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1 -

This invention relates to methods and systems
for frequency-modulatmg an oscxllator partlcu-
larly a microwave osc111ator whose mean carrier
frequency is stab1l1zed

In frequency-stabmzmg systems and methods
such as dlsclosed in copendmg apphcatmns
Serial No. 4,497 ﬁled January 21, 1948 Serial No.
35,185, filed June 25, 1948, Patent Noc. 2584 608,
granted February 5, 1952 Serial No. 49, 934, filed
June 30, 1947, Patent No. 2,602,897, granted July
8, 1952; Serial No. 5563 ﬁled January 31, 1948;
Serial No. 29, 836, filed May. 28, 1948 (abandoned
Serial No. 236, 945 filed July 18, 1951, is a con-
tinuation thereof); Senal No. 51 253 filed Sep-
tember 25, 1948, Patent No. 2,559,719, granted
July 10, 1951; Serial No. 58 295, filed November 4,
1948: Serial No. 58,296, filed November 4, 1948,
Patent No. 2,555,131, granted May 29, 1951; Serial
No. 68,648, filed December 31, 1948; and Serial
No. 73,626, filed January 29, 1949, there are pro-
duced two series of pulses, one series contain-
ing frequency-error information, and the other
series containing standard-frequency informa-
tion, whose time or phase relation is compared,
as by a phase or co1nc1dence detector for deter-
mination of the frequency of an oscillator from
its desired value. The frequency of the oscillator
is automatically controlled as by the output of
the phase detector, to. minimize deviation from
a predetermined t1me or phase relation of the
pulses of the respectwe ser:es wh1ch corresponds
with the desired escxllator frequency

In accordance w1th the present 1nvent1on the
stab1hzed oscﬂlator is frequency modulated as

at aud1o or v1deo frequencres, by delaymg the
pulses of ab least one of the aforesaid series in

accordance with the modulat1on preferably, the
pulses of the respectwe ser1es are differentially
delayed both substantially to increase the modu-
lation factor and to reduce hum or noise.

More specifically, in some forms of the inven-
tion, the pulse- delay network comprises 2 pulse
generator, such as a mult1-v1brator “phanta-
stron” or the like, wh1ch is trlggered by the
frequency-error or standard frequency pulses of
constant repetition rate and the modulation-is
utilized to determlne d1rectly or indirectly, the
timing or the correspondmg output pulses, the
interval between successive output pulses varying
with the modulation. ‘In other modifications of
the invention, the frequency-error or standard-
frequency pulses are apphed to a delay line hav-
ing a suitable number of reactance-resistance
sections whose delay character1st1cs is varied in

accordance W1th the, modulatmn by applying the.

(CL 332—19)
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modulating potential to one or more electromc

tubes ut111zed as reactors or resistors of the delay

lme In all forms of the 1nvent10n, the phase

or ‘time relation between the two series of pulses
5 is determined jointly by the modulation ahd by
drnt of the oscillator frequency from its desired
Value The pulse repet1t1on rate is high com-
pared to the hlghest modulatmg-frequency 50
that the ‘control of the mean carrier frequency
is 11g1d ‘despite. the modulatlon and so that the
stablhzlng pulses may be ﬁltered out and- not ap-
pear as a modulation component.

The invention further resides in metheds and
systems ha v1ng novel and useful features herem-
afier descmbed and claimed.

For further understandmg of the invention
and for 1llustrat10n of embodunents thereof, ref-
erence is made to the accompanymg drawmgs
in whlch

g, 1 is a block diagram of a Iregneney-
modulated frequenc r-stabilized oscillator system;

Iig, 2 is an explanatory ﬁvure referred to in
dlscussmn of the operatlon of Fig 1;

Figs. 3, 4, 5, and 6 schemat1cally llustrate Var1-
ous pulse- delay networks and assoc1ated compo-

