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Lowell E. Norton, Princeton Junction, N.J., as 
signor to Radio Corporation of America, a cor poration of Delaware 

Application February 26, 1945, serial No. 579,767 

1. 
This invention relates generally to signal 

transmission systems and more particularly to 
improved methods of and means for modulating 
the frequency of signal generating systems by 
means of control resonator networks, the char 
acteristics of which are varied in response to signal intelligence, 

Substantially linear frequency modulation of 
magnetrons or other ultra-high frequency gen 
erators has become of increasing importance due 
to the widespread use of such devices as sources 
of ultra-high frequency energy. Stable and 
linear frequency modulation is particularly nec 
essary when the magnetron or other high fre 
quency source must operate unattended for com 
paratively long intervals during which ambient 
temperatures, terminal impedances, operating 
potentials and currents and magnetic field char 
acteristics may fluctuate or vary between wide 
limits. 
The methods of and means for frequency 

modulating such devices, to be described in de 
tail hereinafter, may be employed at any fre 
quency. They are particularly convenient when 
the frequency is sufficiently high so that the use 
of waveguide or transmission line sections hav 
ing distributed reactance characteristics are 
feasible, At lower frequencies, artificial lines 
comprising lumped circuit components may be 
substituted for lines having distributed con 
stants. At any frequency, equivalent. circuits 
comprising combinations of suitable mutual re 
actances, lumped or distributed reactances and 
resistances, may be employed. 

It is well known that the frequency of a gen 
erator which includes two resonant circuits hav 
ing relatively widely different "Q' values will be 
controlled by the resonant circuit having the 
higher "Q" value, and more effectively controlled 
if the higher 'Q' circuit has the lower resonant 
resistance. It also is well known that other 
parameters being equal, higher "Q" resonant 
circuits, provide improved frequency stability in 
Such generators. 
The instant invention provides improved, sub 

stantially linear frequency modulation over that 
attainable with prior systems, and although 
somewhat unorthodox in theory and application, 
it is readily adaptable to the frequency modula 
tion of signal generators at any frequency. The 
frequency modulating network comprises a high 
'Q' variable impedance of a complex nature. 
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which is transformed to a new impedance with 
a higher "Q" and lower absolute value, and 
which is then parallel-resonated with another 56 

.19 Claims, (C. 79-75) 
2 

reactance of opposite sign. The variable 'syn 
thetic' control resonator thus provided is paral 
lel-connected to the generator and load, and the 
impedance of the control resonator is varied in 
response to signal intelligence to modulate the 
frequency of the generator, 

Circuit elements having rapid rates of change 
of phase angle with frequency and critical 
optimum line lengths may be determined, as de 
scribed in detail hereinafter, to provide prac 
tical circuit configurations. It is emphasized 
that the instant system differs basically from 
previous practice wherein the reactive elements 
of a high 'Q' resonator are first combined, and 
then transformed to new values, the trans 
formed resonator impedance being shunt-con 
nected with the generator and load. . 
The present invention is an improvement over 

the system disclosed in my copending U. S. ap 
plication, Serial No. 579,766, filed February 26, 
1945, entitled "Method of and means for fre 
quency stabilizing frequency generators,' as 
signed to the same assignee as the instant ap 
plication. 
The system is effective in reducing undesirable 

frequency shifts due to variations in load im 
pedance. For any terminal impedance of ran 
dom phase and magnitude which will provide a 
standing wave ratio of not more than 1.5 in a waveguide system connecting the load and the 
stabilizer system, it is possible, in the absence of 
modulating signals, to limit the frequency shift, 
to one part, in fifteen thousand over the entire 
range of terminal impedances represented by 
these conditions. The improved Operation pro 
vided by the instant system is due to the fact 
that the theoretical limit of the resultant effec 
tive 'Q' of the control impedance may be shown 
to be one-half of the squared value 

(3) 
of the "Q" of the control impedance. The limit 
ing factor is the loss in the impedance trans 
formation. The resultant high "Q' network 
combined with great phase sensitivity with re 
spect to modulating potentials provides high 
sensitivity and fidelity of frequency modulation. 
Among the objects of \the invention are to 

provide improved methods of and means for 
modulating the output frequency of signal gen 
erators. Another object is to provide improved 
methods of and means for synthesizing control 
resonant circuits for modulating the frequency 
of carrier wave generators. An additional ob 



ject of the invention is to provide improved 
methods of and means for synthesizing a vari 
able high. "Q" resonant circuit, the impedance 
of which is varied in response to signal intelli 
gence. A further object is to provide improved 
methods of and means for effectively raising the 
'Q' of a variable resonant circuit, the reactance 
of which is responsive to signal intelligence. 
Another object is to provide improved methods - 
of and means for frequency-modulating carrier 

A signal generators by electromagnetic means. 
further object is to provide improved methods 
of and means for frequency modulating carrier. 
signal generators by ionizable means. An ad 
ditional object is to provide improved methods 
of and means for frequency modulating carrier 
signal generators by electronic variable react 
ance means responsive to signal intelligence. A 
still further object of the invention is to provide 
improved methods of and means for providing 
a high 'Q' resonant circuit wherein a high "Q" 
variable impedance responsive to signal intelli 
gence is transformed to a lower variable .in 
pedance value having a higher 'Q', and then 
a predetermined value of said transformed var 
iable impedance is parallel-resonated with a re 
actance of opposite sign. 
The prior art and the instant invention, both 

as to theory and practical circuit configurations. 
will be described in greater detail by reference 
to the accompanying drawings of which Figures 
1 to 13 are schematic circuit diagrams illustrat 
ing the mathematical discussion of the features 
of the invention; Figure 14 is a graph illustrating 
said mathematical treatment of the invention 
Figure 15 is a fragmentary perspective view of the 
coupling between the carrier signal generator and 
the frequency modulation network; Figure 16 is 
a side elevational view of a basic embodiment of 
the invention; Figure 17 is a cross-sectional end 
elevational view of said basic embodiment of 
the invention taken along the section line XVII; 
Figure 18 is a fragmentary, partially schematic, 
side elevational view of a first Or electromagnetic 
embodiment of the invention; Figure 19 is a frag 
mentary, partially schematic, side elevational 

a458,468 

as shown in Figure 1. 

4. 
tial, -e, which is independent of frequency or ex 
ternal impedances, and a single impedance, Zint, 

If the operating parame 
ters are changed even slightly it is possible for 
the new, simple equivalent circuit to contain a 
radically different potential and impedance. 
The generator , may be considered as having 

load terminals its and it. It would be advan 
tageous to have terminals t1 and ta available, 
but terminals its and its are the only ones which 
are accessible. However, if Zint is of the form 

Zinterint--acint (1) 
it will always be possible, by proper choice of an 
external circuit, to tune out the reactive term with 
an external series reactance arext which is 

(2) 
so that the oscillator may then be represented 
by the potential, e, in series with the resistance, 

acets=-acint 

int. 
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cross-sectional view of a second or ionizable em 
bodiment of the invention; Figure 20 is a frag 
mentary, partially schematic, side elevational, 
cross-sectional view of a third or electronic em 
bodiment of the invention; Figure 21 is a frag 
mentary, partially schematic, side elevational, 
cross-sectional view of a first modification of said 
third embodiment of the invention; Figure 22 is 
a fragmentary, partially schematic, side eleva 
tional, Cross-sectional view of a second modifica 
tion of said third embodiment of the invention; 
Figures 23, 24 and 25 are graphs illustrating the 
Operating characteristics of said third embodi 
ment of the invention and said modifications 
thereof; and Figure 26 is a fragmentary perspec 
tive view of a modification of said basic embodi 
ment of the invention illustrated more completely 
in Figs. 16 and 17. Similar reference characters 
are applied to similar elements throughout the 
drawing. 
Any Oscillator or generator used as a source of 

energy has certain characteristics which for con 
Wenience may be expressed in terms of impedance 
Concepts. The resulting equivalent circuits may 
contain many elements which may or may not be 
linear with certain parameters such as frequency. 

50 

In Figure 2 the oscillator is shown as con 
nected to any external terminal impedance com 
posed of m branches each of which contains min 
branches. If all of the elements in the external 
circuit of Figure 2 are pure reactances, with no 
real terms and if rint->0, then the actual external 
circuit configuration is unimportant since the 
rate of phase change, with frequency, of the ex 
ternal circuit at terminals ts-ta no longer de 
pends upon the actual circuit configuration. 

Actually a circuit with this limitation is of no 
value since by specifying that the elements are 
all reactive, it is assumed that the system will not 
be allowed to radiate or to supply power to a load. 
To be useful, at least one of the impedances of 
the external circuit must be complex and there 
fore contain a real term. By introducing only 
One real term in the external circuit of Figure 2 
the actual circuit configuration becomes import 
ant since the rate of phase change, with frequen 
cy, at terminals t-ta will depend upon the par 
ticular configuration. 

If Zint, is controllable, then it must be so chosen 
that a large rate of phase change with frequency 
at t-ta will also produce a large rate of phase 
change at ti-ta. If there is no control of acint, 
then the external circuit must produce a large 
rate of phase change with frequency at ti-ta and 
not necessarily at ta-ta. '. 
One other practical restriction must be imposed 

on the external circuits. At very high frequen 
cies it is difficult to measure impedances and 
other quantities related to potentials and cur 
rents in composite circuits. Therefore the final 
circuit must not be so complex as to preclude 
the possibility of accurate adjustments of the 
circuit elements. Also, if possible, critical and 
radical changes in circuit operation which will 
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However, under any one set of operating condi 
tions, this complicated equivalent circuit may al 
ways be replaced by a "characteristicless' poten 75. 

be easily detectable in monitoring equipment 
used during adjustment should occur near opti 
mum adjustment of critical circuit values, so that 
proper initial adjustment may be made. 

Obviously, an infinite number of circuit con 
figurations is possible.. To insure a correct ap 
proach to the problem without becoming quite 
hopelessly involved in too many possible circuit 
forms, it is desirable to make certain reasonable 
aproximations which transform the problem to 
a much simpler one. The validity of these ini 
tial approximations may be examined when a 
tentative frequency modulation network has been 
found. . . . 

