of a
s0-called reactance modulator circuit.

In Fig. 2 I have shown one circuit, according
to the invention, and which comprises the follow~
ing elements:

{A—Crystal plate and mounting.
2A—Grid resistor.
3A—Triode vacuum tube with heater, cathode,
grid and plate.
4A—Plate coil.
5A—Plate tuning capscitor.,
6A—Plate blocking condenser.
TA—Plate choke coil.
8A—Source of plate potential.
9A~—Source of heater potential.
10A-—Output coupling coil.
I IA—Reactance modulator.

For the purpose of the present description the
element I1A i3 generalized as a reactance modu-
lator, which may be any suitable device, elec-
tronic, such as a reactance tube, or electrome-
chanical, such as a small capacitor, one plate of
which may be vibrated by an electromechanical
transducer. Specific circults having the desired
characteristics will be described later. Compar-
‘Ing the oscillator in Fig. 2 with that in PFig, 1
it will be seen that, if the crystal | in Pig, 1
were replaced by a short circuit or a large ca-
pacitor the circuit would not oscillate, as insuffi-

cient or no excitation voltage would exist between

the control grid of tube 3 and its cathode. In
Fig. 2, however, the crystal (A may be replaced
by a Iarge capacitor-and the circuit will still oS-
cillate by virtue of the excitation voltage exist-
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Ing between the cathode of tube 3A and ground,
which in effect exists between the cathode and
the control grid. In the case of Fig. 2 the volt-
age between the cathode of tube 3A and ground
is obtained by tapping the cathode above the
grounded end of the plate tuning coil 4A. A
part of the total logd circuit is thereby made com-
mon to the grid and plate circuits of the oscil-
lator.” The most important effect of this con-
nection is that the frequency variation obtainable
by plate tuning has been increased many times.
In other words I have found that a circuit such
as Fig. 2 allows a wide range of output frequency
to be obtained while still maintaining a degree
of stabilization due to the presence of the piezo
electric crystal in the control grid circuit. Asg is
shown in Pig. 6 such a circuit can be made to
oscillate over a much wider range of frequencies
than that range wherein the crystal is acting
to stabilize the frequency. However, operation
must be conflned to that range designated in
Fig. 6, “Range of crystal control,” to derive any
beneficial stabilizing effects from the crystal.

The curve lustrated in Fig. 3 shows the varia-
tion in output frequency of a triode crystal sta-
bilized oscillator similar to Fig. 2, with various
settings of the plate tuning capacitor. Frequency
variation is plotted against gial divisions on the
tuning capacitor control. “0" frequency corre-
sponds to the frequency obtained as the capacity
of the tuning capacitor ig increased, to the point
where the crystal just starts to oscillate,

It 'will be noted that very little change IA fre-
quency is apparent for the first few divisions of
capacity increase after the crystal starts. As the
capacity is still further increased the change in
frequency becomes greater and is greatest at the
point just below where oscillation ceases. It will
be seen that in order to get adequate frequency
modulation by reactance variation it is necessary
tc operste on a relatively steep portion of this
characteristic., The shape of this curve also in-
dicates that a non-linear relation exists between
plate circuit reactance and output frequency,
which will require special treatment of the re-
actance modulator to give a linear relation be-
tween the voltage applied to the reactance modu-
lator and the change in frequency that it pro-
duces in the oscillator. In brief, therefore, the
theory of operation of the specific circuits to be
described, is that by inserting a suitably mounted
piezo electric crystal in the control grid circuit
of a vacuum tube osciilator it is possible to ad-
Just the output frequency of the oscillator toa
point where frequency modulation may be pro-
duced by a reactance modulator coupled to the
osciliator, of sufficient deviation to be extremely
useful for communication burposes, while at the
same time maintaining a degree of carrier fre-
quency stabilization due to the presence of the
crystal far in excess of that possible if the crystal
were not inserted in the circuit. The fact that
crystals of- a relatively high frequency may be
used with success In these circuits allows the de-
sign of extremely simple, stable, and eficient fre-
quency modulation transmitters, without resort-
Ing to the more complicated circuits ncw known
to the art,

The circuits illustrated up to this point have
been shown in simplified form for the purposes of
explanation. The hereinafter described circuits,
1llustrated in Figs. 4, 5, and 7, have been operated
In actuai use and have performed successfully as
generators of frequency modulated signals.

Flg. 4 illustrates'a’ ¢ircult, according to the in-
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venilon, wherein a tricde crystal stabilized os-
cillator is combined with a pentode reactance
modulator for the generation of a crystal con-
trolled frequency modulated signal, and combines
the following elements:

§{B—Crystal plate and mounting. »

2B—Osclllator grid resistor.