10

15

20

Referrmg 1o Fig, 1, the block 10 is generlcally
111ustrat1ve of a frequency controlled oscillator,
nartlcularly a magnetron klystron or other mi-
crowave generator, for supplymg h1gh frequency
energy to a load it through a. sultable transmis-
sion line I2 ’I‘he load II may be an antenna
system, a power amphﬁer or the attenuator net-
work of g sxgnal generator The block 3 is
genermally 1llustratlve of a search osc1llator
whose frequency is I peatedly swept over a range
of freguencies, as by a mechamcal or electromc
modulatmg means, not shown The range of fre-
quenciss swept by ose111ator i3 1ncluues the reso-
nant frequency of a hleh, Q standard 15 whlch
for microwave frequen ieg is preferably a sect1on
of wavegmde or resonant caV1ty contammg gas
exh1b1t1ng molecular resonance The transmls-
s energy flom the

30

40

like transmlsswn hne !2 be a Wavegulde, a con-
centric line, or other transmlssmn line sultable
for t1ansm1ss1on at the frequ

50 through the gas cell 15 or equlvalent 1s im-

pressed upon a demodulatm IE such as a dlode

sweeps through the resonant f 1 f tl
standard 5. ‘These pulses, ‘after i
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3
and shaped by the networks (7 and 18, are ap-
plied to one input circuit of a phase detector 18
to serve as a frasquency/time standard.

The outputs of the oscillaters {8 and {3 are
in part impressed through directional couplers
21, 21 or the like upon a mixer 28, which may
be a crystal rectifier, so to produce a varying
beat-frequency corresponding, for example, with
the difference-frequency of the two oscillators.
This varying beat-frequency is converted, as by
a frequency-selective network 22 and demodula~
tor 23, into a second series of pulses each oc-
curring as the beat-frequency passes through a
predetermined fixed value.. As discussed in the
aforesaid applications, this fixed irequency may
be the pass frequency of a beat-frequency am-
plifier, the cutoff frequency of a filter, or the
null-output frequency of a discriminator. In all
cases, this second series’ of pulses contains ire-
quency error/time information corresponding
with the deviation of the carrier frequency of
oscillator 18 from its desired value. This sec-
ond series of pulses, after amplification and
-shaping by the networks 24 and 2§, is applied
to a second input circuit of the phase detector
{9. The unidirectional output voltage of the
phase detector {9, which may be of any suitable
form including those disclosed in the aforesaid
applications and some of which appear in later
described figures hereof, is applied through line
96 automatically to stabilize the frequency of
oscillator 0.

When the oscillator tube is a reflex klystron,
the output voltage may be applied by line 28
to vary the potential of the reflector anode;
when the oscillator tube is a magnetron, the
control voltage may be applied to a frequency-
control electrode within the tube, as disclosed
in certain of the aforesaid applications, or to a
frequency-controlled tube associated therewith;
for lower-frequency oscillators, the control-vol-
tage output of phase detector i$ may be applied
in known manner to a reactance tube controll-
ing the oscillator frequency.

Ag thus far described, the system of Fig. 1 is
for rigidly stabilizing the frequency of oscillator
10 in manner generic to the various methods
and systems of the aforesaid copending appli-
cations. In all of them, any departure from
s predetermined time or phase relation of the
two series of pulses applied to phase detector
18 produces changes in the output voltage of
the detector which is representative of devia-
_tion of oscillator {0 from its desired value and
which is applied in correction for such deviation.

Tn accordance with the present invention, the
phase relation between the two series of pulses
is also varied in accordance with the desired
modulation, at audio or video frequencies, so
to effect frequency-modulation of the output of
oscillator 18. To that end, the pulses of one or
both series are delayed in accordance with the
modulation; when both series of pulses are var-
iably delayed, they are delayed differentially, as
later more fully described.

As shown in Fig. 1, a delay network 27 may
be included in circuit between the demodulator
23 and the phase detector i9, as by a switch 282
which also couples the delay network to a modu-
lator 29. Thus in their passage from the de-
modulator 23 to the phase detector {8, the fre-
quency-error pulses are subject to a variable
delay corresponding with the applied modula~-
tion, and the time or phase relation between
the two series of pulses, as compared by phase
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detector 19, will therefore vary with the modu-
lation and correspondingly vary the unidirec-
tional output voltage of the phase detector. This
causes the instantaneous frequency of the os-
ciliator 18 to vary with the modulation. The
delay network 27 preferably has a linear char-
acteristic D, Fig. 2, so that the delay introduced
is proportional to the amplitude of the modulat-
ing signal. The delay corresponding with zero
modulation is at an operating point O inter-
mediate or substantially midway the limits of
the characteristic D so that the delay time in-
creases and decreases in accordanee with the
modulating signal S, the magnitude of the in-
crease and decrease depending, as aforesaid,
upon the amplitude of the modulating signal.
As evident from Fig. 2, for signals S: of low
amplitude, the range of the time delay is sub-
stantially smaller than for signals 82 of larger
amplitude because the condenser 38 charges up
to a higher value for the larger signals. As the
repetition rate of the pulses is high compared
to the frequency of the modulation, each wave
of the modulation corresponds with many pulses,
and these are each advanced or retarded in time
in accordance with the amplitude and polarity
of the instantanecous values of the signal during
its cycle.