The basic circuit of the instant invention is 
shown in Figure 4. The impedance Z will be 
the parallel impedance of the two branches in 



5 
the plane A-A. The lines are of length Li and 
La and may be either wave guides, transmission 
lines, artificial lines, or equivalent circuits con 
taining mutual reactances and impedances. 

Referring to Figure 4, it is convenient to let 
the "characteristic impedances' of lines L and Lil 

: 888 

reactance a which is 

5 

be alike and represented by Z, and the propaga 
tion constant by P=a--is. 

Actually, of course, the lines will have some 
attenuation so that transmission equations will 
in general have exponential attenuating factors, 
and the line equations may be written conven 
iently with the use of the usual hyperbolic func 
tions. However, to simplify the expressions 
gréatly, it may be assumed that the distributed 
series resistance of the line, per unit length ap 
proaches zero and the distributed shunt resist 
ance of the line per unit length approaches in 
finity. Thus the hyperbolic functions may be 
replaced by their corresponding trigonometric 

plane A-A is 
2= 

R- it 
Z. 

cos 3L-- 
2R-- 

Z. 

cos 3L-- 

Re--its 
2. 

sin BL cos 3Li-- 
Rs--its 

+-4. 
sin 3L cos 3L 

cos 3L1-- sin 31 
Re--its 

2. 
cos 3L-- sin 8L 

Relia's 2. 

cos BL+i sin BL 
R-- a 
2. 

cos 3L--i sin (3. 
R-- a 
2. 

sin BL 

sin BL 
(3) 

Rationalizing, an exceedingly cumbersome ex 
pression for 21 is obtained, which may be written 
in simplified form 

- Z=p--ip' (4) 

in which p and p' are each functions of R, 3, 
Re, acs, Zik, f, and B1. 
The various circuit constants must be selected 

and related so that the maximum rate of phase 
change with frequency in 21 at A-A is obtained. 
This may be accomplished by making 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 
where at and acs' are functions of frequency, and 
R is practically independent of frequency for 
small frequency changes Afrnear f, but it is ap 
parent that the solution of the simultaneous 
Equations 5 to 10 is impractical. However, con 
sideration of the desired result in view of the 
circuit of Fig. 4 permits certain assumptions to 
be made which simplify the solution. 
In Figure 4 let L=0, and let R be the load 

resistance directly (or some transformed load re 
sistance). By connecting in series with R a 
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where U>1. The product Ut may be maximized 

6 
- a function of frequency, 

one element of a parallel (referred to a plane 
through A-A) resonant circuit is provided. The 
other element is s--as or maximum rate of 
phase change with frequency at A-A, imped 
ance R-- and Re--it should have the highest 
possible Q values. By using a shorted section of 
low attenuation line it is seen that 

R-0 
Z=it 

The branch 2 contains the load resistance R. 
which limits the upper value for a since, if ae is 
too large, the resonant resistance at A-A will 
be too high. The attendant difficulties for a high 
resonant resistance have already been discussed. 
The result is that the Q of the branch R--tae will 
be limited quite severely. 

(11) 

20 functions. Accordingly, the impedance 21 in the If, a line length is, selected which will trans form the impedance 2=R--at to 2 sRe--lace in 
which 

2 at > 
and (12) 

The absolute value of impedance Z can be 
transformed to a smaller numerical absolute value. 
Z and at the same time the ratio 

f R 
is transformed to a larger ratio 

R 
This feature is very important. 
At the plane A-A, looking to the left, theim 40 pedance Zt is 

R-- it 
Z-Z. A 

cos 3L-- 

cos BL+i sin BL 
R--it sin 3L 

- * Z. 

which reduces to a more convenient form 

(13) 

...ittee?.(R)-(E)]?" 1+(i)+(E)-2, sin 2BL + () (5copal L'TVZ 2. 2 
55 - (14). 

instead of the inequalities of (12), it is con 
Wendent to write 

t 
- R 

60 t=| (15) 
R 

- where 

65 >i>1, and f>l. 
Thus it is the Q ratio of the transformed im 
pedance to the untransformed impedance. 

R2--a 
R--a (16) - - U2s 

where the line length Br. will become the variable. 
Considering frequency changes of the form 

f=f(1+8) 
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where fe is the initial frequency, 8 may be either 
positive or negative, and 8 gil. Then - . 

0 

d 
-Q (17) 

and 

É-or (18) R 

a--R=R(Q+1) (19) 
and 

ac--R=R(Q+1) (20) . 
Using Equations 19 and 20 in 16, it is seen that 

R. Q-Fl UVoi and if Q>1, ob1 
R. Q a U= s.s. RQ a 

R2 
R-Fi 

(21) 
(22) 

From Equation 2 
a. a=y (23) 

Since Y 

|2=a--R 
then w 

1 R2 
|Z.P-4+? (24) 

Since it is desirable to make the inequalities of 
(12) as great as possible, it follows that the con 
ditions which make the product Ut a maximum 
are desirable. The conditions which make U and 
it reach their maximum values independently 
should be checked to be sure that the required 
conditions are not opposing. 
From Equations 21 and 15 

Ut-i, 
From Equations 25 and 14 

12t sin 26L (at Y(EY' Ut=1 2 EP+(i)+(E)'+ 

(25) 

5 

30 

35 

40 

-(i) () at a " y(U)- 
16L. 7 

2at at N / RN2 (7) so 
{-2-1-(i) 's- (E) tan 26L cos 26L=0 

The roots are 

cos 26L=0 BL= . . . 2n-1, (28) 55 
where 7 is any integer, and 

as - 2a: 

"" al-()-(E) to t 2. 2. 

If a matched load condition is assumed for 
the terminal impedance 

R= Z but at 740 
Equation 29 reduces to 

22. tan 26L = 
and to fulfill Equation 17 

Z. 
-0. 

(2n-1) r tan 26L-0 and BL= 2 (30) 
n is any integer. 

60 

O 

5 

8 
The conditions to be investigated occur, there 

fore, at 
cos 2,8L=0 sin E} (31) 

cos 2,3L=0 
sin 28L= (32) 

cos 28L = 1 
sin SES (88) 

and 

cos 28L = -1 
sin 2,3L=0 (34) 

In each case R. and it may be obtained by the 
use of Equation 14 and these quantities may be 
compared with R and ac respectively. In each 
case assume 

R=2. 
at)). Z. 

Then for the first condition, Equation 31 
(35) 

(36) 

and 
as - 2. 

The initial impedance Z was 
Z= R+ ice Z--ia 

so that the quantities 

U, t, Q-- and Q 
may be compared 

(37) 

(38) 

(39) 

(40) 
The interesting result is that 

2 

9. (41) 
and at the same time 

VR-z-y, 
it has been assumed that QS1, so if 2=R--iac 

is parallel resonated with a resistance ac's-a 
the resonant resistance is 

Re=zQ (42) 
While 

2Z.' ... . =ff-iz. 
is parallel resonated with a reactance act's-act, 
the resonant resistance is 

R re =- (48). 
- It therefore appears that the initial Q has 
been increased to 
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at the same time the parallel resonant resistance 
has been decreased from 

(44) . 

O 

R. to 
For the second condition of Equation 32 

Z-R,+z=-2, 
Gorrespondingly, . . . 

U-- (45) 
t-i-. (46) 
Q-i-. (47) 

Q-7-- (48) 
JR Ez-V2 (49) 

The initial (Z=R+ia in parallel with -le) res 
onant resistance is 

Rre. - 
while the transformed parallel resonant resists 

- ance is 

(51) 

Apparently the only difference is that the reac 
tance act changes sign. 

For the third condition of Equation 33 

Z-R+iri-Z +ir 
and in similar fashion 

== U- 1. (53) 
a R 

t-it-1 (54) 

Q-i-f (55) 
Q-2-Q (56) 

R+z-JR+: (57) . 
For this condition nothing has been changed or 

(50) 

(52) 

20 

15. 

10 . . 
Therefore it may be concluded that the first two 
conditions are identical except for change of 
sign of the reactance act and both are very useful. 
Condition three is of no value and condition four 
must be compared with the first two. . . . . 
The physical circuit configuration which will 

provide the arrangement of Figure 4 to the left 
of the plane A-A must be determined. This 
may be done with sections of transmission lines 
or with sections of wave guides having the nec 
essary modifications. The circuit of Figure 5 
will provide the arrangement of Figure 4 to the 
left of A-A. The circuit is composed of R, the 
shorted length of line Ia and the line I.. How 
ever, if the reactance ac, where at=2 tan Ba, is 
large as compared to R, as is necessary, it will 
be difficult to deliver sufficient power to the re 
sistance R. Therefore, it is convenient to substi 
tute the circuit of Figure 6. The line La initially 
is selected to be approximately nr wavelengths 
long and the wavelength. is varied from A to 
A(i+3), where it is assumed that 0 << 1. Thus 

8La-nr+ (87) 
and 6La changes in the following manner 

BL= (nr--) (1+8) (68) 
. The resistance Rs, where Rs->0, is inserted to pro 
vide a decoupled resonator. The equivalent cir 
cuit, using sections of wave guides, is shown in Figure. 
Accordingly, a rapid rate of reactance change 

in a with frequency is obtained. This condition 

45 

50 

55 

35 

70 

gained by the transformation. For the fourth 
condition of Equation 34, . . 

Z Z 
Z=2-1 (58) 

Continuing as before 
-2-3- U=a, Z. Q (59) 
1-2- ti 1 (60) 
== Q = R Z. (61) 

== Q =R Z (62) 
Or 

Q = Q (63) 
2 

JR+z-V (64) 
The initial (2=R+ic in parallel with -ac). 

resonant resistance is 
Re=aQ (65) 

while the transformed parallel resonant resist 
ance is w 

Rra. 
Q Rtra- 2= (66) 76 

will be as satisfactory as if acd>R, and the diff 
culty in delivering power to R is avoided. In 
Figure 6 the effect of the discontinuity intro 
duced by inserting Rs as shown must be deter 
mined. This may be done by referring to the 
auxiliary circuit of Figure 8. It may be shown 
that the resonator, above Rs, but including Rs, 
in Figure 6 reduces to the circuit of Figure 9. 