3B—Triode vacuum tube having a heater, cath-
ode, grid and plate.

4B-—-Plate choke for oscillator and modulator
(radio frequency).

§B—Plate blocking capacitor.

§B—--Plate tuning capacitor,

1B—Plate coil tapped for cathode and output
connections. .

88 and (0B—Modulator cathode voltage di-
vider, adjustable for bias adjustment.

8B—Modulator cathode by-pass capacitor.

{ {B—Pentode reactance modulator having heat-
er, cathode, control grid, screen grid, sup-
pressor grid, and plate,

i2B-—Modulator control grid phasing resistor.

f3B—Modulator control grid phasing capacitor.

{§B--Radio frequency blocking choke.

i5B—Modulation control, adjustable voltage di-
vider,

162-—Source of plate, screen, and biasing poten-
tial for tubes 3B and 1IB.

§18-..Source of heater potential for tubes 3B and
itB.

Invopera'tion the cathode tap on the output cir-
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the oscillator frequency change. Such is not the
case when & crystal stabilized oscillator is modu-
lated by such a tube, particularly if a wide fre-
quency swing, or deviation, is desired. An ex-
amination of Fig. 3 indicates that a frequency
versus load reactance curve of such an oscillator
is non-linear except over a small pertion of the
steep part of the characteristic. This situation
is easily remedied in the circuit of Fig. 4 by oper-
ating tube |1B with an abnormally high cathode
bias. The non-linearity so produced counterbal-
ances the non-linearity of the reactance versus
frequency characteristic by the process known as
pre-distortion so that the overall grid voltage, or
modulation, versus frequency curve is made sub-
stantially linear.

Fig. 5 {llustrates the combination of a pentode
crystal stabilized oscillator and a pentode reac-
tance modulator for the same type of operation
as the circuit illustrated in Fig. 4. The use of a
well shielded pentode instead of a triode in the
oscillator portion of the circuit has the advantage

. that the internal grid to plate capacity feedback

28

path is essentially removed and substantially all
feedback is confined to the mutual impedance

_ between the cathode and ground, thus leaving

30

cuit of oscillator 33 is adjusted to provide the de-

sired feed back. The plate tuning adjustment
8B is set to operate on the steep portion of the
frequency versus plate reactance curve as illus-
trated in Fig. 3. The plate circuit of the re-
actance modulator tube {IB is in parallel with
the oscillator plate circuit. The phase of the
radic frequency voltage applied to the grid of
tube §{B is adjusted by the proper choice of re-
sistor 128 and capacitor 13B, so as to make tube
{iB draw a lagging current from the plate cir-
cuit of tube 8B. Tube 1iB then appears as an
inductance in shunt with the plate load of tube
3B which consists of the shunt impedence of ca-
pacitor §B angd inductance 1B, The operating
point of tube 1{B as an inductive load is deter-
mined by the cathode bias adjustment as afforded
by the adjustable voltage divider 8B and 10B.
The modulation voltage is applied to the control
grid of tube |1B through the adjustable voltage
divider {5B and the radioc frequency choke coil
{4B. Modulation voltage applied to the grid of
tube {{B varies itg transconductance and there-
by modulates the amount of lagging current that
it draws from the load circult. This appears to
the plate circuit of triode 3B as a load whose re-
actance is varying at the modulating frequency,
hence the output frequency of the oscillator is
modulated in accordance with the applied modu-
lation voltage. _

In crder to obtaln a linear relation between the
sppHed modulating voltage and the frequency
change of the oscillator, which is necessary for
distortionless transmission by means of frequency
modulation, the operation of the reactance modu-
iator is altered from the way which such a circuit
ig normaily used to modulate an ordinary vacuum
tube oscillator. In such an application, the

change in lagging current drawn by the reac«
tance modulator with changes in applied-control
grid voltage, or modilation, must have a linear
relation in order to produce s linear relation be-
tween control grid voltage, or modulation, and
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the amount of feedback used entirely within the
control of the designer. This circuit is more flex-
ible than Fig. 4 and shows increased stability and
greater range of frequency swing with modula-
tion, than the triode circuit. The circuit of Fig.
5 comprises the following elements:

{C—Crystal plate and mounting.

2C—Oscillator grid resistor.

3C—Oscillator grid choke (radio frequency).

4C—Pentode vacuum tube having heater, cath-
ode, grid, screeri; suppressor grid, and

) plate. o ’

BC—Oscillator screen by-pass capacitor.

