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This invention relates to automatic frequency-
stabilizing systems, and more particularly to ap-
paratus for maintaining a predetermined, fixed
relationship between the frequency of a carrier
wave, especlally, but nci necessarily, a carrier
wave in the microwave region of the electro-
magnetic spectrum, and a selected reference fre-
quency. | |

While not limited thereto, the present inven-
tion is admirably adapted to the control of the
carrier wave of a communication system compris-
Ing, for example, two widely separated terminal
stations and a plurality of intermediate relay sta-
tions, the system permitting two-way transmis-
sion of intelligence between any and all of the
stations included therein, with the carrier wave
emanating from each relay station under the
control of the carrier wave received at each relay
station, and all under the master control of the
carrier wave originating at one of the terminal
stations. |

In a system of this general description, it is
apparent that the frequency of the carrier wave
originating at the master terminal station must
be controlled within very close limits, and it is the
main object of the present invention to provide
apparatus satisfying this requirement,

This, and other objects of the present inven-
fion, which will become more apparent as the
detailed description thereof progresses, are at-
tained, briefly, in the folloswing manner.

A portion of the carrier wave to be stabilized is
applied to an energy-transmission system, for
eXample, a wave guide having a plurality of

11 Claims. (CL 250—36)
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ment, the above referred to amplitude-modulated
portion of the carrier wave, and g portion thereof
which is reflected from said cavity resonator,
meet at said common junction 90° out of phase.

A ihird wave-guide hranch is terminated in
another non-linear impedance, such as 5 second
crystal, to which is applied said amplitude-modu-

~lated and cavity-reflected portions of said carrier

wave. The mixing of the amplitude-modulated

¢ and cavity-reflected portions of said carrier wave

at said last-named crystal produces a substan-
tlally constant-amplitude resultant wave pro-
vided there has been no deviation from the afore-
sald predetermined, fixed relationship between
the frequency of said carrier wave and sald refer-
ence frequency. On the other hand, if there has
been g deviation from said fixed relationship, the
amplitude-modulated portion of said carrier wave
and the portion thereof reflected from sald cavity
resonator do not arrive at said second crystal
in phase quadrature, and, therefore, the in-phase
component of the modulated portion causes the
cavity-reflected portion to become substantially
ampilitude modulated.

- The modulation envelope of the last-named
resultant wave has a phase, relative to the modu-
lation initially applied to the carrier wave, and a
magnitude, which depend, respectively, on the
sense and magnitude of any deviation from the
above-mentioned fixed relationship between the
irequency of said carrier wave and said selected
reference frequency. Preferably, said modulation
envelope is either in phase with sald initially
applied modulation, or it is in phase opposition

branches extending from a common junction. g thereto.

One of said branches terminates in g non-linear
impedance, such as a crystal, to which modu-
lation is applied whereby a portion of the carrier
wave entering said first branch from said com-
mon junction is mixed with the modulation in
sald crystal, and becomes amplitude modulated,
the resultant sidebands travelling along said first
branch, back toward said common junction.

A second wave-guide branch, along which a
portion of the carrier wave likewise travels from
sald common junction, is terminated in a tuned
circuit, such as a cavity, resonator, which is de-
signed to be resonant to a selected reference fre-
quency with respect to which it is desired to main-

40
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- If there has been no deviation from said fixed
relationship, and, as a result, a substantially con-
stanv-amplitude wave is produced at said second
crystal, there is no modulation envelope to re-
cover, but if there has been g deviation, the
modulation envelope of the amplitude-modulated
resultant wave produced at szid second crystal,
whether it is in phase with the initially applied
modulation, or in opposition thereto, is recovered,
the segnse and magnitude of the recovered en-
velope depending, respectively, on the sense an
magnitude of said deviation. |
The recovered modulation envelope is com-

tain the frequency of the carrier wave in a pre- 5, bined, for example, in a differential-amplitude

determined, fixed relationship.
Preferably, the lengths of said first and second

wave-guide branches are such that the difference
therebetween is equal to

nA
8

where 7 is an odd integer and A is the wave-guide
wavelength corresponding to said selected refer-
ence frequency. As a result of such an arrange-

-
3

. detector, with a portion of the initially applied

modulation to obtain a unidirectional output
whose direction and magnitude likewise depend,
respectively, on the direction and magnitude of
the deviation of the frequency of the carrier
wave from its fixed relationship with respect to
the selected reference frequency. .
Sald unidirectional output is applied to any
preferred electronic or mechanical tuning control

¢0 to adjust the source of the carrier wave to com-
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pensate for the frequency deviations above re-
ferred to. | ; L
Now, it is desired to point out that the fixed
relationship herein referred to can be either a
zero frequency diffierence, as 1s preferred, or any

predetermined actual difference; and it is further

desired to point out that the normal phase rela-
tionship between the first abéove-mentioned am-

plitude-modulated portion of -the carrier wave,

and that portion thereof which is reflected from
the cavity resonator, need not be 90°. Where said

phase relationship is other than 90°, the. résultant.

wave at the second crystal will not be & substan-
tially constant-amplitude wave, but, instead, will
have a certain recoverable amplitude character-
istic, and upon a frequency deviation occurring,
said resultant wave will have & different ampli-
tude ‘characteristic. In this case, the recovered
modulation envelope will have an amplitude
characteristic which is a function of the differ-
ence between the amplitude characteristics of
both said last-named resultant waves, and such a.
difference-characteristics wave may also be used
to control the tuning of the source of the carrier
wave.

