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1

‘This invention relates generally' to modulated
microwave generators and more particularly to
improved methods of and means for amplitude-
modulating and frequency-controlling microwave
generators, especially of the magnetron type:

Th- the copending applications of Lloyd: P.

Smith, Serial. Number 563,732, filed November
16, 1944, and entitled' High Frequency Apparatus,
and John S. Donal, Jr;, et al, Serial Number
757,756, filed June 28, 1947 and entitled Frequency
Modulated Magnetron Microwave Generator, now
Patent No. 2,534,503, granted December 19, 1950,
there is disclosed a system for modulating: or
corntrolling: the-frequency of a magnetron micro-
wave generator by projeeting an electron beam
along-a constant magnetic- field- and through a
cavity resonator which-may be either a cavity
resonator of a magnetron generator or an eX-
ternal cavity resonator coupled to & magnetron
generator. Control of the energy of the modu-
lating electron beam provides a variable shunt
reactance for the frequency determining param-
eters of the:magnetron generator. -
- "The instant invention is an improvement upon
{He devices disclosed in said copending applica-
tions in -that applicants- have found that either
frequency or amplitude-modulation. of the mag-
netron generator may be provided substantially
to the exclusion of, or indéependently of, the
other, depending upon the intensity of the ap-
plied unidirectional magnetic field. - Furthermore,
applicants have found that optimum magnetic
field intensities exist for most efficient magnetron
microwave generation, for amplitude modulation
to-the-exclusion of frequency modulation; and for
frequency modulation to the-exclusion of ampli-
tude: modulation. :

The-instant invention utilizes these realizations
of ‘optimum magnetron modulating and: operating
characteristics and comprises improved methods
of’ and: means for providing an efficient ampli-
tude-modulated magnetron generator which may,
if desired, include frequency stabilization.

& first embodiment of the invention comprises
s magnetron generator of the multi-cavity type
which includes means for providing & frequency-
stabilizing electron beamnx projected through one
or-more of the magnetron resonant cavities and
additional. means for providing an amplitude-
modtlating electron beam projected through one
or more of said magnetron resonant cavities, and
thus effectively directly in shunt with the load.
In order to provide optimum operating character-
isties for the generation of microwave oscillations
in the magnetron proper, as well as to provide
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optimum frequency-stabilization and amplitude-
modiilation of the microwave-oscillations, the in-
tensities of the- unidirectional axial magnetic
fields applied to the magnetron proper and to
the modulating:-and control electron beam:struc-
tures- are adjusted to optimum- values-by proper
proportioning of the magnetic structure-operable
upen-the different portions of the-system: '

A modification of the invention contemplates
the use- of an external amplitude-modulating
electron beam- device -connected to the- output
transmission line connecting a- microwave gener-
ator to-its-load. The amplitude-modulating:elec-
tron beam device comprises an electron beam
generating gun-which projects a modulating elee~
tron- beam through a coaxial cavity resonator
to- @ collector -electrode. The electron- gun in-
cludes a control grid to vary the beam currenti
When a unidirectional axial magnetic- field: of
proper intensity is applied to the- device; the
latter operates as a variable- non-reactive shunt
conductance connected to the microwave load
transmission line. The variable shunt conduet-
ance is connected, either through- & half-wave
transmission line, or through- a quarter wave
transmission-line, to & point on the-load trans-
mission line removed’ some odd’ multiple of &
quarter wavelength at the operating freguency-
from the microwave generator. ’

The amplitude-modulating systems- comprising
the instant invention provide a much more effi~
cient method of amplitude-modulating micro=-
wave oscillations than is' possible by grid modu~
lation of triode generators. or by anode voltage
modulation of magnetron or Klystron generators.
Furthermore; in addition to more -efficient opera-
tions, the amplitude: modulation of microwave
oscillations may be accomplished. without the
usual-undesirable frequency-modulation as:is the
case-when a magnetron is modulated: by varying
the anode-cathode potential. Also, any residual
frequeney-modulation or frequency instability in
the device may be compensated for by the in-
clusion of a separate frequency control electron
beam device responsive to frequency deviations.in
the modulated generator oscillations. :