Alternatively, or in addition, a similar delay
network 27 may be interposed, as by switch 28b,
in cireuit between the demodulator (6 and the
phase detector 19 to shift the standard-fre-
quency pulses in accordance with the modula-
tion. When, and as preferably, both delay net-
works 27 are included, the modulation is ap-
plied to them differentially, as by transformer
30 so that the modulating voltages are applied
to the delay networks 180° out-of-phase, as in-
dicated by the dotted and full line waves S: and
Sz of Fig. 2. Accordingly, as the modulation is
applied to one delay network to decrease the
time delay of pulses passing through it, the
modulation potential concurrently applied to the
other delay network increases the delay suffered
by the other series of pulses. Thus, the shift in
phase relation between the two series of pulses
which is due to modulation, is effectively dou-
bled as detected by the phase comparator 19.
By differentially delaying the pulses in accord-
ance with modulation, the modulation factor in
the system is substantially increased and any
hum or noise is substantially balanced out when,
as preferable, the two delay networks are of
substantially similar composition. As the repe-
tition rate of the pulses is substantially higher
than the highest modulating frequency, the
pulse frequency may be readily highly attenuat-
ed to eliminate it as 2 modulation component of
the output voltage of (8.

In the particular form of delay network shown
in Pig. 3, the standard-frequency pulses or the
frequency-error pulses are applied to one grid
of tube 3! and the modulation signal is applied
to another grid of that tube. Accordingly, the
output of tube 31 is a series of pulses having the
same repetition rate as the sweep frequency of
oscillator {3 and whose peak values vary in ac-
cordance with the modulating signal. These am-~
plitude-modulated pulses are applied as trigger-
ing pulses for a multi-vibrator network 2ia¢ in-
cluding the tubes 82 and 33 whose grids and an-
odes are cross~connected by coupling condensers
34, 38. In the interval between successive pulses,
the tube 32 is conducting whereas tube 83 is non~
conducting because biased to -or beyond cutoff
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B
by the res1stance capac1tance ‘network 35—36.
iWhen a negative pulse is applied to the grid of
“tube 32, its ancde current is cut off and the pulse
as applied to tube 33 causes it to conduct. The
condenser 38 in the grid circuit of tube 82 is
charged to a potential closely approximating the
peak value of the negative pulse. The voltage
across condenser 38 then gradually decreases by
discharge through resistor 37 until a critical value
is reached, at which time tube 32 again conducts
and tube 33 is again cut off. This sequence of
operations is repeated for each suecessive pulse
‘from tube 21. The periods during which tube 32
conducts can be made to vary substantially lin-
early with the peak values of the pulses from
tube 3{ by providing that the time constant of
the network 21-—-28 shall be large compared to
the repetition period of the pulses. The output
of the multi- vibrator ther efore consists of a series
- of square-wave pulses having the same repeti-
tion rate as the search osc111ator {3, the duration
of the pulses varying with the srgnal from modu-
lator 28. These 'squ'are-wave pulses are differen-
tiated by a condenser-vesistance network 41—42

to provide positive and negative pulses corrg--

_sponding with initiation and termination of the
square-wave output puises of the multi-vibrator.
In the particular arrangement disclosed, the di-
ode 43 effectively removes the positive pulses
leaving a series of negative pulses of the same
repetition frequency as search oscillator i3 bub
with the interval between successive pulses vary-

- ing as 2 linear function of the modulating signal.