6C-=Oscillator screen potential dropping re-
sistor.

7C—Radio frequency plate choke.

8C and 8C—Modulator cathode voltage divider,
adjustable for bias adjustment.

{0C—Modulator cathode by-pass capacitor,

{ IC—Pentode vacuum tube having heater, cath-
ode, grid, screen, suppressor grid, and
plate. -

{2C—Oscillator plate blocking capacitor.

13 —Oscillator plate tuning capacitor.

i4C—Plate coil tapped for cathode and output
connections.

i8C—Modulator control grid phasing resistor.

16C—Modulator control grid phasing capacitor.

11C—Radio frequency blocking choke.

18C—Modulation control, adjustable voltage di-
vider.

f9C—Source of plate, screen, and bias potentials.

ZOC—-So?fce of heater potential for tubes 4C and

C.

The operation of the circuit in Fig. 5 is essentially
the same as that of Fig. 4, but as previously stated
increased stability and range of {requency swing
with modulation are obtainable due to the com-
plete control of feedback afforded by the choice
of the cathode tap on coil 14C.

If enough feedback is used either in the circuits
of Fig. 4 or Fig. 5 the circuits will osciliate over
the entire tuning range of the plate coll and tun-
ing capacitor. 'The crystal however will take con-
trol over g limited range near the resonant fre-
quency of the crystal circuit. The operating
point must be chosen in the range whers the
crystal is vibrating if the stabilizing effect of the
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erystal is to be realized. Fig. 6 illustrates a tun-
ing curve of the oscillator as the tuning capacitor
is varied. It will be noted that the slope of the
eurve is much less in the region where the crystal
is operating to stabilize the frequency. This
range is identical in shape to the curve shown in
Fig. 3.

The circuits described up to this point have
{llustrated how a crystal stabilized oscillator may
be frequency modulated by reactance variation in
.“the plate or load circuit of the oscillator. Fre-
quency medulation of a crystal stabilized oscil-
lator may be obtained by reactance variation in
other parts of the oscillator circuit, such as the
input circuit or (grid circuit) of the crystal sta-
bilized oscillator. As one example of this refer
to Fig. 7 which shows a pentode crystal stabilized
oscillator which has a reactance modulator di-
rectly connected across the crystal. The circuit
of Fig. 7 comprises the following elements-

{D—Crystal plate and mounting.

2D--Oscillator grid resistor.

$D—Oscillator grid choke (radio frequency).

4D—Pentode vacuum tube having heater, cath-
ode, grid, screen, suppressor grid, and
plate. :

5D—Oscillator screen by-pass capacitor.

§D—Oscillator screen potential dropping re-
sistor.

iD—Radio frequency plate choke.

8D—Oscillator plate blocking capacitor.

sD—Oscillator plate tuning capacitor. .

2,311,026
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19D—Plate coil tapped for cathode and output .

connections.
i ID—Source of plate, screen, and bias potentials,
12D—-Source of heater potential for tube 4D. ~
t3D—Reactance modulator.

In this case the reactance modulator 13D could

36

have the characteristics of a varying capacity.
1t a reactance modulator tube is used the charac-
teristics of a capacity may be obtained by apply-
ing oscillator voltage of the proper phase to the
control grid of the reactance modulator, so as to
make it draw a leading current from the oscillator
circuit.

I have shown by a description of the theory and
by description of certain specific circuits how the
earrier frequency of an oscillator designed for
generating a frequency modulated signal may be

stabilized by use of a piezo electric crystal for

frequency control directly in the signal generat-
ing circuit. It should not be construed that the
description of these particular circuits outlines
the practical limits of application of the prin-
ciples of the invention. It will be obvious to any-
one skilled in the art that many modifications
may be used, without departing from the scope of
my invention as set forth in the appended claim.

Having thus described my invention what I
claim and desire to secure by Letters Patent is:

A frequency modulation system comprising a
piezo electric crystal stabilized oscillator having
an input circuit including a piezo electric crystal
and a tuned output circuit, means for regener-
atively coupling said input and output circuits
comprising a connection from sald tuned output
circuit to said input circuit, said connection in-
cluding the piezo electric crystal in series, where-
by the excitation voltage applied to said input
circuit consists of the sum of the voltage across
the crystal and the voltage derived regeneratively
from the tuned circuit, a reactance tube modu-
lator coupled to the tuned output circuit, and
means for applying modulating potentials to said
reactance tube.

. NATHANIEL BISHOP.
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