Among the objects. of the invention are to
provide - improved methods of and means for
modulating microwave oscillations. Another ob-
ject is to provide improved methods of and means
for amplitude-modulating magnetron generators.
A further object is to provide animproved method
of and: means for amplitude-modulating a mag-
netron generator at: a high modulation percent-
age.. An.additional object is. to: provide improved
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methods of and means for amplitude-modulating
microwave generators and for simultaneously
stabilizing the frequency of the generated osecil-
lations. Amnother object is to provide methods of
and means for selecting optimum magnetic field
intensities for microwave magnetron generating
and modulating devices. A further object of the
invention is to provide improved methods of and
means for insuring optimum operating param-
eters in an amplitude-modulated magnetron gen-
erator by providing optimum unidirectional axial
magnetic field intensities for the magnetron gen-
erator per se, and for the amplitude or frequency-
modulating or control electron heam devices asso-
ciated with the magnetron generator. A still

further object of the invention is to provide im-~-
proved methods of and means for coupling a vari- -

able conductance device to the load circuit of a
microwave generating system for providing am-

plitude-modulation of the generated microwave -

oscillations.

Other objects of the invention include improved
methods of and means for amplitude-modulating
microwave oscillations substantially to the ex-
clusion of accompanying resultant -frequency
modulation. Another object is to provide im-
proved methods of and means for frequency-
modulating, stabilizing, or controlling microwave
oscillations substantially - to the exclusion of
accompanying resultant amplitude-modulation.
Another object of the invention is to provide an
improved magnetron microwave generator -in-
cluding an amplitude-modulating electron beam
device projected through one of the magnetron

cavity resonators and a frequency-stabilizing :

electron beam device also projected through one
of ‘the magnetron cavity resonators, said mag-
netron generator including means for applying
unidirectional coaxial magnetic fields of different
intensities to the generating and modulating ele-
ments of the device.

The invention will be described in greater de-
tail by reference to the accompanying drawings
of which Figure 1 is a family of graphs illustrat-
ing the operating. characteristics of the system;
Figure 2 is a partially schematie, cross-sectional
elevational view of a first embodiment of the in-
vention; Figure 3 is a fragmentary, cross-sec-
tional plan view taken along the section  line
ITI—IIT of Figure 2; Figure 4 is a schematic cir-
cuit diagram to be referred-to in the description
of the operation of said first embodiment; Figure
5 is a schematic circuit diagram of a modifica~
tion of said first embodiment of the invention;
and Figure 6 is a perspective, partially sectional
view of .a modulating electron beam device com-
prising the variable conductance Gm of the circuit
of Pigure 5. Similar reference characters are ap-
plied to similar elements throughout the drawing.

Referring to Figure 1 of the drawing, the graph
1 illustrates the variation in frequency of miecro-
waves generated by a multi-cavity magnetron
as a function of the unidirectional axial magnetic
field intensity applied to a modulating electron
beam coupled into or projected through one of
the magnetron cavity resonators. Graph 3 illus-
trates the radio frequency loading of the mag-
netron by the modulating beam as a function
of "said uUnidirectional magnetic field intensity.
Comparison of the graphs indicates that maxi-
mum frequency modulation is obtained for values
Ai and Az of magnetic field intensity although
some radio frequency loading occurs for these
values.  Appreciable frequency modulation may

- be provided for values By and B2 with negligible
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frequency modulation will obtain and a maximum
of radio frequency loading will be provided for a
magnetic field intensity indicated by the value
C. In addition, it has been determined that most
magnetrons function most efficiently as a micro-
wave generator for even higher values of mag-
rietic field intensity as indicated by the value D.