In similar fashion the effect of the cut-off win 
dow between I and the resonator L2 in Figure. 
also must be determined. It is useful to intro 
duce the auxiliary circuit of Figure 10 for this 
purpose. It may be shown that the resonator 
above the cut-off window, but including the win 
dow, in Figure reduces to the circuit of Figure 
11. 
Apparently it is not generally appreciated that 

the resonators of Figure 9 or Figure 11 when 
viewed from Rs or the cut-off coupling window 
respectively, or at a plane na removed may be 
made to operate either as series type or parallel 
type resonators. 
In the wave guide case this is effected by choice 

of Window size as Compared to that window size 
which matches the resonator to the wave guide. 
This fact is especially important. For simplicity 
it may be assumed that the lines to the right of 
act, in Figure 9 and to the right of window aw in 
Figure 11 have no attenuation. Then for series 
type operation as viewed from ZR1 and Zika re 
spectively, ac-, and cut-off guide getic, which is rep 
resented in Figure 11 by acw, may be omitted for 
all practical purposes. At resonance in Figure 9 
and Figure 11, BL2 will always be nar. In both 
cases the resonators will display all the charac 
teristics of series resonators, and at resonance the . 
resonant resistance will be low and approach 0 
as R-90. 
In many cases it is desirable to have ZL and Zw 

in Figures 9 and 11, respectively, exhibit the char 
acteristics of parallel resonators with their char 
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acteristic high resonant resistance. This may be 
done as follows: 
In Figure 8, a line of characteristic impedance 

Z is shunted with a resistance Rs->0, and the ter 
mination Z is provided as shown. Then - 5 

R 0 } Rs z (1+tan' v)+itan v 1-(za) 
2=2 1+( Rs ) to -- an 

2,+R. (69) 10 
which for Rs-90 reduces to 

Rs. . -- 
z-Z, -Z.E+i (70) 1- E) 5 

Disregarding the real part of Equation 70, since 
that is a term which will affect only the Q, the 
discontinuity provided by Rs is equivalent to the 
reactance iac, in Figure 9. 
The reason for introducing is in Equation 67 

is apparent. If p is large enough so that the in 
put reactance of 6La is negative, the arrangement 
of Figure 9 is obtained where it, and the negative 
reactance of line BLa which is Zk tan SL2, are 
parallel resonated. The line BL2 is never 77r at 
resonance but instead is always in the Second or 
fourth quadrants. The impedance ZR1 in Figure 
9 accordingly may be a large resistance at res 
onance and has all the characteristics of a par 
allel resonator when viewed nar to the left of act. 
The same situation exists when wave guides are 

used with a thin cut-off window. In Figure 10 a 
thin section of cut-off guide is terminated in a 
section of guide of characteristic impedance Zik 
which is terminated in turn by Zik. In this case 
the propagation constant of the section cut-off 
guide is 

7 y 
y-fiv1-() (71) 40 

where Ao is the free space wavelength and a is the 
width of the guide. As usual, beyond cut-off 

No >1 
so that Equation 71 becomes 

The “characteristic impedance' of the section of 
cut-off guide Zec must be a negative imaginary So 
that 

25 

30 
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Zeas - is 2. (73) 
2’s 

(1+d)Rs cos(ar -E)+R, aRs i? nar Esin (r. 2. 

Then, the input impedance of the thin section of 
cut-off guide which is terminated in Zk is 

2 65 
2. cosh (8L)--sinh (8L) r 

Zw=Z.2 (74) 
cosh (B.L.)-2 sinh (6.L.) 

which reduces to 70 

1-tanh" (B.L.)+(a+) tanh (B.L.) Zw=2- - - , 4-, - (75) 
tanh (6L) - 

-H p 75 

R.2.École (r-t)+ sin(r)+i sin (r) cos (r-t)(E)-i} 
, (81 

12 
and for see small - 

1. 1- (8L)--i p-- (B.L.) 

1+(s 
For the special case where Belezz1 - 

Zr=1+(+)B.L. (77) 
so that it appears that the thin cut-off section of 
wave guide serves as a lumped reactance tac, which 
is 

irr-i(+ )e.L. (78) 
Again in Equation 67 the value of b is chosen SO 
that 3a in Figure 11 is in the second or fourth 
quadrant. The reactance incw is resonated with 
the negative reactance Zk tan ga at the desired 
frequency. The resonant resistance is a function 
of 

aw 
2 tan 8L2 

and increases with increasing 
aw 

Z tan 8L2 
At any one frequency the magnitude of the par 
allel resonance resistance is controlled by proper 
choice of u, BcLic, and BL2. Again at resonance 
BL2 a nar. 
Since, for Some applications, it may be advan 

tageous to operate the resonators of Figures 9 
and 11 as series resonators, the conditions for 
this operation must be determined. The right 
hand termination in each case becomes R->0. 
The impedance ZR1 must be determined. This 

time the line is nar long initially at resonance, 
and changes from 727 to nar (1--6) as the wave 
length in the guide is changed. Again Rs<<1, 
and 

=nr- (79) 
Then 

'Ecos(n-r)+sin(r)+ 
27t aRs (nars' cos(nr-r)+ Z. sin(r.--5 

(80) 
And when ZR1 is connected to parallel with Rs, 

For the symmetrical case a=1, and n even, Equa 
tion 81 reduces to 

- ZnT& 
z-Rs. 2Fs(1-6) Z's 21 + Zinars (82) 

"L2Rs(1+3) and is for 8<<1 

w 1-32.8 

2'-' (-72.Er. (83) (g) 2Rs JJ 
As would be expected Z’ has the characteris 

tic form of impedance variation of a resonator, 
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ff line ta is considered to be the resonator and 
if the equivalent Q is expressed as 

2. 
Q-7 (84) 

then Equation 71 converts to the characteristic 
form 

Rs 1-205 '. 
Z. 2 1+4Q5 (85) 

and the phase change of Z' with frequency is 
proportional to Qr as would be expected. 

Similarly, for Figure 11, BL2 will be nar at res 
onance and change to mar (1--8), with changes in 
wavelength in the guide. The termination for 
the thin cut-off guide is 

b--i tannar (1-1-8) 
Zs-Ziitiitiirii, (86) 

2. b{1+tan (nar (1-5)--(1-b') tanna (1-8)] 
s= 1-bitannar (1--6) 

(87) or Zs=C--iD where 
b1--tannar (1+8) Cliff (88) 

-(1-8) tan (nr (1-6)) 
2. D-ii-Ii it; iii, (89) 
R2s 

cos (2B.L.)+1+(z+ pu2. (u2) 2 
if D cos (26.L.) CD sin (2,3L) 

2. (2BL ) C (2) (2 E. 1. COs (26Le sin foLe - COS (26. +ogers.-site-Fi ific.(C+D) 
(90) 

Since the impedance change near resonance is 
to be used for frequency control purposes, it is 
desirable to operate the cavity resonator near cut 
off. Accordingly the change in Wavelength in a 
rectangular guide (also used as a resonator in 
this application because of convenience) Ag, either 
with frequency or its inverse, X0, the free space 
wavelength is important. 
The guide has cross section ab and a2b. The 

wavelength in the guide is 

M= l,MY (91) 
Then 1. () 

- y-GS) (92) 
- No 23 

Or 1 (G) 
dNo 

d\,- 7 NFA 1-() 
For standard X-band guide 2as 1.80 inches and 
at 9310 megacycles per second Most 1.27 inches, 
S0 that 

dNg=2.82 do (93) 
which indicates that the rate of change of wave 
length in the guide is 2.82 times the rate of change 
of frequency. The factor 2.82 would, of course, 
be greater by operating nearer cut-off. 

Considering the circuit of Figure 7 with the T 
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junction shown in Figure 12, under conditions 
Wherein 

M) a) 2 

where Ao is the free space wavelength, b<a, and 
the special case where c=b. 

70 

75 

rightleg. 2D0. 

14 
Yi is the normalized admittance extrapolated 

to 2.s0 for the left leg. 220. Y is the nor 
malized admittance extrapolated to 2=0 for the 

Ya is the normalized admittance extrapolated to y=b for the vertical leg. ydb. 
Y=s=1 for a travelling wave propagated in 

the --Z direction. 
Yi=Ys=-1 for a travelling wave propagated 

in the -2 direction. . 

For the circuit configuration of Figure 6, Y, 
Ya, and Ys are related by the following two equa 
tions. 

-(1+da?-d1+iar)Y-2(a)-tar) on Y-' spiritsa (95) 
where a1, a2, and as are real positive numbers 
which are functions of b/M and c/b, where M is 
the wavelength of the longest TE wave propa 
gated in the guide. For this case assume bsc. 
Then, a1=368, a2=10.4, and ag=2.49 for a stand 
ard at-band wave guide. . . . 
Considering the case where wave propagation 

is from the left, where the vertical branch has 
an admittance Ya, and where the right hand 
branch has a matched termination 

Y=1 
and Equation 95 becomes 

1--10.4(-.368--i2.49Y))Y- 

(94) 

(96) 

Ys 2(.368--2.49). 1. 
3 1--10.4(-.368-1-2.49-2Y). - 

(97) 
O 

Y= -2.82-4.98,--i(25.9,--.735) (98) 
-2.82--i(25.9-20.8) 

It is sometimes easier to use a rationalized form 
of Equation 98. If Y is of the form 

Y=y(cos 0-- sin 0) 
23.25-249.8y sin 9-544y cos 0-671g-- 

iC56.52--505y sin 9-103.8y cos 6-129 y) 
438.9-146y sin 0-1080y cos 9-1-671y 

(10) 
In Figure the resonant resistance of the reso 

nator may be expressed in terms of the char 
acteristic impedance of the line I3 and may be 
considered as a termination for Ia. The in 
pedance of the resonator of resonance as a ter 
mination for 3 should be considered to dicter 
mine the rate of change of phase angle and re 
actance with frequency. It is convenient to con 
sider the resonant resistance and impedance 
values Q above and below the resonant fre 
quency. The resonant resistance is aoZk where Zk 
is the characteristic impedance of Ig and aoZkis. 
either greater than, or less than Zk, as has been 
shown. The impedance at a frequency ag 
higher than the resonant frequency will be 

(99) 

Y e 

Z. . . . (1-) 
and the impedance at a frequency. %Q lower than 
the resonant frequency will be 

2. *(1+) 
To complete the frequency control circuit of 

Figure 4, it is only necessary to consider various 
terminations for 3 in Figure which involve 
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various values of ao, and the transforming action 
of L. This terminating admittance is the Ya of. 
Equation 98. The admittance Yi is then the 
termination for line in Figure 4. Line trans 
forms Yi to a new admittance at the plane A-A. 
The corresponding impedance at A-A is then 
parallel resonated with the reactance provided 
by line l. 
This final resonator is then connected directly 

to the oscillator, or to the OScillator through a 
coupling line or circuit. 