In other words, the pulses across the resistor
42 correspond with the pulses from demodulator
i6 or 23, each delayed, however, in accordance
with the instantaneous amplitude of the modu-
lating signal. ‘These pulses are converted by a
shaping network 18a¢ to sawtooth waves of the

same repetition frequency as the search oscilla-:

tor, but of slope which varies with the modula-
ticn. More ‘specifically, the delayed pulses of
negative polarity from the delay network 27q are
converted to positive pulses by the amplifier 44
and impressed upon a sawtooth generator in-
cluding tube 85. The output pulses of the saw-
tooth generator are impressed, as by transiorm-
er 44, upon the phase comparator 19a which, in
the specific form shown in Fig. 3, is a bridge net~

work including two pairs of rectifiers 47 of diode-

or crystal type.

When, as shown in Fig. 3, the modulation is
applied variably to delay both the {frequency-
errer pulses a‘nd the standard-frequency pulses,
the modulating signal may be applied to a tube
48 having load resistances 49 and 58 respectively
in the anode and cathode circuits to afford push-
pull output. The modulating-voltage appearing
across the load resistor 49 is impressed, as above
described, upon the tube 3f of one of the delay
networks 274, and the modulating signal across
cathode resistor 36 is applied to the correspond-
ing tube of a second similar delay network 27A

upon which is impressed the pulges from the de-.
Thus, the standard-frequency

modulator 8. ;
pulses are also delayed in accordance with the
modulation, and after shaping by the network 25
including tube 54, condenser §i and resistor 52

are impressed upon the second input circuit of ¥

‘the phase comparator {9a.

There is thus: produced across the output ter-
minals of the phase-detector 18A a umdlrectmn-
al voltage which varies not only with the devia-

. ftions from normal of the frequency of escillator:

10
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_n the form shown, freqiency-error pulses, or the
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10, but alse iA accordance with the modulating

signal. Tn the particular eircuit shown in Fig.
3, the frequency-control voltage: produced by com-~
parater 15a is apphed to the grid of a frequency-

“eontrol tube 55 for a reflex klystron 10A. The an-

ode-cathode resistance of tube 55, as affected by

“the potential of its contrel grid, determines the
_potential of the reflex-anode of the klysiron {CA

and therefore determines the output frequency of
the klystron. The klystron may be set approxi-

‘mately to its desired operating frequency by ad-

justment of the dimensions of its cavity, as under-
stood by those skilled in the art, and may be more
clogely adjusted te proper frequency by adjust-

‘ment of the fixed component of the potential of

the contrel grid of tube 55; speeifically, the grid
mrcmt of tube 55 may include a potentiometer 56

“and batcery 57 for the latter purpese. The grid
) potentlal of tube 55 is determined both by the set-

ting of poten’mometer 55 and by the oubtput velt~

age of the phase detector |9¢, whlch as-appearing

dcross condenser 53, mcludes both frequency-cor-

“rective ang rrequency-medulatmg components.

In the modification shown in Fig. 4, the delay

network 2138 for use in the system of Fig. 1 com-

prises one form of the so-called “phantastron”
circuit, For other forms thereof and for de-

“scription of their operation, reference is made to

the “Desrgn of phantastron time delay circuits”
appearing in the April 1948, issue of “Electromes ”

standard frequency pulses are applied to the #3
grid of tube 88, which may be of the 6SA7 type.

"Fhis grid is at positive potentlal with respect to

ground, this operating potential being deter-
mined by the relative magnitudes of the voltage-

) o1v1dmg resmtors 61 and 62; the #2 and #4 grids

of this tube are also of positive potential with
1espect to ground, the magmtude of this operat-
ing potential being determined by the relative
magnitudes of resistors 63 and 64. “When a pulse
is a,pphed the time at which the corresponding
pulses appear across the cathode resistor 58 de-
pends upon the instantaneous potential of the
#1 grid as determined by resistor 65, condenser

“87 and cathode re51st0r 68 of an assoclated tri-

ode 66. Variably to delay the putput pulses in
accordance with the modulation, the modulating