‘As a result of the information deducéd from
the graphs 1 and 3, applicants have provided a
multi-cavity magnetron microwave generator in
which the magnetron cathode and anode are
operated at a magnetic field intensity of a value
D to obtain good operating efficiency, a frequency
control electron beam is projected through one
of the magnetron cavities for stabilizing the oper-
ating frequency, and a second modulating elec-
tron beam is projected through another of the
magnetron cavities for modulating the amplitude
of the generated microwave oscillations in re-
sponse to modulating signals. = The frequency
control electron beam. preferably is subjected to
an axial magnetic field intensity of the value
B2 which provides. substantially negligible radio
frequency lcading - with appreciable frequency
control. = The amplitude modulating electron
beam is subjected to a lesser magnetic field in-
tensity corresponding preferably to:the value C
which provides maximum- radio frequency- load-
ing and negligible frequency modulation. A uni-
tary structure including these features is shown
in Figures 2 and 3 of the drawing.

The magnetron generator. comprises a central
axial cathode 8 surrounded by a plurality of radi-
ally extending anode cavity resonator vanes -T
which are : alternately connected together by
anode vane straps 8, and are positively biased
with respect to the cathode 5. The inner ends
of the vanes T provide anode segments. The
spaces between adjacent radially extending anode
vanes comprise anode cavity resonators tuned to
the desired operating microwave frequency. An
axial unidirectional magnetic field is derived by
an external magnetic structure, not shown, ter-
minated. in pole pieces 9, 8’ which include small
pole tips i1, 11’, of highly permeable madterial,
located adjacent to the central axis of the mag-
netron. C o -

The frequency control electron beam generat-
ing device comprises a first auxiliary .cathode 13
and a frequency control grid 15 located above
one of the spaces between two adjacent anode
cavity resonator vanes for projecting an electron
beam 17 through a cavity resonator to a collector
electrode {9 which is positively biased with re-
spect to the cathode 3. Similarly the amplitude
modulation control electron beam device com-
prises a second auxiliary cathode 21 with-an
amplitude control grid 23 located above the space
between two other adjacent anode vanes for pro-
Jecting a second electron beam 24 through an
anode cavity resonator to a second collector elec-
trode 25 which is positively biased with respect to
the second auxiliary cathode 2i. The auxiliary
cathodes {8 and 2f may be either directly or
Indirectly heated in accordance with known
thermionic tube technique.

The pole pieces 9, 9’ are so positioned with -
respect to the axis of the magnetron structure as
to provide the desired coaxial magnetic-field in-
tensity. ‘Bz for  the frequency-control electron
beam, the magnetic field intensity value C for
the amplitude-control electron beam device and
the magnetic fleld intensity D for the main cath-
ode-ancde space. The magnetron cathode and
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anode: vanes: T: and.. the: frequency control . aid
amplitude: control: electrom bean: devices: all: are
enclosed within gn.evacuated:envelope 2T through
which: suitable operating:leads: areiprovided:.

Qutput. energy’ is-derived frony’ an. output: caux
pling loop 28 coupled into one of the:anode
cavity- resonatars. ... The eutput “loop:: 29 mray: be
coupled through amy: suitable: type of microwave
transmissiors line: 31 tostheload 38 v
- The stabiliz&tiomn of the:opevating freduency: by
the frequericy controlielectrair heam: iTis effected
by connecting a discriminator: 35, forexample:of
the “magic T” waveguide type;. ta: the output line
3{ and: deriving confirol voltages frone the: dis-
crimiratorwhich are applied between:the cathode
{3r and: grid: 15 of the-frequency controlielectron
pean: -device::: The amplitude: modulation:of: the
output . signals  is- effected: by -applying: desired
modulation: sigmals:to: the: cathode: 21 and grid 23
of ~the: second: auxiliary” electrory  bémm:: device
whicir projects the beam: 24 thraughs the ‘mag=
netron: anode cavity. resonator.: “The: frequency~
control: beam: LT, being: operated st an axial mag-
netic field intensity Bz, provides substantially:only
reactive: effects: upon the! maghetromn: oscillations
with negligible radio .frequency: loading theveof.
The amplitude-coninol: bear -24& provides . maxi-
mum-loading: of the: gefrerated microwave: oscil-
jations wtih negligible frequency, medulation
thereof, since it is operated with an axial mag-
netic field having the value:C. Tn: operation;, the
amplitude modulation electron beam 24 effec-
tively-provides.a non-reactive variable shunt. con-
ductance. Gu indicated by the dash. line resistor
connected. across. the. output transmission. line.
Varying.the control.grid.potential.varies.the heam
current, which varies the energy: ab_sonbing,ability
of. the. beam.. The. theory and. operation of’ this
embodiment of the invention s described in
greater detail by reference t@ Figure 4 of the
drawing which follows.. It should be understood.
however, that the amplitude modulaiten electron
beam may alternatively be incorporated in an
external variable conductance: device as illus-
trated and described: by reference: o: Figure- 6 of
the drawing, and such an external variable con-
ductance device would’ be coupled directly into
one of the magnetron anode:cavitiesfontconnected
to the load transmission line as will be discussed
in greater detail hereinafter. =