It is necessary first to determine the line length 
L3 in Figure which will give maximum rate of 
phase change at the junction with line , all for 
a change in phase at the resonator, which is then 
the termination for L3, The resonator termina 
tion in terms of Zik is alo2k. At resonance a0 is a 
real positive number, and off resonance it is com 
plex with a positive real part, so that 

do=a+ a (101) 
Accordingly, the normalized input impedance of 
line to as viewed from line I is 
2= a(1--tan L) -- 

tan 6La a(1-tan (8L) --(1-a- a) (102) 
1-2a tan BLs--(a-Ha') tan BLs 

and the phase angle is measured by 

a(1-tan 6Ls)--(1-a'-a') tan 3L P=k as a firiz (103) 
l 
Z. 

in Equation 102 is the Ya of Equation 98. 
Rewriting Equation 103 

P= 
92 (cos 3L-sin (3L) --(1-a- a) sin 3L cos BLs 

t 

i (104) 
O 

a cos pl.---- sin 6Ls 
P= d (105) 

To obtain the maximum rate of change of P with 
Ba and dia 
--- 
16Ls 

i-2(1-a'-a') sin 26Ls-4a cos 28L)=0 
y, k (106) 
-(-2a, cos 28La-sin 2,8Ls)=0 (107) 

The region where a2 is zero initially and then 
assumes Small positive and negative values is of 
primary interest. Equations 106 and 107 give 

BLa=0, T12, T. . . . (108) 
Obviously, from Equations 108, 102 and 98, if Yi 
in Equation 98 is to undergo maximum rate of 
phase change with small changes in a2, from 
Zero, there are two choices for Big. 
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1. If the resonator termination on La (Fig- 65 
ure 7) operates as a parallel resonant circuit 
ao) and La ya 74t 

gL=0, ar, 2ar . . (109) 
2. If the resonator termination. On La (Fig 

ure 7) operates as a series resonant circuit 
a0<1 and Ia=far initially, then from Equation 
108 

... that 

ir 3r 2n-1 
BL- . . . --r (110) 

70 

75 

16 y 
Condition 1 is preferred since the high ratid, 

and necessarily low attenuation . . . . t 
2n-1 
2 

line transformer which is automatically incor 
porated in condition 2 is avoided. However, if 
extreme care is taken to make the 

2n-1 
- - 

line transformer very low loss, condition 2 is also 
capable of providing good results. Since condi 
tion 1 is the preferred condition, it may be as 

5 sumed in Figure, 7, 6L2 (at resonance) 4 ar, 
BLsnar, but it should be understood that the al 
ternative condition 

BL (at resonance) = nar, 6LaF 2. 
may be substituted, although the results then are 
likely to be poorer mainly because of the dif 
ficulty in making the 

2n-1 2 

transformer good enough. 
All that remains is to determine line length L. 

in Figure 4. Equations 31, 32, 33, and 34 which 
result in Equations 41, 42, 48, 49, 56, 57, 63, and 
64 indicate that BL should be either - 

2n. BL-2nt 
The better condition may be determined. For 
various resonator terminations aoZk for line La, 
where aod1, BL2s-nat. Equations 98 or 99 pro 
vide the values of Y1 for the various indicated 
conditions of table I. Conditions at resonance 
and off resonance by-AQ in frequency are 
shown. 

Ot 

Table 
Resonator terminations ac2 for line L in Figure 7.) 

(normalized) - Y in Equation 98. 

Y 

. (2 

.02 (--) 

.02 (1-i) 

.04 

.04 (1--) 

.04 (1-i) 
10 

... 10 (1--i) 

.0743--i. 1240 

.0847-i. 1365 

.0640--i.0958 

.0955--i. 1085 

... 1170--i. 1480 

.0792--i.0848 

.1520--i. 0809 

. 1506-i. 1650 

. 1214--i.0127 

.239--i,0793 

.298--i.2140 

. 232-i. 0735 

.564-i,0803 

.538--i.565 
,785- i. 2155 
.868-i. 64 
.937-i. 1098 
909-i. 323 

... 10 (1-i) 
20 
.20 (--) 
.20 (-i) 
1.0 
1.0 (1-5) 
1.0 (1-) 
5,0 
5.0 (1-t) 
5.0 (1-i) 

- Consider first the case where 

BL-() 
and where n=1. As indicated heretofore, larger 
values of n. merely increase the phase sensitivity, 
as is desirable, especially if the wave guide is 

  



17 - operating fairly near 
for line are 

. 

taken from Table . Then, for 
/2n-1 

the transformed value of Z is Z, which is 
. . R.-- 1) 2R-- (-R2-a: Z-R,+z-E-E (111) 

As shown in Figure 13, 2t is to be parallel res 
Onated with -as 

and 

Y= --ib. (113) 
When Yit and Ys are connected in parallel the 

resultant admittance is 
Y= Y-Y (114) o 

Y=g--(b.--b) (115) 
where 

2. 
TR--a 

R gif (116) 

b 
At resonance bi--b6=0, so that, from Equation 116 

-8. (117) 
At any other frequency act and Rt become ac and r, 
respectively, and the parallel impedance becomes 

--ac R--a 
R ar (e. 2 2 r (R ( 2 2) 

a--(e-) 

10 

5 
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40 

The impedance Z1 is the final impedance applied 45 
to the oscillator either directly or through a coul 
pling line or circuit. Walues of Zt and 21 for 
Various values of Ya are shown in Table. 

Table II 
Resonator terminations aoZ for line Lin Figure 7.) 

BL-2 BL=nr Y, (normalized) - Y in Equation 98 
Y 2. 2 

02 .1175- i. 773= .780 -81° 20'5.80 z, 
.02 (1+d) .1294- i. 75is .760 I-80 14 (4.46 - i. 656)2. 
.02 (1-i) .1056-j.822 = .830 I-82' 42 (5.22+i2.77)2 . 
.04 . 145 - i. 775= .790' 1-79'25' 3.282 
.04 (--) .1755- i. 729s .750 I-76'27 (3.13 - i. 588)Z. 
.04 (1-t) i. 1335- i. 838= .850 I-80' 57 (494--ii. 89)Z. 
.10 .251 - i.820= .860 -73'0' 2.935 2. 
.10 (1-2) .291 - i. 693= .726 F-7228 (1.896- i.633)2 
.10 (1-i) .247 -il, 0 =1.03 I-76'08 (2,815--i2.02)2, 
20 .377 -i. 765 = .875 I-6350 1.922 
.20 (--) .380 -i,558 = .659 I-5547 (1.133-i,442)2 
.20 (1-i) .520 -il.04 =1.162 I-6326 (1.895-- i. 893)2 
1.0 .969 -i.579 =1.13 I-30561.312 
1.0 (1--i), .394 -i. 143 = .419 F-1957 (.436-i. 0699)2 
1.0 (1-i). 1,276 -i. 279 = i. 309 -1220 (1.17--i. 450)2. ' 
5.0 1.195 -i. 153s. 202 I-78.692 
5.0 (1-i) 1.125 -i. 0693=1.129 E-3 31 (.639-i,0652)Z. 
5.0 (1-) 1.42 -i,056 =1, 42. I-215 (.619--i. 1565)2 

Comparing the initial phase angle of the resoa 
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cut-off. The terminations pedance Zi, it is evident that the resonance char 
acteristic of 21 is not symmetrical about the reso 
nant frequency, but becomes approximately so in 
the region Ya=0.2 to 0.1. Also, the phase angle 
change of the loaded resonator Z1 in the same 
region Ya=0.2 to 0.1 is equal to, or greater than 
the original change in phase angle of Ya. '- 

It is possible to improve the symmetry about 
resonance by operating with Base13° 30' for 
which Y1=1, but only at the expense of reduced 
rate of change of phase angle of 21. Use of an iris 
to provide. a lumped reactance in 33 to provide 
the equivalent of operating 33 at length 
BL3=nt--1330', is possible. 
The entire control network may be considered as 

a network made up of passive elements, and the 
insertion loss, defined in usual fashion, may, then 
be computed. For the insertion loss to be signifl 
cant it is necessary for the controlled oscillator to 
operate on the same point. On its characteristic, 
and at the same frequency, with and without 
stabilizer. - 

The maximum power Output for the oscillator, 
with potential e, working into a matched termina 
tion Ro 

eRo e 
Fir) R4R, (119) 

which may be employed as a reference condition. 
The power delivered to a matched termination 
when the stabilizer is inserted may be computed 
readily. The difference in the power is the inser 
tion loss. The power delivered to a matched 
termination for various values of Ya is shown in 
Table III. Insertion loss as a function of Y2 is 
shown in the graph of Figure 14. 

The III 
Resonator terminations do.2 for line Li in Figure 7.) 

Y (normalized - 

Power in Matched Insertion 
Termination 

,0643e 
.0789e 

22 
55e 

23. 
248e 

Reference power with no 
stabilizer is .25e. 