In the accompanying specification there shall
be described, and in the annexed drawings shown,
an illustrative embodiment of ‘the frequency-

stabilizing system of the present invention. It

is, however, to be clearly understood that the
present invention is not to be limited to the de-
tails herein shown and described for purposes of
illustration only, inasmuch as changes therein
may be made without the exercise of invention,

and within the true spirit and scope of the claims

hereto appended.
In said drawings, | |
Fig, 1 is a partial block, partial schematic dla-
eram of a frequency-stabilizing system assembled

in accordance with the principles of the present

invention;

Figs. 2 and 3 are vector diagrams illustrating

phenomens occurring in certain of the compo-
nents of said system; | |
-Fig. 4 is a schematic diagram of one type of
datector which may be utilized in the system;
and

Figs. 5 and 6 are vector diagrams explanatory

of ‘the operation of said detector.

Referring now more in detail to the aforesald
illustrative embodiment of the present invention,
with particular reference to Fig. 1 of the draw-
ings, the numeral ‘10 designates a carrier-wave
generator, for example, a microwave gscillator
whose frequency it is desired to control as above
indicated, and whose carrier-wave output:is -ap-
plied to an energy-transmission system includ-
ine, for example, a wave-guide section il. The
latter communicates with another wave-guide
section 12 terminating in oppositely-directed
branches 13 and 14, the junction of said branches
beineg hereinafter considered, for mathematical
analysis purposes, as the energy-injection point
of the system.

The wave-guide branch (3 may be terminated

in any desired matched load, such as an appro-
priate antenna system for radiating the greater
portion of the energy developed by the oscillator
10, and the wave-guide branch i4, which is recep-
tive of a small portion of said energy through an
iris 15, nay be terminated in a so-called “magic
T 16 comprising three wave-guide branches 17,
{8 and 19 extending from a common junction ab
right angles to each other.

4
mixer 20 to which is applied, in series with &
source 21 of direct cuirent, the relatively low-
frequency output of an oscillator 22 which is In-
tended to modulate that portion of the carrier
wave entering the branch {71 from the above-

mentioned common junction, the addition of the

10

direct current assuring the appearance of the full
moodulation envelope across the crystal.

For the purpose of indicating the relationship
which may exist between the carrier-wave out-
put of the oscillator 10 and the modulation output
of the oscillator 22, it is pointed out that the
former may have a frequency, for example, of
10,000 megacycles, and the latter may have a
frequency, for example, of 50 megacycles.

The wave-guide-branch 18 may be terminated,

 through an iris 23, in a cavity resonator 24 ‘de-

[
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A
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signed to e resonant at the selected reference
frequency with respect to which it is desired to
maintain the freqguency of the carrier wave i a
predetermined, fixed relationship. As stated in
sarlier -portions ‘of this specification, the -desired
carrier-wave frequency may be the resonant fre-
quency of the cavity resonator, and this relation-
ship is preferred, or there-may be an actual pre-
determined difference between said frequencies.
The lengths of the'branches 1T and 18, or, more
accurately, the distance (a) between the center
line of the wave-guide section 14 and the crystal
20, on the one hand, and the distance (b) be-
tween the center line of the wave-guide seclion
{4 and the iris 23. on the other, are such that
the difference therebetween (a—>b) is, preferably,

| 8
where 7 is an odd integer and \ is the wave-
guide wavelength torresponding to the selected
reference frequehcy. By proper choice of the
lenegth ahd cut-off frequency of the branches 7

‘and 18, the phase difference can be mgintained

practically constant-over a substantial frequency
band. It Wwill be understood by those skilled In
the art that, if desired, other relationships may
be used, provided appropriate modifications are
made in the components to be later described
herein. | |

The wave-guide branch 19 may be terminated
in. a second crystal 25 which is receptive of the
modulated portion. of the carrier wave coming
from the first crystal 20, and another portion of
said carrier wave refleéted from the cavity reso-
nator 24. As hereinbefore indicated, and as will
become more apparent.from the mathematical

= analysis to be hereinafter set forth, the com-

bination of these two waves at the second crystal
produces a substantially constant-amplitude or a
substantially amplitude-modulated resultant
wave, depending upon whether the frequency of
the carrier wave has. drifted from.its fixed rela-
tionship with respect to the.reference frequency,
and if it has drifted, the resultant wave will have
a phase, relative to that of the initially applied
modulation, and a-magnitude, depending, respec-

tively, on the direction and magnitude of said

drift. - | | |
The output of the crystal 25 is applied fo a
modulation-frequéncy ahniplifier 26 which is tuned

"to the frequency of the modulation oscillator 22,

and which is capable of :passing an appreciable
frequency band with a ‘substantially constant
phase shift, and the output of said amplifier Is
appliéd to a differential-amplitude detector 2T.
The latter is also receptive-of -a portion of the

The branch 17 may be terminated in a crystal 75 output -of ‘the ‘modulation oséillator ‘22, :and ‘the
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¢ombination of the modulation-fréquency ampli-
fier output and said modulation oscillator output
in said detector results in a unidirectional output
whose direction and magnitude likewise depend,
respectively, on the sense and magnitude of any
deviation from the fixed relationship between the
frequency of the carrier wave and the selected
reference frequency. . | |

The unidirectional output thus obtained is ap-

o

6

pressed, and for as£1, g carrier ¢oniponeént is ré~
flected, with a. 4 phase where ¢>1 and a — phase
where a<l. Furthermore, any reflected carrier
component has an amplitude depending upon the
value of a, and has the foliowing form:

....._1 .
6h=kz+1Eh sin (wxt-+6;+¢)

(6)

The action at the crystal 20 generates side-

plied to any appropriate tuning control 28, which 19 bands which are the result of mixing the inci-

may be electronic or electro-mechanical, to tune
the carrier-wave oscillator (0, and compensate
for any drift in the frequency thereof.