‘ signa] is apphed te the grid of tube 48A whose

anode is eoupled-to the grld of tube 66 and to the

" anode of tube 80 by a diode 6. Actually, the

triode 668 and diode 69 may be the two halves of
a B6SN7 tube, the plate and grld of one section
being cormected together to serve as a diode.
The operation of the “phantastron” circuit per se
is quife complicated, and being fully discussed in
the aforesaid issue of “Electronies,” is not in de-
tail described hére. It suffices here to say that
the output pulses of the delay network 27B corre-
spond in number with the input pulses from de-
modulator 16 or 23, Fig. 1, with the time interval
between successive output pulses varying in ac-
cordance with the modulating veltage. The out-
put pulses of network 27B are shaped by networks
25a or 18a and impressed upon a phase diserimi-
nator which may be of any stitable type; in the
form shown, phase discriminator 195 is of the
type more fully disclosed in aforesaid copending
applications Serial Nos 4497 -and 29,836. The
instantaneous magnitude of the output Voltage
of the phase comparator follows the modulating
signal and accordmgly varies ‘the frequency of
oscillator 10A. 'The average magnitude of the
output. voltage of the phase: comparator in this,
asin all other modifications, varies with deviation
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‘of the mean-carrier frequency of the oscillator
from its desired value and is accordingly effective
to correct such deviation,

In the modification shown in Fig. 5, the delay
network 21C interposed in either or both of the
input circuits of the phase comparator 13 com-
prises a.delay line having a suitable number of
sections each including a series inductance 16 and
a shunt capacitance Ti. To vary the delay of
the standard-frequency or frequency-error
pulses, the effective_shunt capacitance of a suit-
able number of sections of the delay line is varied
in accordance with the modulation. Specifi-
cally, each of one or more of the condensers 72
is shunted by a reactance tube network 12 which
exhibits capacitive reactance of magnitude de-
termined by the potential of the grid of tube 13
of .the network. Specifically, the tube 13 is a
pentode, such as a 6SJ7 or 6ACT type of tube
having its grid coupled to a point between re-
sistance 74 and condenser 15 in parallel to con-
denser Tl and to the anode-cathode circuit of
the tube. As the operating principles of a re-
- actance tube are well understood by those skilled

_in the art, further description of network 72 is.

- unnecessary here. It suffices to say that the fre-

_quency-error or standard-frequency pulses ap-
plied to the input terminals of the line 27C appear
across the output terminals thereof with delay
varying linearly as a function of the modulating
signal applied fo tube or tubes 13. These delayed
pulses are impressed upon the phase comparator
13 and accordingly the unidirectional output volt-
age of the phase comparator, applied to the oscil-

“lator 18 for control of its frequency, varies in ac-
cordance with the modulation.

In the modification shown in Fig. 6, the delay
network 271D for variably delaying the standard
frequency pulses and/or the frequency error
pulses of Fig. 1 comprises a delay line of suitable
number of sections including series inductance L
modified by variable resistance 80, and shunt
capacitance 81. Each of one or more series re-
sistances of the line is the cathode-anode resist-

. ance of a tube 80 whose grid potential is varied

_in accordance with the modulation. The choke
82 in the anode current supply circuit of the
tube is of high impedance to the pulses. Ac-
cordingly, the frequency-stabilizing pulses ap-
plied to the input terminals of the line 21D ap-
pear at the output terminals thereof with time-
spacing which follows the modulation and there-
fore the instantaneous frequency of the oscilla-
tor is varied in accordance with the modulation,
the mean carrier frequency of the oscillator, how-
ever, being rigidly stabilized as in the aforesaid
copending applications.

From the foregoing explanation, it shall be
understood the invention is not limited to the
specific arrangements described but that changes
and modifications may be made within the scope
of the appended claims.

What is claimed is:

1. The method of frequency-modulating and
stabilizing the mean carrier freguency of an os-
cillator which comprises generating search oscil-
lations, repeatedly sweeping the frequency of said

. search oscillations over a range including a
standard frequency to produce a series of pulses,
producing a second series of pulses each occur-
ring as the beat frequency of the oscillator fre-
quency and said search oscillations passes through

& predetermined value, delaying the pulses of at
least one of said series in accordance with the

_ desired modulation, and.varying .the frequency
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.of the oscillator in accordance with sense and
magnitude of the variations in the time relation
between the pulses of the two series as affected
both by the modulation and by drift of the mean
carrier frequency. )