: A good operating region extends from above 
a0=3 to about ao=10. The resonance character 
istic is not quite symmetrical about the resonance 
frequency, but the average loaded Q for 21 for 
ao=10 is about .72 times the unloaded Q of the 
resonator out online L3. If the Q of the resonator 
is 5,000 to 10,000 initially, stabilization to frac 
tions of 1 megacycle per second in 10,000 mega 
cycles per second for reasonable variations in Op 
erating parameters is feasible. For ao=10 the in 
sertion loss is 55%. The average loaded Qfor the 
“synthetic resonator'Z1, for ao=5, is about one 
times the unloaded Q of the initial resonator and 
the resonance characteristic again is not quite 
symmetrical about the resonance frequency. At 
ao=5 the insertion loss is 38%. 
The performance does not change rapidly for 

values of ao between about three and ten. For a 
value of ao=3, the insertion loss is about 23%. 
The final choice of ao is a compromise. Operation 
is somewhat better for ao=5 to do=10, but not nator, Ya, and the phase angle of the control im- 75 tremendously better than for do=3. Therefore, 
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any value of ao between about 3 and 10 is satis 
factory. 
The case where 

2n-1 

should be considered. For the same various 
values of ao, take as terminations for line I 
values of 

Y 
from Table I. For simplicity, consider the case 
where n=1. It is evident that the line trans 
forms 

- to z Y 
which is (normalized) 

2a:Y (20) 

As before, corresponding values of 21, the mean 
value of the control impedance may be con 
puted from Equation 118. The results are shown 
in Table IV. Comparison of phase angles for 
Y2 at resonance and at frequencies 420 above 
and below resonance, with the corresponding 
phase angles of 21, indicates that the rate of 
phase angle change with frequency is much 
slower for Zl than for Ya. Also conditions are 
much worse than those in Table II where 

L was 2. 
Table IV 

(Resonator terminations a2 for line I in Figure 7.) 

L-air BL-nr Y, (normalized) - 
Y, (normalized) Z (normalized) 2 

.02 .0743-I-ii. 1240 270Z. . 

.02 (1--) .0847--i. 1365 8 257 i. 1475)2 

.02 (1-) .0640--i,0958 .206 Hill)Z 
04 .0955--i. 1085 .222Z. 

.04 33 ... 1170--i. 148 (.278 -i. 181)7. 

.04 (1-i .0792--i,0848 (. 1655--i,0818)7. 
... 10 .1520--i,0809 1952 
... 10 (1--) .1506-i. 165 (.320i. 1)2 

... 10 (i-) .1214--i. 0127 (. 1175-li. 389)2 
20 .239 -i. 0793 .2722. 
.20 (--) .298 -i.214 (.439 -i. 122)2 
.20 (1-i) 232 -i,0735 (. 184 -i.00625)2 

1.0 . 564 -i,0803 .5762 
1.0 (1--i) 538 - i. 565 8 A38 i. 378)2 
1.0 (1-i) .785 -i, 2155 .828 -i.069)2 
5.0 .868 -i. 164 .895Z. 
5.0 (1--) .937 -i,098 & 874--i.0245)2 
5.0 (-i) .909 -i. 323 1.14 - i.088)2 

Equations (33) which lead to the results of Equa 
tions 56, and 57 indicate that a line BL=nt 
will not give good results. This prediction may 
be checked by numerical calculations. For 
BL= (2n-1) at and the special case where n=1. 

Z= (121) 
which is the normalized value of Zt. The results 
are shown in Table W. As predicted by the gen 
eral analysis, the rate of phase angle change 
of Z1 with frequency departures above and below . 
the resonant frequency by AQ is less than the 
rate of phase angle change of Y2, and much 
poorer than the results shown in Table II. Ac 
cordingly, the line BL should be 

2n-1 
4 

in length. As indicated heretofore, n should be 

5 
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20 
sensitivity of a longer line. Also, it is advisable 
to have the wave guide operate fairly near cut 
of so that the rate of change of wavelength in 
the guide is greater than the rate of change of 
frequency or of free space wavelength. 

Table, V 
(Resonator termination ag2 for line Ls in Figure 7.) 

at-nr BL-fir Y (normalized)- 
Ys (normalized) 2 (normalized) 21 

.02 3.55 -i5.93 13.462 

.02 (1--) 3,29 - i. 531 (11.7 -i3. 67)2 

.02 (1-i) 4.83 -i.23 (13.05--i9.32)7. 
,04 4, 57 -5.20 0.52 
.04 (1--i) 3.29 -i4, 17 7.70 -i4. 98)7. 
.04 (l-i) 5.89 -i6.31 8. 65--i5.69)2 
.0 5.24 -i2.79 6,707, 
... 10 (1-2) 3.03 -i3.33 (4.91 -il.875)2 
... 10 (1-i) 8.14 -- i. 853 (5.38 --il. 586)Z. 
20 3.77 -il. 253 4.192 
.20 (-i) 2.23 - 60 (2.83 - i. 823) 7. 
.20 (-) 3.92 -i.24 (3.00 -- i. 086) 7. 
1.0 1,735-- i.247 1.8357 
1.0 (1--) 883- i. 928 (.760- i.0988)2 
1.0 (1-i) 1.186-- i. 325 (1.245- i. 1315)7. 
5.0 1. 112-- i.20 1,557 
5.0 (1-2) 1.055-- i. 123 (1,070+ i. 0427) Z. 
5.0 (1-) .976-- i. 3475 (1,031-- i. 0555)7. 

Coupling of modulator to oscillator 
Any of the usual types of coupling to the oscil 

lator may be used. In the case where the OScil 
lator is a magnetron a particularly useful type 
of coupling is shown in Figure 15. A coupling 
loop, not shown, is placed in and tightly coupled 
to the magnetron cavity or cavities and con 

5 nected to a concentric line. The outer conductor 
5 of the concentric line is terminated in the lower 
wall 7 of the Wave guide as shown. The inner 
conductor 9 extends up in to the guide a length 
La. As before, the width of the guide is a and 
the height is b. The coupling loop in the maga 
netron cavity, length of concentric line and ane 
tenna of length Ila will, in general, present an 
impedance which can be represented by a com 
plex number of the form 

Zint-FRin -icon (122) 
By proper choice of distance h of the reactive 
stub 0, the reactance acant may be tuned out so 
that Zint becomes 

Zint=Rini (123) 
The greatest change in operating frequency of 
the magnetron cavity results when the current 
in the coupled concentric line 59 goes through 
its maximum value. This condition should occur 
if the radiation resistance of the antenna, La goes 
through Zero. This condition results, in turn, if 
the guide impedance in the plane A-A goes 
through Zero. 

If the antenna, radiation resistance does be 
come zero, or approximately zero, the power out 
put of the magnetron will be very adversely 
affected. Therefore the radiation resistance 
chosen must be a compromise between a very low 
value which would give remarkable modulation 
control, and a somewhat higher value which will 
still provide acceptable control. 

Inspection of Table II, especially in the rec 
ommended region do=3 to 5, indicates that this 
second condition may be met. The problem may 
be Considered from either the point of view of 
the antenna, La and the effect thereon of the 
impedance Z1 coupled to it by the guide, or from 
the point of view of the impedance Z1 and the 

greater than unity to utilize the greater phase 75 effect thereon of the antenna coupled to it. In 



s.' ...:", 21 . . . . . 
either case, by proper choice of h in Figure 15 
the reactance acint must be cancelled out so that 
only Rint remains. Also, in either case the cou 
pling factor ka of the antenna La to the guide will 
appear as follows: 1. 

k=2() sin t 
where a, b, and d are indicated in Figure 15. 

If standard X-band wave guide, La=M/4 at the 
operating frequency 9210 megacycles per second, 
and d/a-1/2, are employed, then 

In the first instance, the antenna of resistance 
Rint has connected to it the external impedance 
21, but the coupling factor ka enters to make the 
equivalent external impedance kaZ1=1.26521. 
the second instance, the impedance Z1 has con 
nected to it the resistance Rint but again the 
coupling factor ka enters to make the equivalent 
resistance 

Rin: Rint 
:-i65-79 Rat 

The question of possible improvement in Q or 
of phase-frequency sensitivity ... by adding nar 
lengths to the wave guides or transforming guide 
sections frequently arises in designing circuits. 
In a waveguide having cross-sectional dimen 

sions a and b, it is assumed that 

(124) 

(126) 

a>g and b< 
where \o is the free space Wavelength. If the E 
vector is initially in a plane parallel to the cross 
sectional, or acy, plane only one wave of the form 

(127) 
will be propagated. The initial electric vector 
intensity is A, and y is the propagation constant. 
No other modes will be propagated. If other 
modes were propagated the same analysis would 
hold provided the integrations are changed to 
accommodate the new E and H distributions, 
For 3 cm, waves, the standard 1' x 4' wave 
guide fulfills the conditions 

The length of resonator for Z=\/2 is L=A/2a2b. 
'Also as2b, thus the end area A1 is 

727 E=Aey sin g 

A = a (128) 
and the area of the sides carrying current is 

A2=2aLA2a (129) 
Assuming a uniform substance for the walls, it 
follows that the respective end and side resist 
ances are . 

R=Ro (130) 

Considering the ends first, the current distribu 
tion in they direction is sinusoidal, and the aver 
age current along y is 

Imax ar. - ? sin ydy= 
The average current in a unit area of the sides 
in the Zg plane will be 

2Ima. (132) Ia (v) 

1.2-, singdy sin Zaz-It (138) 
It follows, therefore, that the energy losses in 

In 
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the ends and sides, from Equations 130, 131, 132, 
and 133 are as follows: 
The energy loss in the ends is 

s Ji-ii, R. (134) 
and the energy loss in the sides is 

J.-Ari,(2R) (135) 
"so that the ratio of the energy loss in the ends 

to that in the sides is 

E- dis1 (136) 
If the Q of a resonator is defined as 

Energy stored in resonator 
Energy loss in resonator 

then the Q of a standard half wave resonator is 
J. Qala) = 

20 

(137) 
where Ja is the energy stored, and J is the energy 
loss, in the resonator. 

25 For i-W2, wibe J1+J, so that from Equa 
tion 137 

J. Qop-5, (138) 
O For a resonator ... ." 

ana 
2. 

long the Q becomes 
-(n-1),Js' 1 Ja' 

where the primes place the energy on a per A/2 
Section basis. Then 

35 2J' (139) 

40 Q/nx -i (2n-1) (140) () 
For the limiting case m-Yoo 

Js Q s:-- 141 
45 (s) Ji (41) 

For the shortest resonator n=1, and 

on-; 
so that the improvement in going from n=1 to 
22s cois 

Q. (142) 
5. The analysis heretofore has assumed a uni 

form wall material. Since the ends involve a 
soldering or welding operation, it probably is 
more accurate to assume the end wall resistance 
is about equal to the side wall resistance. Thus, 

60 the end wall energy loss is J5 where 
41. - 

Js= 2 R (143) 

and the side wall energy loss is 
65 16 

J-12, Ro (144) 
The ratio of energy loSS in end Walls to energy, 
loss in side walls is 

70 J-4lina T' avo - 
J. r2 1612 ... ." (145) 

Therefore, 
2J 

75 Qaa-3: (146) 
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where J is the energy stored in the length m/2. 
For r 

(147) 

where the primes again denote a per M/2 section 
basis. 
For the limiting case no 

2. 
Qo)=5 (148) 

so that the improvement in Q in going from 
n=1 to so is 

Qko)-2-3 
Qa/2) 

Equations 142 and 149 show that the Q of a 

(149) 

resonator does not increase linearly with the 

s 

O 

number of half wavelengths of length for an as 
sumed reasonable loss distribution. 
This analysis holds only when end wall resist 

ance and side wall resistances are assumed to 
approach 0. 