Except for the details of the differential-ampli-
tude detector 27, one form of which, shown in
Fig. 4 of the drawings, will later be described, this
completes the description of the physical aspects
of the system of the present invention, and the
following is presented as a mathematical analy-
sis of the operation of said system. |

It will be assumed that the energy travelling
toward the matched load from the energy-in-
jection point is completely absorbed, and any
leakage across the “magic T will be neglected.

At the energy-injection point, the output en
of the carrier-wave oscillator 10 may be repre-
sented by:

er=FKEy sin (wpt-+6;) (1)

where En is the peak value of the carrier wave,
onl 1s the angular velocity thereof, and 6 is a
refierence phase. . |
Across the crystal 20, the output e1 of the modu-
lation oscillator 22 may be represented by:

ezﬁE; COS ,(mzt+92) (2)

20

- sin (wpt+61+ ¢

dent en and the injected e1. Considering only the
first order terms, these sidebands have the form:

en X er=8in (wpt-+61+¢) cos (wit+6;) = _
wit+6z) +8in (wpl-+614+¢—wid—06;)
| (7)

where the first ferm immediately above is the
upper sideband, and the second term immediately
above is the lower sideband. o

These sidebands, plus reflected carrier, if any,
travel back to the common junetion, from whence
part goes toward the matched load and is ab-
sorbed, and part goes toward the crystal 25 which
terminates the wave-guide branch 189.

At this point it is desired to digress momentarily
to develop the reflection coefficient of the cavity
resonator 24. Over a narrow frequency band,

- and where the iris 23 is thin compared to the

30

where Hi is the peak value of the modulation wave,

wi 1s the angular velocity thereof, and 6z is
erence phase.

That portion of the carrier wave travelling
along the wave-guide section 14 from the energy-
injection point splits at the common junction,
part travelling along the wave-guide branch 17
toward the crystal 28, and part travelling along
the wave-guide branch 18 toward the cavity res-
onator 24.

At the crystal 20, there arrives a portion of the
carrier wave which may be represented by:

er=kE} sin (w46, ¢) (3)

where k 1s a proportionality constant and ¢ is the
phase shift introduced between the energy-in-
jection point and the crystal.

The voltage en expressed by Equation 3 and
the voltage e expressed by Equation 2 are mixed
at the crystal 28, as erystal current, and an ampli-
tude-modulated resultant wave travels back along
the wave-guide branch 1T toward the common
junction. The carrier portion of the reflected
wave is, however, zero if the crystal is properly
matched to the wave-guide branch.

Now, the reflection coefficient of the voltage
incident upon the crystal 20 is:

2 ref-

R—Z,
RTZ, - (4)
where R is the effective resistance of the crystal
20 and Zg is the impedance of the wave-guide

Reflection coefficient==

branch (1.
Rearranging this formuls:
. : . . R/Z,~1 ag—1 .
Reflection coefficient RIZ.Fi—aTi (5)

where a=R/Zg, the relative match between the
crystal 20 and the wave-guide branch 11,

30}

o0

i |
g |

()

70

It will be seen that for a=1, the carrier is sup- 75

wavelength of the energy being handled by the
system, said iris is equivalent to an idea] trans-
former between the wave-guide branch 18 and
the cavity resonator 24. The cavity resonator
Itself may be represented over a narrow frequen-
cy band as a parallel resonant circuit having g
constant shunt resistance,

The parallel impedance of the uncoupled res-
onator is:

Zﬂ'“l 138 (8)
where Zo is the parallel impedance of the un-
coupled cavily resonator, at resonance, =7, and

S=Qd2ﬁf

- f aav |
in which latter expression Qg is the dissipative @
of the cavity resonator, Af is the difference be-
tween the frequency of the injected carrier wave
and the resonant frequency of said cavity res-
onator, and fcav is the resonant frequency of said
cavity resonator.

Now, considering the iris coupling between
the wave guide and the cavity resonator, the
parallel impedance of the coupled cavity resonator

_ at the wave-guide side of the iris becomes:

| ' W0 |
R ©
where 7 is the ratio of an idea] transformer.

The reflection coefficient for the wa,ve-guidé,

terminating in the impedance Z’; represented by
Equation 9, is: -

. ; ZFI}_ZIH |
Reflection coefficient = 2y (10)
nZ niz :
58 2 .~ (1+i8) :
= == | 11)
?’LZZ{} , ‘?%2Z@ ‘ |
l-l-jS_I_Z g .ng + (1+JS)

where Z’; is the impedance of the wave-guide
branch 8. | | |

Substituting a: for

?’EEZU
4
2y
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the relative matoh between. the :cavity resonator
%4 :a11d the wave-guide branch. 18:

{11'—'(1 -~

- %Ref:eﬂtiﬂg;c.oe‘:ﬁcient=a1 Ta ___‘;g; - (12)
_(a—1)—=J5, (@1 4+1)—38
(a1 +1)+48S (a;+1)—38
__GIZ-—].'—SZ—ZJ'G1S s
(@+1):+8 13)