2. The method of frequency-modulating and
stabilizing the mean carrier frequency of an oscil-
lator which comprises generating search oscilla-
tions, repeatedly sweeping the frequency of said
search oscillations over a range including a stand-
ard frequency to produce a series of pulses, pro-
ducing a second series of pulses each occurring
as the beat frequency of the oscillator frequency
and said search oscillations passes through a pre-
determined value, differentially delaying the cor-
responding pulses of the respective series in ac-
cordance with the desired modulation, and vary-
ing the frequency of the osecillator in accordance
with sense and magnitude of the variations in the
time relation between the pulses of the two series
as affected both by the modulation and by drift
of the mean carrier frequency. )

3. The method of frequency-modulating and
stabilizing the mean carrier frequency of an oscil-
lator which comprises generating search oscilla-
tions, repeatedly sweeping the frequency of said
search oscillations over a range including a stand-

-ard frequency to produce & series of pulses, pro-
ducing a second series of pulses each occurring as
the beat frequency of the oscillator frequency and
said search oscillations passes through a prede-

“termined value, delaying the pulses of one of said
series in accordance with the desired modula-
tion, and varying the frequency of the oscillator
in accordance with sense and magnitude of the
variations in the time relation between the pulses
of the two series as affected both by the modula-
tion and by drift of the mean carrier frequency.

4. The method of freguency-modulating and
stabilizing the mean carrier frequency of an
oscillator which comprises producing a series
of pulses containing frequency. error informa-
tion, producing a second series of pulses con-
taining frequency error information, producing
a second series of pulses containing standard
frequency information, delaying the pulses of at
least one of said series in accordance with the de-
sired modulation, and varying the frequency of
the oscillator in accordance with variations of the

. time relation between the pulses of the two series
as affected both by the desired modulation and
by any drift of the mean carrier frequency.

5. The method of frequency-modulating and
stabilizing the mean carrier frequency of an oscil-
lator which comprises producing a series of pulses
containing frequency error information, produc-
ing a second series of pulses containing standard
frequency information, differentially delaying the
bulses of the respective series in accordance with
the desired modulation, and varying the fre-
quency of the oscillator in accordance with vari-
ations of the time relation between the pulses of
the two series as affected both by the desired
modulation and by anhy drift of the mean carrier

- frequency.

65

70

75

6. The method of frequency-modulating and
stabilizing the mean carrier frequency of an os-
cillator which comprises producing a series of
pulses contaniing frequency error information,
producing a second series of pulses containing
standard frequency information, converting the
pulses of at least one of said series of pulses to
pulses of duration varying in accordance with a
modulating sighal, differentiating the converted
pulses to produce pulses of corresponding num-

. ber but with time-spacing varying with the mod-
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9‘,
ulation: whereby the phase relation between. the
two series of pulses is dependent both upon the
modulation and upen the freguency error of the
oscillater, and applying to. the oseciliator a fre-
tuency-control signal of magnitude varying with
variationsef said phase relation.

7. The method of frequency-modulating and

stabilizing the mean earrier frequency of an os-
cillator which comprises producing & series of
pulses eentaining frequency error information,
producing a. second series of pulses containing
standard~frequency information, delaying the
pulses. of at least one of said series, varying said
delay characteristics in accordance with a modu-
lating signal, comparing the phase relation of the
pulses of the respective series as affected both hy
frequency error of the oscillator and by the mod-
ulating signal, and applying to the oscillator a
frequency-control signal of magnitude varying
with variations of the compared phase relation
of the pulses.
- 8 The method of frequency-modulating and
stabilizing the mean carrier frequency of an os-
cillator which comprises producing a series of
pulses containing frequency error information,
producing a second series  of pulses containing
standard frequency information, delaying the
pulses of at least one of said series, varying said
delay characteristic in accordance with a modu-
lating signal, comparmg ‘the phase relation of
the respective series as afiected both by ifre-
quency error of the oscillator and by the modu-
lating signal, and applying to the oscillator a fre~
quency-control signal of magnitude varying with
variations of the compared phase-relation of the
pulses. -

9. The method of frequency-modulating and
stabilizing the mean carrier frequency of an oscil-
lator which comprises producing two series of
pulses respectively containing frequency error
versus time information and standard frequency
versus time information, converting the pulses of
each of said series to pulses of duration varying
in accordance with a modulating signal, the vari-
ation being differential for pulses of the different
series, differentiating the variakle duration pulses
to produce two series of pulses corresponding
with the original series but with a differential
time shift dependent upon the modulation, and
applying to the oscillator a frequency-control sig-
nal of magnitude varying with variations of the
phase relation of the differentiated pulses.