Equations 140 and 147 indicate that the rate 
of improvement obtained by adding half wave 
sections to a resonator beyond 3 or 4 becomes 
negligible. 
cate that if the ratio of end wall losses to side 
wall losses is high or higher than that assumed, 
it may be desirable to add half wave sections be 
yond this 3 to 4 value. 
Thus it is seen from the foregoing considera 

tions that variation of the reactive term in Equa 
tion 118 in response to signal intelligence, nay, 
if properly transformed and coupled to the gen 
erator as explained heretofore, provide extreme 
ly efficient and substantially linear frequency 
modulation of the oscillator carrier frequency for 
reasonable frequency modulation swings as com 
pared to the mean frequency. Various devices 
for accomplishing such variations of Said reac 
tive term, and hence effective reactance varia 
tion of the control resonator, will be explained in 
detail hereinafter. f 
A first practical basic circuit configuration of 

the invention, adapted to waveguide construc 
tion, is illustrated in Figures 16 and 17. 
An ultra-high frequency generator comprising 

a conventional magnetron , of which the mag 
netic structure is omitted for the Sake of Sim 
plicity, is coupled to a transmission waveguide 
system 3 which is coupled to a load, not shown. 
The output coupling line 2 of the magnetron 
includes a coupling loop, not shown, which is 
closely coupled to one or more of the magnetron 
resonant anode cavities. The end of the mag 
netron output line 2, remote from the magnetron 
proper, is terminated in a short antenna, 15 which 
extends into the waveguide transmission 3. Re 
actance in the magnetron output line 2 is can 
celled by means of a reactive stub 7 opening into 
the waveguide transmission line 3 adjacent the 
magnetron antenna. 5, whereby the magnetron 
output is made substantially resistive at the plane 
AA of the antenna 5 in the waveguide sys 

The same equations, however, indi 

24 
tending normally from and opening into the 
transmission line 13 at a point on the transverse 
plane B-B intermediate the load and the gen 
erator. The reactance of the control stub 2 is 
adjustable by means of a second tuning screw 
23 projecting therein. The degree of coupling 
from the control stub 2 to the transmission line 
3. is determined by a coupling aperture device 
25 in the control stub waveguide adjacent the 
point where it opens into the transmission wave 
guide 3. The plane B-B of the control stub 2 
is selected to be some multiple of one-half Wave 
length plus or minus wavelength from the 
plane A-A of the magnetron antenna. Thus, 
by means of a third tuning screw 27 extend 
ing into the transmission waveguide 3 interme 
diate the planes B-B, and A-A, the effective 
transformation of the impedance of the control 
stub 2 provided by the impedance transformer 
4, (comprising the portion of the waveguide sys 
tem 3 intermediate the planes A-A and B-B), 
may be adjusted at the plane A-A which is effec 
tively the resistive termination of the magnetron 
antenna. The reactive stub 2 and second tun 
ing screw 23 may be considered to be a resonal 
to only as seen from the coupling aperture 25. 
At the plane A-A of the magnetron antenna, the 
combination of the stub and tuning screw appear 
as an impedance. 
A fourth tuning screw 29 extending into the 

transmission waveguide 3 on the Opposite side 
of the plane A-A from the plane B-B of the 

5 

4) 
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tem. The load is matched approximately to the . 
waveguide transmission system 3 by means of 
a first conventional tuning screw 9 extending 
through the waveguide wall adjacent the load 
connection. 
The frequency modulation network includes 

a closed waveguide reactive high Q stub 2 ex 

70 

75 

control stub 2 provides means whereby some 
predetermined or mean value of the transformed 
impedance of the control stub may be resonated 
in the plane A-A at the output frequency of the 
generator f. . . . . 
The characteristics of the control stub 2 and 

the second tuning screw 23, coupled thereto are 
selected to have relatively high reactance with as 
high a "Q" value as conventional construction 
will permit. Thus, by means of the impedance 
transformation provided by the transformer 4 
between the waveguide transverse planes B-B 
and A-A, the resultant reactance at the plane 
A-A due to the control stub 2 will be substant 
tially lower than the reactance of the control 
stub itself, and will have a substantially higher 
'Q' value. The transformed reactance at the 
plane A-A thus may be resonated by means of . 
the fourth tuning screw 29 effectively to provide 
an extremely high 'Q' resonator at the plane 
A-A which will be effectively connected in shunt 
with the resonant cavity anode of the magnetron 
f through the magnetron coupling line which 
includes the antenna, 5. 
The characteristics of Waveguide Tjunctions of 

the type connecting the control impedance 2 to 
the waveguide transformer 4 are well known and 
are discussed in detail in the literature. Simi 
larly, the reactive effects of tuning stubs coupled 
into waveguide transmission systems are well 
known, as is the specific structure of such reac 
tive devices. Detailed construction and theoreti 
cal consideration of appropriate tuning Screws is 
included in the Copending application of Wernon 
D. Landon, Serial No. 508,229, filed October 29, 
1943, now Patent Number 2,427,107, issued Sep 
tember 9, 1947, which is assigned to the same as 
signee as the instant application. 

Since the carrier frequency generated by the 
magnetron f is controlled by the reactive char 
acteristics of the control stub 2, the magnetron 
may be efficiently and substantially linearly fre 
quency-modulated by varying the reactance of 
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the control stub 2 in 
gence. For example, a conventional microphone 
33, responsive to sound waves, may actuate any 
known device (indicated by the block 35 identi 
fled as a "reactance modulator'), to vary the re 
actance of the control stub 2. Warious devices 
for this purpose are described hereinafter by ref 
erence to Figs. 18 to 25 of the drawings. 

Adjustment and operation 
In operation, the magnetron is initially ad 

justed by any conventional frequency adjusting 
means included therewith to provide the desired 
output carrier frequency. The first tuning screw 
9 is adjusted to provide adjustment of the load 

coupling impedance to match approximately the 
load to the transmission waveguide f3 and to . 
permit, in the absence of modulation signals, 
nearly symmetrical tuning on either side of reso 
nance by means of the second tuning screw. 23. 
The second tuning screw 23 in the control wave 
guide stub 2 is adjusted to tune the controlim 
pedance 2 to resonance, as viewed from the ap 
erture 25, at the operating frequency, and in the 
absence of modulation signals, as may be deter 
mined partially by initial calculations. The 
fourth tuning screw 29 then is adjusted to reso 
nate the unmodulated control impedance at the 
plane A-A of the magnetron antenna. Next, 
the third tuning screw 27 is adjusted to vary the 
unmodulated impedance transformation at the 
plane A-A of the magnetron antenna, to obtain 
the highest practicable "Q' value for the control 
impedance in view of the resistive load thus 
placed upon the magnetron as explained in detail 
heretofore. The fourth tuning screw is again 
adjusted to resonate the unmodulated control in 
pedance more accurately to the oscillator output 
frequency. If necessary, the first tuning Screw 
9 is again adjusted to match approximately the 
load to the waveguide transmission system 3 
under modulated or unmodulated operating Con 
ditions. 

It is assumed that the reactive stub 7 adjacent 
the magnetron antenna (5 has been precalculated 
or preset to provide the desired cancellation of 
reactance in the magnetron Output line to the an 
tenna, 5. If necessary, an adjustable shorting 
plug may be included in the reactive stub 7 to 
provide adjustment of the reactance thereof. 
This feature is indicated by means of the arrow and piston 3. 

Figure 18 shows an electrodynamic system for 
modulating the reactance of the control imped 
ance 2 in response to signal intelligence. The 
microphone 33 is coupled through an amplifier 
3 and an output transformer 39 to the voice coil 
4 of a conventional electrodynamic loudspeaker 
mechanism which includes, for example, a per 
manent magnet field 43 having pole pieces 45 ad 
jacent the voice coil 4. 

response to signal intelli 

O 

26 
late the output of the carrier frequency generator 
as described heretofore. 

Referring to Figure 19, a second embodiment of 
the invention includes ionic means for modulating 
the reactance of the control impedance cavity 2. 
the microphone S3 is coupled through a rela 

tively high gain amplifier 37 to a gaseous dis 
charge tube 5 which is disposed entirely within, 
and adjacent to, one end of the control impedance 
cavity resonator 2. The gaseous discharge tube 
5 includes, for example, a pair of flat electrodes 
53, 55 which are closely disposed at one edge and 

5 

are more widely separated at the opposite edge. 
Thus modulating signals derived from the 

amplifier 37 provide an ionic discharge between 
the electrodes 53, 55. The discharge occurs first 
at the more closely separated portions of the 
electrodes, and as the modulating potentials in 
crease, the discharge extends toward the more 

20 

25 

30 
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Widely separated portions of the electrodes, 
Thus, variations in modulating potentials in re 
sponse to signal intelligence effectively vary the 
length and the reactance of the control imped 
ance cavity resonator 2, since the ionic dis 
charge between the electrodes 53, 55 of the gas 
eous discharge tube 5 provides a conductive path 
Substantially across one end of the cavity reson 
ator element 2, and the position of this conduc 
tive path is varied in response to said signal 
intelligence. 
As in the modification of the invention de 

scribed by reference to Figure 18, the second tun 
ing screw 23 is adjusted to resonate the cavity 
resonator element 2 to the carrier frequency, 
in the absence of modulating signals. Thus the 
modulating potentials effectively vary the imped 
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The voice coil support 47 comprises a cylindrical 
member which is connected to a tuning piston 49 
disposed within, and adjacent to, one end of the 
control impedance cavity 2. Thus, the piston 49 
is provided with a reciprocating motion in the 
control impedance cavity 2 in response to signal 
intelligence derived from the microphone. 33. 