For the special case where the cavity: resonator
and the wave-guide branch -are matched ab
resonance, i. e., ai=1, the reflection coefficient
reduces to: |

— S§2— 248
4 - 52
‘Returning now to the analysis of the system as
a,-whole, there arrives at the cavity resonator 24,
from the common junction, a portion-of the-car-
rier '‘wave -wWhich ‘may be represented by: |

en=I1Ey sin (wit-+0+¢) (15)

where ki is -a ‘proportionality constant and ¢’ 1s
the phase shift introduced from the energy-in-
jection point to‘the cavity resonator. -
‘With 'a reflection coefficient as expressed in
Equation 13, ais=<l, and for small S, so that sald
reflection:coefficient is nearly constant in magni-~

(14)

Reflection coefficient=

tude and the-angle thereof‘is nearly proportional:

toS, the voltage reflected from the cavity reso-
nator 24 has anangle which’'is nearly pro portion-
al'to’S, and’has theform: | |

Qi e— 1"'—82'—2 a2 S ‘ |
| (a1+1)2+§21 B sin (ot +01+¢7)

which-is, forsmall S:

7. 612 1-52
e F DTS

where

(16)

o=

H; sin (;ﬂht+91+¢'; - ﬂﬂt) (17)

23&'-18
ai?—1—»52

Practically, therefore:
Aox=K2Af

Ao= radians

(18)

where ‘%2 is ‘a proportionalily constant and, .as
sbhove stated, Af is the difference between the fre-
quency of ‘the injected carrier wave and the.se-
lected reference frequency, which is the resonant
frequency of the cavity resonator. |

‘Phe -carrier wave reflected from the cavity
resonator 24 travels back tothe common junction
of the “magic ‘T, from whence part goes toward
the matched load and is absaorbed, and part goes
toward the crystal 25, said cavity-reflected wave

havingtheform: -
ep= sin- (wpt+6, ¢ +Ax)

Thus, there arrives at the crystal 29, from-the
crystal 206, upper and lower sidebands and, pos-
sibly, a carrier=wave component depending in
amplitude on the relative match of the crystal 20
with the wave-guide branch {1, and reversing in
phase as said crystal and cyide go through
mateh. Also arriving at the crystal 25, from the
cavity resonator 24, is a carrier wave which 1s

(19)

nearly constant in amplitude but has a phase
angledepending on'the deviation of its frequency i

from the predetermined, fixed relationship there-
of with respect to the selected reference ‘fre-

quency of the cavity resonator 24. |
The various voltages arriving at the crystal 25

have the following forms.

i)

3%

16

20

26

30

el
L}
|

1 sin(ont 440+ p—wit—Oy+'")

L
o
.-fl

s

Cr
.t

6V

8

Carrier from crystal 20—sin (ot a™) (20)

Upper-sideband— - :sin (wst 01+ ¢t +-02-+9"")
- : (1)
Lower sideband— - sin (wal*:01+¢— wit—0ai-¢*")
(22)

where ¢’/ is the phase shift intreduced between
thef'crysta‘:ls '32'04311{:1-?125_ - -

Cazrier. from. cavity resonator 24—

o - sin (eitH0rte! Hhod-0t")  (23)
where ¢’’’ is‘the-phase-shift introduced between
the-cavity resonator ‘24 and-the crystal’2s. |

‘Now, -any -carrier-component from ‘the crystal
20 -combines -with -the carrier ‘wave ‘from the
cavity resonator 24 vectorially, and o0, &t “the:
crystal 25, -only -one -carrier ‘input need be con-
sidered. - |

‘The combination, -at said erystal ‘23, -0f ‘the
upper sideband, as represented by the Expression
21, -and ‘the carrier wave, as -represented by the
Expression 23,is asfollows:

sin (wit+6, ¢+ w0+
SRR *”Sin ! (—m-ht +91 ?_I':'_-‘ﬁ’ :l:*ﬁa"h¢”f) ==
cos (wpt+0i-+¢- it -+ 0+’

—wpl— 01— ¢’ F Aa—e¢'"’ | (24)

—cos (wat+0i+¢+ w0t |

o S Fwpt+0;1+¢" EAda+o")
in which the low-frequency or mogdulation -en-
velgpe:term is:

cos (witFoyi-o ¢ —p' —p'" FhAa)  (25)

The combination, at-the-crystal 28, of the lower
sideband, ras :represented by :the Expression 22,
and the icarrier wave, :as:represented.hy the ex-
pression 23, is as follows: -_

O osin i (wit -+ 6" Thatg )=

(26)

c0s (wit+iho—mit— bt —

 wit——¢' Fha—g¢'")

—.C0OS €ﬂt?;htTh9.1'riT§¢"'f¢?itﬁ*f92’+¢;”'ﬂ*
wil+ 01+ ¢’ LAat¢’ ")
in ‘which “the low<frequency -or -modulation en-

velope term-is: |

cos (—wit—0O+¢+o' —¢'—¢'"FAa) (27)
Tsetting -¢-¢''—¢’—o’"*==B, 'the :two ‘low-ire-
quenacy terms - (25) -and-(27) ‘may-be:rewrltten-as
follows: | |

208 (it t-6--BF.Ad)

@28)

Cand

cos (—wit—0,+BF Aa)=cos— (wit+-6—B 1+ Ac)
| | .- = CO0S (wit 02 - B+ Aa) (29)

Thesum:of‘theiExpressions 28 -and 29 givegthe
resultant low-ireqauency output from-the -crystal
Now, as previously: indicated, the difference:be-

tween the lengths of the wave-guide branches {1 .