10. The method of frequency-moduiating and
stabilizing the mean carrier frequency of an osgil-
lator which comprises producing two series of
pulses respectively containing frequency error
versus time information and standard frequency
versus time information, separately delaying the
two series of pulses, differentially varying said
delayed series of pulses in accordance with a
modulating signal, comparing the phase reiation
of the differentiaily delayed pulses, and applying
to the oscillator a freguency-control signal vary-
ing in accordance with the compared phase rela-
tion of the pulses and so containing both fre-
quency. -error corrective and inedulation com-
ponents.

11. The method of utilizing resonant micro-
wave absorption in a gas for frequency-modulat-
ing and stabilizing the mean carrier frequency
of an oscillator which comprises generating vari-
able frequency microwave oscillations, repeatedly
sweeping the frequency of said microwave oscil-
lations over a range including the moleculay reso-
nant frequency of a gas, applying said oscillations
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to-said gas, deriving a series of pulses containing
standard frequency versus time information in
response, to sald gas resonant absorption, produc-
ing a second series of pulses: each occurring as
the beat frequency of the oscillator and said swept
osciliations passes through a predet_errnned fre-
quency so to contain frequency. error versus time
information, shifting the phase relation between
the two series of pulses in accordance with the
desired modulation, comparing the phase. rela-
tion of the pulses of the respectwe series as
affected both by the modulatmn and by dev1at1on
of the mean carrier frequency of said’ oscﬂlator,
and applying to said oscillator a frequency-con-
trol signal varying with variations of the com-
pared phase relation of said pulses.

12. A frequency- modulated irequency-stahi-
hzed oscillator SJstem comprlslng an oscillator,
a, high precision frequency standard, a search
oseillator for repeatediv sweeping a range in-
cluding the resonant frequeney of said standard
a demodulator for producing g serles of pulses
sweeps th.e resonan.t, frequency of sal.d_ S,t,,ar,l_dar,@
means including a mixer and a frequency-selec-
tive network for producing a series of pulses each
eceurring as the beat frequeney of said oscillators
sweeps & predetermined frequency, a phase detec-
tor having input circuits upen which said two
series of pulses are 1espectively impressed for pro-
accordance with va.n,at;qns in the phase relat,lqn
of the pulses of the respective series, delay means
in at least one of said input ciyouits, modulating
means for varying the delay characteristic of said
delay means so to vary the phase relation between
pulses of the respective series in accordance with
the modulation, and means for applying said out-
put voltage to stabilize the mean frequency of the
first-named oscillator and to vary the instanta-
nsous frequency thereof in accordance with the
modulation.

13. A freguency-modulated, frequency-stabi- .
lized oscillator system comprising an oscillator,
a high precision frequency standard, a search
oscillator for repeatedly sweeping a range in-
cluding the resonant frequeney of said standard,
a demodulator for producing a series of pulses
each occurring as the search oseillator frequency
sweeps the resonant frequency of said standard,
means including a mizxer and 2 frequency-selen-
tive network for producing a series of pulses each
gceurring as the beat frequency of said oscillators

sweeps a predetermined frequency, a phase detec-

tor haying input circuits upen which said twe
series of pulses are r.espegt_,iv»ely imp_ressed f.or p_rp—

€ h varlatmns m the phase relatlon
of the nu ses of the respective series, delay means
m each of sald 1nput mrcmts modulatmg means
of sav_d d_el,ay means 50 to v_ary the phas\. r,.elatlon
between pulses of the respective series in accord-
ance with the modulation, and means for apply-
ing said output voltage to stabilize the mean fre-
quency of the first-named oscillator and to vary
the instantaneous frequency thereof in accord-
ance with the modulation.