Reference is made to the cireuit-of Figure: 4,
where O is the magnetron generator, Gt the load
conductance, Gum the variable or modulating con-
ductance, and T a Jossless transformer. By vary-
ing: G, the dry-means of the controk grid .23

the power in Gu will be varied, if the: generator’

power output and thus the power output: of the
transformer are constant. In this case, if ¢ is a

fraction and
¢h)

. GM.%aGL
then the power in the load is
. | P=PoOtO @
whére Po is thé pbvx?er outpuﬁ 6f:; ﬁhe;maéﬁeﬁéﬁ
generator. R S .

) Alternatively, if the transformer were not pres-
ent, and if the generator wefe a constant voltage
generator; the: power in ‘G would: rer_nain:con;
stant regardless of the value of G
fove, to- determine the 'effectiveness: of:such a
modulation: scheme, the power oufput. charae-
teristic as @ function:of the load must.be: deter=
mined: and the effect. of various' types- of ‘trans-
formers-must-be considered.: R

phere~ T

. General characteristies - .. .
~ In the region of operation, the power output
of the magnetron may be: expressed By = .
_ . Po=KGmrO<u<t - - &
where K is a constant, and Gr is‘ the’conduct-
ance seen by the generator. e R

The validity of this assumption may be con-

 firmed by experimental data.’ Power output and
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frequency may be ‘measured as function  of
load ‘impedance, from -standing® wave' measure-
ments, and the data plotted on o familiar “Smith
chart” or “Rieke diagram.” From' these data,
the power output is noted as a function of Rz/Us,
where Rz is the load resistance and Zo the surge
impedance of the line. The zero. reactance line
is . determined . from . the frequency corrtours.
Data taken indicates that the assumed’ relation
of Equation’ 3 does provide a good approxima-
tion to actual characteristics and that u ‘varies
from about 0.1 to 0.6 for.. different types of
magnetrons. o ' '

‘Power relations without transformer

If the transformer T were not present, or if
the transformer were a transmission line of an
integral number of half wavelengths, then the
Joad and modulating conductance. would be ef-
fectively in direct shunt with the generator. I
the modulating conductance, Gu, were increased
under these conditions, it- would absorb more
power from the load, Gr, but the conductance,
Gun, seen- by the generator: is: increased: and
therefore from (3), the power: output -of the
magnetron generator increases.  Therefore, the
decrease in power in Gu is the difference be-
tween the additional power absorbed ‘in Gir and
the incresse in power: cutput of the magnetron.
This condition obtains when the amplitudeé
modulating electron beam is projected through
ome of the magnetron: cavity resonators as in
the device described by reference. to .Figures.
2 and 3. ' o
; T/.;T{he conductance seen by the generator is

Gur=Gi(l+a) - “4)
from BEquation 3 the'-magne‘t'ro_'n powef output is
Po=KGr*(1+a)® (5)

and the power in: the. load. is, from- Equation 2:

Pr—=RKGrt(lfayv! (6).
The magnetron efficiency is defined by
P,
= R¢p

in

where Pin is the power. input to the tube. In a
given tube, this efficiency will have & maximum
value, either limited by stability -or because it
represents a match between the tube and its ef-
fective load. Sinee it will be assumed’ that Pin
is constant, maximum efficiency will occur, when
Grn i§ a maximum; or it will' ocecur-when ¢ has
reached its maximum value, i. &, e