~ and 18 is, preferably,

=-r
-

D)
8

and since ¢+¢’'—¢’ —¢’''=B,B must equal:90°.
Hence, where A« is‘izero, eorresponding ‘to-no
deviation from the fixed relationship between the
frequency Of the -carrier wave and the selected
reference frequency, the low-frequency output
from the crystdl25 is zero. "In‘this case, the-only
output from-sdid-erystal 2b’is-direct: current:and

even harmorics, ‘or <& substantidlly -constant-




2,486,001

10

amplitude output resulting from rectification of - 4, the input to the tube 29, diode I, is the vector

the carrier-wave input.

This has been illustrated vectorially in Fig, 2
of the drawings. The upper sideband may be
- considered as a vector rotating in a counter-
clockwise direction at the frequency of the car-
rier wave plus that of the modulation wave, and
the lower sideband may be considered as a vector
rotating in the same direction at a frequency of
the carrier wave minus that of the modulation
wave., These two vectors periodically become in
phase and sc, they may also be considered as
oppositely-rotating vectors combining to pro-
duce a non-rotating vector, which is the result-
ant sideband. The latter, actually, is the car-
rier wave varying in amplitude at the modula-
tion frequency, and when combined with the cav-
ity-reflected portion of the carrier wave, with
which it is 90° out of phase, said cavity-reflected
portion of the carrier wave remains substan-
tially unaffected. Therefore, no modulation en-
velcpe is recovered at the crystal 25.

Where, however, A« is not zero, in other words.
the frequency of the carrier wave has drifted
from its fixed relationship with respect to the
reference frequency, a recoverable output does
appear across the crystal 25, the phase of said
output denending on the sign of A«, i. e., the di-
rection of the frequency drift, and the amplitude

of said output devnends on the magnitude of As, :

i. e, the extent of the frequency drift.

This, toc, has been illustrated vectorially, in
Fig. 3 of the drawings, from which it can be seen
‘that where the carrier frequency drifts above the

[
-

10

25

~ resonant frequency of the cavity resonator 24, as

indicated by the dashed vector to the left of the
full Iine labelled “Carrier (wr=/fcav).” the cagrrier
wave from said cavity resonator scquires. at the
crystal 25, “4 amplitude modulation,” and,
where the carrier frequency drifts below the res-
onant frequency of the cavity resonator, as indi-
cated by the dashed vector to the right of said
full line, said carrier wave acquires *“— ampli-
tude modulation,” said 4 and — modulation re-
ferring, of course, to the phase of the moduls-
tion envelope. The modulation thus produced
results from the effect of an in-phase portion of
the resultant sideband acting upon the carrier
wave whose frequency has been altered by Ac.

In any event, the output of the crystal 25, after
passing through the modulation-frequency am-
plifier 28, is applied to the detector 27 to extract
the sense thereof, depending on whether A« is -+
or —, and obtain a unidirectional output of the
proper sense and magnitude to operate the tun-
ing control 28.

‘Referring to Fig. 4 of the drawings, it will be
seen that the detector 271 may comprise a pair
of diode vacuum tubes 29 and 30 the anodes of
which are connected to the opposite ends of the
secondary winding 3f of the transformer 32, the
primary winding 33 of said transformer having
-applied thereto a signal E, the output of the mod-
ulation-frequency amplifier 26. The cathodes of
the tubes 29 and 30 are connected to ground,
respectively, through resistors 24 and 35, and the
secondary winding 31 of the transformer 32 is
center-tapped, whereby a portion of the output
B’ of the modulation osecillator 22 may be ap-
plied between said center-tap and ground. The
output of the detector is taken from across the
cathode ends of the resistors 34 and 35.

The input signal E appears across the second-
ary winding 31 of the transformer 32 as the sum
of the voltages E1 and Ez. Assuming that Ae is
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sumn of E’--Fi, producing the output Es: shown
in Fig. 5 of the drawings. At the same time, the
input to the tube 30, diode 2, is the vector sum
of E'—FE2, producing the output Es2 shown in
the same figure. | |

The voltages Eqa: and Eaz appear across the re-
sistors 34 and 35 in opposition to each other, and
the algebraic difference therebetween, AR, con-
stitutes the final output of the differential-am-
vlitude detector, as shown in Fig. 6 of the draw-
ings. |

This final output, a unidirectional voltage
whose direction and magnitude depend, respec-
tively, on the direction and magnitude of the
deviation of the carrier frequency from the fre-

quency desired thereof, is applied to the tuning

control 28, which, in turn, acts upon the carrier
wave oscillator 10 to compensate for any such
deviation. . | |

While the detector 27 has been shown to in-
clude diode vacuum tubes, triodes may be used,
in which case the center-tap of the secondary
31 may be omitted, and the output from the oscil-
lator 22 may be applied to the grids of the triodes
in parallel. | |

This completes the description of the afore-
said illustrative embodiment of the frequency-
stabilizing system cf the present invention. It
will be noted from all of the foregoing that the
present invention enables the maintenance,
within close limits, of a predetermined fixed re-
Jlationship between the frequency of a carrier
wave and a selected reference frequency.