14, A frequency-modulated, frequency-stabi-
lized oscillator system comprising an oscillator,
means for producing a series of pulses containing
frequency error information, means for producing
a second series of pulses containing standard fre-
quency information, a phase detector having in-
put circuits upon which said pulses are respec-
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tively impressed for production of a unidirectional
output voltage varying in accordance with vari-
ations in the phase relation of the pulses of the
respective series, delay means in at least one of
said input circuits, modulating means for varying
the delay characteristics of said delay means so
to vary the phase relation between pulses of the
respective series in accordance with the modula-
tion, and means for applying said unidirectional
output voltage to stabilize the mean carrier fre-
quency of the oscillator and to vary its instan-
taneous frequency in accordance with the modu-
lation.

15. A frequency-modulated, frequency-stabi-
lized oscillator system comprising an oscillator,
means for producing a series of pulses containing
frequency-error information, means for produc-
ing a second series of pulses containing stand-
ard-frequency information, a phase detector hav-
ing input circuits upon which said pulses are
respectively impressed for production of a uni-
directional output voltage varying in accordance
with variations in the phase relation of the pulses
of the respective series, a time-delay network in
each of said input circuits, modulating means for
differentially varying the delay characteristics of
said delay networks, and means for applying said
output voltage to stabilize the mean frequency
of the oscillator and to vary its instantaneous
frequency in accordance with the modulation.

16. A frequency-modulated, frequency-stabi-
lized oscillator system comprising an oscillator,
means for stabilizing the mean carrier frequency
of said oscillator comprising means for producing
two series of pulses respectively containing
standard-frequency versus time information and
frequency-error versus time information, and a
phase comparator having input circuits upon
which said series of pulses are respectively im-
pressed and producing a frequency control for
said oscillator of magnitude varying with varia-~
tion of the time relation of the pulses of the re~
spective series, and means for frequency-modu-
lating said oseillator comprising a pulse generator
interposed in at least one of said input circuits
for triggering by the corresponding series of
aforesaid pulses to -  produce a corresponding
number of output pulses for application to said
phase comparator, and means for applying a
modulating signal to said pulse generator variably
to delay said output pulses in accordance with
the modulation. i

17. A frequency-modulated, frequency-stabi-
lized oscillator system comprising an oscillator,
means for stabilizing the carrier frequency of
said oscillator comprising means for producing
two series of pulses respectively containing stand-
ard-frequency versus time information and fre-
quency-error versus time information, and a
phase comparator having input circuits upon
which said series of pulses are respectively im-
pressed and producing a frequency control for
said oscillator of magnitude varying with varia-
tion of the time relation of the pulses of the
-respective series, and means for frequency-modu-
lating said oscillator comprising pulse generators
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interposed in said respective input circuits re=
spectively for triggering by said two series of
puises, each to produce output pulses of the same
repetition rate, and means for applying a modu-~
1ating signal to said pulse generators differentially
and variably to delay said output pulses in ac-
cordance with the modulation.

18. A frequency-modulated, frequency-stabi-
lized oscillator system comprising an oscillator,
means for stabilizing the mean carrier frequency
of said osecillator comprising means for producing
two series of pulses respectively containing stand-
ard-frequency versus time information and fre-
quency-error versus time information, and a
phase comparator having input circuits upon
which said series of pulses are respectively im-
pressed and producing a frequency control for
said oscillator of magnitude varying with varia-
tion of the time relation of the pulses of the re-
spective series, and means for frequency-modu-
lating said oscillator comprising a delay line
interposed in one of said input circuits and having
series and parallel impedances, at least one of
which is an electronic tube, and means for apply-
ing a modulating signal to said tube variably to
delay the transmission of pulses by said line to
said comparator in accordance with the modula-
tion.

19. A frequency-modulated, frequency-stabi-
lized oscillator system comprising an oscillator,
means for stabilizing the mean carrier frequency
of said oscillator comprising means for producing
two series of pulses respectively containing stand-
ard-frequency versus time information and fre-
quency-error versus time information, and a
phase comparator having input circuits upon
which said series of pulses are respectively im-
pressed and producing ‘a frequency ‘control for
said oscillator of magnitude varying with varia~
tion of the time relation of the pulses of the re-
spective series, and means for frequency-modu-~
lating said oscillator comprising delay lines re-
spectively interposed in said input circuits and
each having series and parallel impedances, at
least one of which is an electronic tube, and
means for applying a modulating signal to said
tubes differentially and variably to delay the
transmission of pulses by said lines to said com-
parator in accordance with the modulation.
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