In the absence of applied modulating signals, 
the second tuning screw 23 is adjusted to resonate 
the control impedance cavity 2 to the oscillator 
carrier frequency as described heretofore. Thus, 
reciprocating motion of the piston 49 in response 
to modulating signals modulates the reactance of 
the control impedance cavity to frequency-modul 

65 

70 

76 

ance of the control resonator 2 in response to 
applied signal intelligence. 

Figure 20 illustrates a third embodiment of the 
invention wherein the control impedance cavity 
resonator 2 is modulated in response to signal 
intelligence by means of a conventional elec 
tronic device which utilizes the variation in 
dielectric constant in a coaxial line which in 
cludes a magnetron reactance modulating device. 
Such reactance modulating devices are described 
and explained in an article in the Journal of 
Applied Physics, volume 12 (1941), at pages 856 
to 858. 
The reactance modulating device includes a 

section of coaxial line having an inner conductor 
6 and a concentrically disposed outer conductor 
63. The central portion of the inner conductor 
6 comprises the thermionic cathode 65 of a mag 
netron type, thermionic tube. The cylindrical 
anode 67 of the magnetron tube is separated 
from, and capacitively coupled to, the outer con 
ductor 63 of the coaxial line through the glass 
envelope 69 of the magnetron tube. A tuning 
piston is insulated from the inner conductor 
6 of the coaxial line by means of a central insu 
lating insert T3. The tuning piston 7 may be 
moved longitudinally along the coaxial line inter 
mediate the conductors 6, 63 thereof to tune the 
line to the desired mean reactance. 
A strong magnetic field is generated in the 

Space Occupied by the magnetron tube elements 
by means of a winding 75 surrounding, and coax 
ial with that portion of the coaxial line. The 
magnetic winding 75 is energized, for example, by 
means of a battery T connected in series with 
the output of a speech amplifier 37 which is re 
sponsive to signals from the microphone 33. 

Filament current for energizing the cathode 65 
of the magnetron tube is derived from the sec 
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ondary winding 79 of a conventional filament 
transformer 8, the primary winding 83 of which 
is connected to a source of alternating potential, 
not shown. A source of high voltage, not shown, 
is connected between the cathode and anode elec 
trodes of the magnetron to operate the cathode at 
the required negative potential. 
Thus a rotating space charge is maintained in 

that portion of the coaxial line 6, 63 which is 
occupied by the magnetron tube. The effect of 
the rotating space charge is to vary the effective 
dielectric constant in the coaxial line in the re 
gion occupied by the magnetron. Thus, since the 
dielectric constant may be varied from negative 
through Zero to positive values by proper Selec 
tion of the strength of the magnetic field and the 
applied voltage between the magnetron elec 
trodes, the effective reactance of the coaxial line 
may be varied between relatively widelimits. 
The coaxial line is coupled to the control im 

pedance cavity resonator 2 by means of a short 
coupling line 85 having coupling loops 87 and 89 
disposed within the coaxial line and control in 
pedance cavity resonator, respectively. . 
The graph of Figure 24 illustrates the varia 

tion in tuning of the coaxial line device as a 
function of the strength of the magnetic field of 
the magnetron tube. Since the magnetic field 
strength is varied in response to modulating sig 
nals derived from the microphone amplifier 37, it : 
is apparent that the reactance variations in the 
magnetron-modulated coaxial line will be reflect 
ed in the control cavity resonator 2 and will vary 
the effective reactance thereof as a function of, 
Said modulating signals. 

Figure 21 illustrates a first modification of the 
third embodiment of the invention, previously 
described by reference to Figure 20, wherein the 
magnetic field produced by the winding 75 of the 
magnetron tube is maintained at a substantially 
constant value by means of the energizing battery 

which is directly connected to the winding 75. 
In this modification of the invention, modulating 
Signals derived from the microphone 33 and am 
plifier 37 are combined with and effectively vary 
the high potential applied between the magnetron 
cathode 65 and anode 67. For a predetermined 
magnetic field strength in the magnetron re 
actance modulating device, the effect of varia 
tion of the high potential applied between the 
cathode and anode electrodes of the magnetron 
is illustrated in the graph of Figure 23. Thus, by 
proper selection of the applied magnetron anode 
voltage, the effective reactance variations in the 
coaxial line device, and hence in the control in 
pedance cavity resonator 2 coupled thereto, may 
be efficiently controlled in response to applied 
Signal intelligence. 
The graph of Figure 25 shows the effective 

change in tuning of the coaxial line reactance 
device in response to adjustment of the posi 
tion of the tuning piston i? disposed within the 
Coaxial line device. 

Figure 22 illustrates a second modification of 
the third embodiment of the invention, pre 
viously described by reference to Figure 20, 
wherein the reactance-modulating coaxial line 
and the control impedance cavity resonator are 
combined in one unit to provide a coaxial line 
control impedance element 2 f’ which is directly 
coupled through a coupling loop 9 ? to the trans 
former section 4 of the waveguide transmission 
line 3. As in the device described by the ref 
erence to Figure 20, the reactance modulation 
is accomplished by variation of magnetic field 

28 . • , , 
strength in the magnetron tube in response to 
signal intelligence. It should be understood 
that the coaxial line control impedance 2' may 
be coupled in any other known manner to the 
waveguide transmission system 3. It also 
should be understood that the effective dielectric 
constant of the portion of the coaxial line con 
trol impedance 2 in the region occupied by the 

O 
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magnetron reactance tube may be varied by 
modulation of the anode potential thereof, as 
illustrated and described by reference to Figure 
21. 
In Figure 26, a modification of the basic cir 

cuit configuration, shown in Figs. 16 and 17, in 
cludes a cylindrical very high Q variable con 
trol reactance 2 f' which includes a tuning pis 
ton 37, the longitudinal position of which may 
be adjusted by means of a micrometer screw 39. 
The control reactor 2' is coupled to a T junc 
tion 4 f’ which extends from the narrow Side of 
the waveguide transmission System 3. A Sec 
ond T junction 43 extending from the opposite 
narrow side of the waveguide System 3 includes 
the third tuning screw 27 which is employed to 
vary the coupling of the control impedance 2' 
to the impedance transformer 4. The first tun 
ing screw 9 is operable through the transmis 
sion waveguide wall intermediate the plane 
B B of the control impedance and a load, not 
shown. The magnetron generator has been 
omitted for the sake of simplicity. The react 
ance modulator 35 for the variable control re 
actor 2 f’ is shown in block form, and may con 
prise any of the devices described heretofore by 

3.5 reference to Figs. 18 to 25. 
The operation and adjustment of the system 

is similar to the device described by reference 
to Figures 16 and 17. However, the cylindrical 
construction of the control impedance 2'' per 
mits a higher 'Q' to be obtained from this ele 
ment than with rectangular construction, With 
greater phase sensitivity in response to modul 
lating reactance, variations. 
The higher Q control impedance results usually 

in higher values of resonant resistance and 
higher reactances at the coupling aperture 25 
opening into said control impedance at frequen 
cies slightly off resonance. This would result in 
an unfavorable situation if used in the arrange 
ment of Fig. 16 and Fig. 17 in which transmis 
sion and control waveguide branches 3 and 4 
are substantially in series insofar as the in 
pedance transformer 4 is concerned, since under 
these conditions the power delivered to the load 
would be small. 

For this reason the T junctions of the type 
shown in Fig. 26, in which the transmission and 
control waveguide branches 3 and 4f' (with the 
additional reactance of the tuning waveguide 
stub. 43) are substantially in parallel, is used 
with a high. Q control impedance 2', since the 
high impedances are then in parallel with the 

65 

useful load. 
Since the impedance transformation and reso 

nating is otherwise similar to that described in 
. Figures 16 and 17, the effective control im 
pedance 'Q' at the plane A-A is substantially 
improved, thereby providing greater modulation 
swing of the generator frequency in response to 
modulating reactance variations, as indicated 
heretofore. 
Thus the invention disclosed and explained. 

herein comprises several embodiments and modi 
fications of a frequency modulator for carrier 
wave generators wherein a variable impedance 



represented ex num 
transformed to a new impedancehaving a higher 
Q and lower absolute value, and then is parallel 
resonated to the carrier frequency by another 
reactance of opposite sign. The reactance of the 
variable control impedance is varied in response 
to signal intelligence to modulate efficiently the 
carrier frequency of the generator. Circuits hav 
ing, rapid rates of change of phase angle with 
frequency are employed, and critical optimum 
line lengths are determined to provide practical 
and efficient circuit configurations. Several de 
vices are disclosed for varying the reactance of 
the variable control impedance - eithers, electro 
magnetically, ionically or electronically in re 
sponse to signal intelligence. 

It should be understood that several sections 
of the control impedance and impedance trans 
formation elements of the circuit configurations 
described may be cascaded to provide a more 
efficient modulation system. However, circuit 
adjustment in such a cascaded waveguide system 
may become quite difficult, due to present wave 
guide measurement limitations and coupling 
technique. 
I claim as my invention: 
1. The method of employing a variable control 

impedance for modulating the frequency of a Sig 
nal generator comprising the steps of transforn 
ing the impedance value of said variable imped 
ance to a lower variable impedance value having 
a relatively higher Q, resonating a predetermined 
value of said transformed impedance value sub 
stantially to said generator frequency, and shunt 
ing said generator by said resonated transformed 
variable impedance value." 

2. The method of employing a variable Con 
trol impedance for modulating the frequency of 
a signal generator comprising the steps of trans 
forming the impedance value of said variable im 
pedance to a lower variable impedance value 
having a relatively higher Q, resonating a pre 
determined value of said transformed impedance 
value substantially to said generator frequency, 
shunting said generator by said resonated trans 
formed variable impedance value, and cancelling 
normal coupling reactance between said genera 
tor and said resonated transformed impedance. 