Other objects and advantages of the present
invention will readily occur to those skilled in
the art to which the same relates. |

What is claimed is: |

1. Apparatus for stabilizing the frequency of
& carrier wave comprising: means for amplitude
modulating a portion of said carrier wave; means
for shifting the phase of another portion of said
carrier wave through such an angle that, upon
combination of said amplitude-modulated and
bhase-shifted portions thereof, a wave having
a selected amplitude characteristie results:
means, responsive to any drift in the frequency of

~ said carrier wave, for altering the phase of said
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phase-shifted portion thereof: means for com-
bining said amplitude-modulated and phase-
shifted portions of said carrier wave whereby,

In the event no frequency drift has occurred, the

resultant wave has the aforesaid selected ampli-
tude characteristic, and, in the event a. frequency
drift has occurred, the resultant wave has a sub-
stantially different amplitude characteristie;
means for deriving from said last-named result-
ant wave a wave having an amplitude character-
istic which is a function of the difference between
the amplitude-characteristics of both said re-
sultant waves; and means, receptive of said dif-
ference-characteristics wave, for so tuning the
source of said carrier wave as to compensate for
said frequency drift. | o
2. Apparatus for stabilizing the frequency of
a carrier wave comprising: means for amplitude

-modulating a portion of said carrier wave: means

for shifting the phase of another portion of said
carrier wave through such an angle that, upon
combination of said amplitude-modulated and
phase-shifted portions thereof, a wave having a
selected amplitude characteristic results: means,
responsive to any drift in the frequency of said
carrier wave, for altering the phase of said phase-
shifted portion thereof, the sense and magnitude
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of. sa1d phase-shift. alteration- depending, respec-
tively, on the sense:and-magnitude: ol* any such
frequency: drift;. means: for combining the am-
plitude=-modulated and: phase-shifted portions of
said: carrier wave whereby;. in: the event no fre-
quency drift has occurred, the- resultant wave
has: the aforesaid selected: amplitude: characier-
- istic; and, in the event.a frequency drift has oc-
curred; the- resultant: wave has. a . substantially
.different amplitude characteristic; means-for de-
riving: from said’ last-named- resultant wave a
wave having an amplitude characteristic which is
a«function: of the:difference: between the:ampli-
tude:characteristics ofr both said-resultant-waves,

the-phase of the'amplitude characteristic ofrsaid ;

difference-characteristics: wave;. relative: to: the
modulation. initially-applied-to: said- carrier wave,
and: the: magnitude. thereof, depending, respec-
tively, on- the sense:-and magnitude:of said. fre-
guency drift; means for combining said. differ-
ence-characteristics: wave withyha: pertion of sald
initially applied modulation: to' obtain: a unidi-
rectional output: whose sense and magnitude like-
wise depend; respectively;.on the sense:and mag-
nitude-.of said. frequency drift; -and: means,; re-
ceptive of said unidirectional wave, fol s tun-
ing: the- source- of. caid- carvier wave:as to com-
pensate: for said:freauency drift:

3. Apparatus:for -stabilizing the:frequency:of a
carrier wave comprising: means fqor amplitude
modulating-a portion:of.said cargierwave; means
for-shifting- the phase: ofi another-portion of:said
carrier wave througiian.angle of: 90°; means;.re-
snonsive: to: any- drift: in: the: frequency: ofr said
carrier wave, for altering the:phase:of'said phase~
shifted: portion thereof; means:for:combining the
‘amplitude-modulated: and- phase~shifted: por-
tions of said carrier wave whereby, in. the event
no; frequency. drift. has: occurred;. the resultant
wawve-is'a substantially constant-amplitude wave,
and, in:the-event:a freguency:drift:has:occurred,
the resultant wave is-aysubstantially amplitude-
meodulated wave; means:for recovering:the modu-
lation: envelope of said last-mamed’ resultant

wave; and: means, receptive -of: said modulation.

envelope, for so-tuning the: source: of said: carrier
wave.as to compensate: for said:frequency drift.
4. Apparatus: for stabilizing: the  frequency -of
a.carrier wave-comprising: means: for:amplitude
modulating a. portion. eof sald carvier wave;
means- for shifting: the phase-of ancther portion
of sald ecarrier wave through: an- angle- off 90°;
means; responsive:to-any drift in- the frequency
of said. carrier wave, for altering the phase . of

said.phase-shifted. portion thereof, the sense:and

magnitude of said:phase-shift alferation:depend-
ing, respeectively;. o the-sense-and: magnitude- of
any such frequency drift;" means: for combining
the-amplitude-modulated and phase-shifted- por-
tions of said carrier wawve. whereby, .in.the: event
no frequency: drift has: eccurred, the' resultant
- wave-is-a: substantially -constant-amplitude wave,
and: in-the-event a:frequency driff has occurred,
the resultant wave is a substantisllyamplitude-
modulated: wave, the:phase:of the:modulation en-
velope:of sgid! last-named! resultant: wave; rela-
tive to: the modulation initially applied: to said
carrier wave: and’ the maghnitude thereof, de-
pendinhg; respectively, -on the sense and magni-
“tudeof sgid frequency:dhift; means forrecovering
said- modillation envelope: means for combining
saidi modulation: envelope: with- a-portion' of said
initially. ‘applied: modulation- to- obtain -a unidi-
rectional:output whose sense and'magnitude like-
wise depend, respectively, -on-the sense and mag-
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nitude. ofi sald frequency drift: and means, re-
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ceptive of said unidirectional wave for so tun-
ing:'the source- of said carrier wave as to com-

pensate:for said frequency drift.

5. Apparatus for maintaining a.fixed. relatmn-

ship between the. frequency of a carrier wave. and
a. selected reference frequency comprising: :an
--energy-transmlssmn system, receptive- of said
carrier wave; and having a plurality of branches
extending from:a common junction; means, ter-
minating a first. of said- pranches, for- amphtude

modulating that. portion of saild carrier wave

entering- the same; a- tuned. circuit, resonant {o

said selected reference frequency, terminating

a-~second. of SEle branches; said first and second

branches being of such lengths. that.the difierence

therebetween. is-equal. to

@.
8
where. n is'an odd integer and A is the: Wa‘-ve-gmde

wavelength corresponding to said: selected refer-
ence - frequency; -whereby, at said common junc-

tion; said: amplitude-modulated portion of said
.- garrier wave-and that portion of-said carrier wave
reflected from said tuned circuit are 80° out of

phase;

means, terminating & third of said
branches, for combining said amplitude-modil-

lated . and reflected: portions of said: carrier-wave

whereby, in the event the: aforesaid: fixed rela-
tionship between the frequency- of: said- carrier

wave-and said selected: reference: freguency has

been mamtamed the-resultant wawve-is.:a: substan-

~ tially-constant-amplitude wave, and, in-the event

said- fixed relationship has: been: aliered; the -re-

U N
}’_'}1’;

sultant wave: is:a substantially amplifude-modu-

. 1ated wave; means for recovering the modula-

tion-envelope of smd last-named: resulta,nt wave;

and means- receptlve of said modulation envelope,

.., for so-tuning the source of said:carrier -wave-as

to reestablish.said.fixed. relationship. between. the
frequency -of said carrier wave and. said- Jselected

reference-frequency.

6. Apparatus. for maintaining-a; ﬁxed relation-

shipbetween:the frequency: of a.cazrrier wave: and
. a- selected reference frequency comprising: a

wave: guide, receptive of said. carrier wave; and

_having, a- plurality- of branches extending from

a common. junction; means,. terminating. a- first

of: said branches-and including-a-source-of mod-
ulation. and. .a. mixer adapted. to. be: energized

“thereby, for amplitude modulating that portion

&
ey |
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of said carrier wave. entering the-same; a cavily

resonator; resenant to said selected: reference fre-
quency, terminating: a second of said branches;

said first and second branches being: -of: such

Jlengths: tha:o the difference:therebetween: is:equal
fo.

=3

where 7.is-an.odd integer and \is:the -wave-guide
wavelength: .corresponding  to: said: selected. ref-

erence frequency, whereby, at said -.common junc-
_ ion,. said amplitude-modulated portion -of sa1d

wave reflected. from said cavity resonator-are-90°

out. of phase; means, terminating a.third of said
‘branches and including a second:mixer, for -com-

bining said amplitude-modulated. and refiected
portions of said carrier wave whereby, in the
event the aforesaid fixed relationship between
the frequency of said carrier wave and .said se-
lected. reference freguency has been maintained,
the resultant wave is a substantially, constani-
amplitude wave, and, in the event said fixed re-
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lationship has been altered, the resultant wave is
a substantially amplitude-modulated wave:
means for recovering the modulation envelope of
sald last-named resultant wave; and means, re-
- ceptive of said modulation envelope, for so tun-
ing the source of said carrier wave as to reestab-
Iish said fixed relationship between the frequency

of said carrier wave and said selected reference

frequency.

7. Apparatus for maintaining a fixed relation-
ship befween the frequency of a carrier wave and
a selected reference frequency comprising: an

energy-transmission system, receptive of said:

carrier wave, and having a plurality of branches
extending from a common junction; means, ter-
minating a first of said branches, for amplitude
modulating that portion of said carrier wave en-
tering the same; a tuned circuit, resonant to
sald selected reference frequency, terminating a
second of said branches; said first and second
branches being of such lengths that the difference
therebetween is equal to

nA

8

where n is an odd integer and \ is the wave-
guide wavelength corresponding to said selected
reference frequency, whereby, at said common
Junction, said amplitude-modulated portion of
said carrier wave and that portion of said carrier
wave reflected from said tuned circuit are 90°
out of phase if the aforesaid fixed relationship
between the frequency of said carrier wave and
said selected reference frequency has been main-

tained, and a different amount if said fixed re-'

lationship has been altered, the sense and mag-

5
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nitude of the latter amount depending, respec-

tively, on the sense and magnitude of the devia-
tion from said fixed relationship; means, ter-
minating a third of said branches, for combining
sald amplitude-modulated and reflected portions
of said carrier wave whereby, in the event said
fixed relationship has been maintained, the re-

sultant wave is a substantially constant-ampli-

tude wave, and, in the event said fixed relation-
ship has been altered, the resultant wave is g
substantially amplitude-modulated wave, the
phase of the modulation envelope of said last-
named resultant wave, relative to the modula-
tion initially applied to said carrier wave, and
the magnitude thereof, depending, respectively,
on the sense and magnitude of said deviation
from said fixed relationship; means for recover-
ing said modulation envelope: means for combin-
ing said modulation envelope with a portion of
sald initially applied modulation to obtain a uni-

directional output whose sense and magnitude

likewise depend, respectively, on the sense and
magnitude of said deviation from said fixed re-
Iationship; and means, receptive of said unidi-
rectional output, for so tuning the source of said
carrier wave as to reestablish said fixed relation-
ship between the frequency of said carrier wave
and said selected reference frequency.