3. The method of utilizing a variable control 
impedance for modulating the frequency of a 
signal generator coupled to a load comprising the 
steps of cancelling normal coupling reactance 
from said generator, transforming the imped 
ance value of said variable impedance to a lower 
variable impedance value having a relatively 
higher Q, resonating a predetermined value of said 
transformed variable impedance value substan 
tially to said generator frequency, and shunting 
said reactance cancelled generator coupling by 
said resonated transformed variable impedance 
value. . . . . . . . 

4. The method of utilizing a variable control 
impedance for modulating the frequency of a 
signal generator coupled to a load comprising the 
steps of cancelling normal coupling reactance 
from said generator, transforming the impedance 
value of said variable impedance to a lower vari 
able impedance value having a relatively higher 
Q, resonating a predetermined value of Said 
transformed variable impedance value substan 
tially to said generator frequency, shunting said 
reactance cancelled generator coupling by said 
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resonated transformed impedance value, , and 
coupling said load to said generator through said 
impedance transformation. 75 

30 
5. The method of utilizing a variable control impedance for modulating the frequency of a sig 

nal generator coupled to a load comprising the 
steps of cancelling normal coupling reactance 
from said generator, transforming the impedance 
value of said variable impedance to a lower vari 
able impedance value having a relatively higher 
Q, resonating a predetermined value of said 
transformed variable impedance value substan 
tially to said generator frequency, shunting said 
reactance cancelled generator coupling by said 
resonated transformed variable impedance value, 
coupling Said load to said generator through said 
impedance transformation, and matching said 
load to said load coupling. 

6. The method of providing a reactance modu 
lated high-Q resonant network including a vari 
able impedance element comprising the steps of 
transforming the impedance value of said element 
to a lower impedance value having a relatively 
higher Q value, resonating said transformed im 
pedance value and reactance, modulating said 
variable impedance element. 

7. A high-Q resonant network including a high 
Qimpedance element, means for reactance-modu 
lating said element, means for transforming said 
modulated element to a lower impedance having 
a relatively higher Q. value, and reactive means 
Connected to said transforming means for reso 
nating said transformed reactance-modulated . impedance. 

8. Apparatus for modulating the frequency of 
a carrier signal generator, including a high Q 
control impedance element, means for varying 
the impedance of said element in response to sig 
nal intelligence, means for effectively transform 
ing said variable impedance to a lower variable 
impedance having a relatively higher Q value, 
reactive means for resonating a predetermined 
Value of said transformed variable impedance 
substantially to said generator frequency, and 
means for connecting said resonated transformed 
variable impedance in shunt with said generator. 

9. Apparatus for modulating the frequency of 
5 a carrier signal generator having a frequency de 
termining resonant element, including a high Q 
control impedance element, means for varying 
the impedance of said element in response to sig 
nal intelligence, means for effectively transform 
ing said variable impedance to a lower variable 
impedance having a relatively higher Qvalue, re 
active means for resonating a predetermined 
value of said transformed variable impedance 
Substantially to said generator frequency, and 
means for connecting said resonated transformed 
variable impedance in shunt with said generator 
IeSOrlant element. . 

10. Apparatus for modulating the frequency of 
a carrier signal generator having a frequency de 
termining resonant element, including a load 
coupled to said generator, a high Q control im 
pedance element, means for varying the imped 
ance of said element in response to signal intelli 
gence, means for effectively transforming said 
variable impedance to a lower variable impedance 
having a relatively higher Qvalue, reactive means 
for resonating a predetermined value of said 
transformed variable impedance substantially to 
Said generator frequency, and means for con 
necting said resonated transformed variable im 
pedance in shunt with said generator resonant 
element and said load. 
1. Apparatus for modulating the frequency of 

a carrier signal generator having a frequency de 
termining resonant element, including a load, a 
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transmission line coupling said generator reso 
nant element to said load, a high Q control in 
pedance element coupled to said line, means for 
varying the impedance of said element in re 
sponse to signal intelligence, an impedance trans 
former interposed in said line between said vari 
able control impedance element and said genera 
tor for providing an effectively lower variable im 
pedance and a relatively higher Q. value, means 
for providing a resistive termination of said gen 
erator, at a predetermined point on said line, and 
reactive means for resonating, a predeternilled 
value of said transformed variable control in 
pedance to said generator frequency at said point 
on said line. 

12. Apparatus for modulating the frequency of 
a carrier signal generator having a frequency de 
termining cavity resonator, including a load, a 
transmission waveguide coupling said generator 
cavity resonator to said load, a high. Q control 
reactive cavity element coupled to said waveguide, 
means for varying the impedance of said element 
in response to signal intelligence, a section of 
said waveguide providing an impedance trans 
former interposed between said variable control 
reactive cavity element and said generator for 
providing an effectively lower variable impedance 
and a relatively higher Qvalue, means for pro 
viding a resistive termination of said generator 
at a predetermined point on said waveguide, and 
reactive means for resonating a predetermined 
value of said transformed variable control in 
pedance to said generator frequency at said point 
on said waveguide. 

13. Apparatus for modulating the frequency of 
a carrier signal generator having a frequency 
determining cavity resonator, including a load, a 
transmission waveguide coupling said generator 
cavity resonator to said load, a second Waveguide 
forming a T junction with said transmission 
waveguide and comprising a high Q control re 
active cavity element coupled to said waveguide, 
means for varying the impedance of said ele 
ment in response to signal intelligence, a section 
of said transmission Waveguide providing an in 
pedance transformer interposed between said 
variable control reactive cavity element and said 
generator for providing an effectively lower var 
iable impedance and a relatively higher Q value, 
means for providing a resistive termination of 
said generator at a predetermined point on said 
transmission waveguide, and reactive means for 
resonating a predetermined value of said trans 
formed variable control impedance to said gen 
erator frequency at said point on said transmis 
sion waveguide. 

14. Apparatus-for modulating the frequency of 
a carrier signal generator having a frequency 
determining cavity resonator, including a load, a 
transmission waveguide coupling said, generator 
cavity resonator to said load, a T junction in said 
waveguide, a high Q control reactive cavity ele 
ment of adjustable volume coupled through said 
junction to said waveguide, means for varying 
the impedance of said element in response to 
signal intelligence, a section of said transmission 
waveguide providing an impedance transformer 
interposed between said variable control reactive 
cavity element and said generator for providing 
an effectively lower variable impedance and a 
relatively higher Q. value, means for providing 
a resistive termination of said generator at a pre 
determined point on said transmission waveguide, 
and reactive means for resonating a predeter 
mined value of said transformed variable control 
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impedance to said generator frequency at said 
point on said transmission waveguide. 

15. Apparatus for modulating the frequency 
of a carrier signal generator having a frequency 
determining cavity resonator, including a load, 
a transmission waveguide coupling said gener 

O 

ator cavity resonator to said load, a high Q con 
trol reactive cavity element coupled to said Wave 
guide, electromechanical means disposed in said 
element for varying the impedance of said element 
in response to signal intelligence, a section of Said 

5 

25 

waveguide providing an impedance transformer 
interposed between said variable control reactive 
cavity element and said generator for providing 
an effectively lower variable impedance and a 
relatively higher Q value, means for providing a 
resistive termination of said generator at a pre 
determined point on said waveguide, and reactive 
means for resonating a predetermined value of 
said transformed variable control impedance to 
said generator frequency at said point on said 
Waveguide. 

16. Apparatus for modulating the frequency of 
a carrier signal generator having a frequency de 
termining cavity resonator, including a load, a 
transmission waveguide coupling said generator 
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cavity resonator to said load, a high Q control 
reactive cavity element coupled to said wave 
guide, ionizable means disposed in said element 
for . Varying the impedance of said element in 
response to signal intelligence, a section of said 
waveguide providing an impedance transformer 
interposed between said variable control reactive 
cavity element and said generator for providing 

5 an effectively lower variable impedance and a 
relatively higher Q. value, means for providing a 
resistive termination of said generator at a pre 
determined point on said waveguide, and reactive 
means for resonating a predetermined value said 
transformed variable control impedance to said 
generator frequency at said point on said wave 
guide. 

17. Apparatus for modulating the frequency 
of a carrier signal generator having a frequency 
determining cavity resonator, including, a load, 
a transmission waveguide coupling said gener 
ator Cavity resonator to said load, a high Q con 
trol reactive cavity element coupled to said wave 
guide, variably reactive electronic means coupled 
to said reactive cavity element for varying the 
impedance of said element in response to signal 
intelligence, a section of said waveguide providing 
an impedance transformer interposed between 
said variable control reactive cavity element and 
said generator for providing an effectively lower 
variable impedance and a relatively higher Q 
value, means for providing a resistive termination 
of said generator at a predetermined point on said 
waveguide, and reactive means for resonating a 
predetermined value of said transformed variable 
control impedance to said generator frequency 
at said point on said waveguide. 

18. Apparatus for modulating the frequency of 
a carrier signal generator having a frequency 
determining cavity resonator, including a load, 
a transmission waveguide coupling said genera 
tor cavity resonator to said load, a high Q control 
reactive cavity element coupled to said wave 
guide, variably reactive electronic means for vary 
ing the impedance of said element in response 
to signal intelligence, a section of said waveguide 
providing an impedance transformer interposed 
between said variable control reactive cavity ele 
ment and said generator for providing an effec 
tively lower variable impedance and a relatively 
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higher Q value, means for providing a resistive 
termination of said generator at a predetermined 
point on said waveguide, and reactive means for 
resonating a predetermined value of said trans 
formed variable control impedance to said gener 
ator frequency at said point on said waveguide. 5 

19. Apparatus for modulating the frequency of 
a carrier signal generator having a frequency de 
termining cavity resonator, including a load, a 
transmission Waveguide coupling said generator 
cavity resonator to said load, a high Q control 
reactive cavity element including variably reac 
tive electronic means disposed therein, means 
coupling said element to said waveguide, means 
for varying the reactance of said electronic means 
and hence said impedance of Said element in re 
sponse to signal intelligence, a section of said 
Waveguide providing an impedance transformer 
interposed between said variable control reactive 
cavity element and said generator for providing 
an effectively lower variable impedance and a 
relatively higher Q. value, means for providing a 
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resistive termination of said generator at a pre 
determined point on said waveguide, and reactive 
means for resonating a predetermined value of 
said transformed variable control impedance to 
said generator frequency at said point on Said 
waveguide, 

OWELL, E. NORTON. 
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