8. Apparatus for maintaining a fixed relation-
ship between the frequency of a carrier wave
and g selected reference frequency comprising:
a wave guide, receptive of said carrier wave,
and having a plurality of branches extending
from a common junction; means, terminating
a first of said branches and including a source
of modulation and a mixer adapted to be ener-
gized thereby, for amplitude modulating that
portion of said carrier wave entering the ssme:

a cavity resonator, resonant to said selected ¥B with

4.
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reference irequency, terminating a second of
sald branches; said first and second branches be-
ing of such lengths that the difference there-
between is equal to |

nA

8 _
where n is an odd integer and \ is the wave-guide
wavelength corresponding to said selected ref-
€rence irequency, waereby, at said common junc-
tion, said amplitude-modulated portion of said
carrier wave and that portion of said carrier
wave reflected from said cavity resonastor are
90° out of nhase if the aforesaid fixed relation-
ship between the frequency of said carrier wave
and sald selected reference frequency has been
maintained, and a different amount if said fixed
-relationship has been altered, the sense ‘and
-magnitude of the latter amount depending, re-
spectively, on the scns: and magnitude of the
deviation from said fixed relationship; means,
-terminating a third of said branches and inelud-

Ing a second mixer, for combining said ampli- -
tude-modulated and refiected portions of said

carrier wave whereby, in the event said fixed
relationship has been maintained, the resultant
wave 15 a supstantially constant-amplitude
-wave, and, in the event said fixed relationship
has been altered,; the resultant wave is a suh-
stantially amplitude-modulated wave, the phase
of the modulation envelope of said last-named re-
sultant wave, relative to the modulation initially
appiled to said carrier wave, and the magnitude
thereof, depending, respectively, on the sense
and magnitude of said deviation from said fixed
relationship; means for recoverine said modu-
lation envelope; means for combining said
modulation envelope with a portion of said ini-
tially applied modulation to obtain s unidirec-
tional output whose sense and magnitude like-
wise depend, respectively, on the sense and mag-
nitude of said deviation from said fixed rela-
tionship; and means, receptive of said unidirec-
tional output, for so tuning the source of said
carrier wave as to reestablish said fixed rels-
tionship between the frequency of said carrier
wave and sald selected reference frequency.

9. Apparatus for stabilizing the frequency of
a carrier wave comprising: means for amplitude
modulating a portion of said carrier wave, a
tuned circuit having a resonant irequency with
respect to which it is desired to maintain the
frequency of said carrier wave in a fixed rela-
tionship, said tuned circuit being receptive of
another portion of said carrier wave to produce
a reflected wave whose phase and magnitude
are functions, respectively, of the direction and
magnitude of any deviation of the frequency

‘thereof from that desired of said carrier wave:

means, receptive of said amplitude modulated
portion of said carrier wave and said reflected
wave, for detecting the phase of said reflected
wave and deriving g unidirectional control volt-
age whose direction and magnitude are, lize-
wise, functions of said frequency deviation:
and means, receptive of said control voltage for
tuning the source of said carrier wave to com-

70 pensate for any such frequency deviation.

10. Apparatus for stabilizing the frequency
of a carrier wave comprising: means for ampli-
tude modulating a portion of said carrier wave,
a cavity resonator having a resonant frequency
respect to which it is desired to maintain



et | mr. - narm
B T
)

‘2,486,001

15

the: frequency  of said carrier wave In:a: fixed

relationship, said cavity resonator being-recep-
tive- of . another portion of said carrier wave to
produce a reflected wave whose phase and mag-
nitude are functions, respectively, of the direc-
tion and magnitude of: any deviation of the
frequency thereof from that desired of said
carrier wave: means, receptive of said ampli-
tude modiulated portion of said carrier wave
and said reflected wave, for detecting the phase
of said reflected wave and deriving a unidirec-
tional control voltage whose: direction and mag-
nitude are, likewise, functions of said frequency
deviation: and means, receptive- of said control
voltage  for tuning the source of said carrier
wave to compensate for any such frequency

deviation.

10
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modulation. envelope are functions; respectively,
of the direction and: magnitude of any deviation
‘of: the-frequency of- said high-frequency oscilla-
tions; from  that desired: thereof; means, recep-
tive of said modulated wave, for recovering said
motdulation: envelope; means, receptive of said
modulation-envelope-and a portion of the outputb
of szidisource: of relatively low-frequency oscil-
lations, for comparing the phases thereofl: and
deriving therefrom:a unidirectional control volt-
arze: whose directien and magnitude are, like-

 wise, functions of said frequeney deviation; and

15

11. Frequency-stabilizing apparatus compris-

ing: g source of relatively high-frequency: oscil-

lations: a source of relatively low-frequency
oscillations: a circuit, receptive of said relatively
high and ' low-frequency oscillations; and in-

cluding a cavity resonator having a resonant

frequency- with respect to which it is desired to
maintain the frequency of said high-frequency
oscillations in a fixed relationship, for modu-
lating said high-frequency oscillations witlt said
low-frequency oscillations to produce- a modu-
lated wave the phase and magnitude of whose

20

30

means, receptive of said control voltage and-cou-
pled! to-said:source of relatively- high-frequency
oseillations, for tuning said source: of relatively
high-frequency: oscillations to compensate ior
any such frequency deviation.
GEORGE G. BRUCK.
- PHILIP E: VOLZ.
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o R} nZ
Z?‘: + read 7rf+
column 7, line 38, for t o, —k," Tead &rx=ki; line 59, for “¢'+Aa’ read ¢’ +Ac;
with these corrections therein that

and that the said Letters Patent should be read
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