ﬂmaxz"ﬁ-,K;GLu(_:l'“l“a-’)'-" e (\8)
where it is to be understood: that, i Eguation: 8;
@ has some maximum value; and- during: mod-

ulation, varies betwéen'zero: and this’ maximum

value.. - - : ] : .
In practice, a- modulation efficiency- ¢ is fre-
quently: ‘defined as half' the maximum- power




2,602,156

swing during modulation divided by the average
power input. This efficiency, so defined, is zero
when there is no modulation present, and is unity
when a tube with 100% plate efficiency at all
values of power output obtained during modula-
tion is: modulated 100%. Tt is independent.of
the “carrier level,” o ‘ ‘ .
. - leax_PminA
‘ ‘ = ToP. | o (9)
Pmax occurs when ¢ is zero and Pmin when « is
maximum in the case being considered and so
from Equation 6. _ : :

— I{ uff e | u—] v
‘ f—mGL [1-=(14a)= . (10)
where it is again to be understood that e has its
maximum value. Expressing this modulation
efficiency in terms of the maximum magnetron
efficiency from Equation 8.

t=gmmar [(1+0) "= (1) (11)

This function has a maximum with respect to ¢
which occurs when

(12)

a=ut—121
and has a value of
' . I
gmsx=§7lmax ul_u—ul—u:l (13)
The modulation efficiency, ¢, thus is a function

of a for different values of . _

It is frequently convenient to define a modula-
tion factor, 7z, as the ratio of the maximum volt-
age -amplitude of the envelope to the average
voltage of the carrier. This may be written

M1

m= frami (>14)
where M is defined by o
pi=Lmee (15)
Using Equation 6, (15) becomes
o M2=(1+a)1fu (16)

From Equations 14 and 16, m may be calculated
as a function of a for different values of #;

The value of M2 when ¢ has the value, given by
Equation 12, for maximum ¢, is

M2=1/u an
and the value of m for maximum ¢ is
1—u*
"I (18)

Effect of transformers

-As discussed heretofore, the power characteris-
tic of the magnetron works in opposition to that
of the shunt combination of Gu and Gr. It is
therefore desirable to introduce between ' the
magnetron and the two conductances, a trans-
former T which will effectively invert the charac-
teristic of the generator.

This is most easily accomplished by the use of
an external modulator and a quarter-wave trans-
former, g transmission line of an odd number of
quarter wavelengths long, between the generator
and the junction of the load and modulator lines,
as shown in Figure 5, since an increase in the con-
ductance at the junction of the load and modu-
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lator lines will result in a decrease in the con-
ductance seen by the generator O. This will de-
crease -the power output of the generator, and
so the power in the load is decreased for this
reason in addition to the decrease from increas-
ing Gu. : . . -
Any length of transmission line -transformer
other than an integral number of half or quarter
wavelengths would reflect a reactive component
back to the generator, and since this would result -
in-frequency modulation;: it is not feasible for
amplitude modulation. :
~ It is also possible to insert a transformer be-

- tween the modulating conductance, Gwm, and the

point of junction with the load line as shown in
Fig. 5. If this'were a half-wave transformer, no
change would result, since it would have the same
effect ‘as a direct shunt across the load. If it
were ‘a quarter-wave transformer, an inversion
would result such that when G is zero, the load
would be short-circuited. 'This would reflect an
open circuit to the generator, with a quarter wave
transformer between the generator and the
junction.

"~ It is assumed that the load conductance, Gz,
is equal to the surge admittance, Yo, of the line
and so the distance between the actual load and
the junction point with the ‘modulating branch is
not important, . : :

Power relations with quarter-wave load-line
transformer

If a quarter-wave transformer is used between
the generator and the junction with the modu-
lating branch, and a half-wave transformer be-
tween the junction and Gur, the arrangement is

represented by Figure 5.
The conductance seen by the generator will be

‘ v GLL=EY:’_LZ§Z (19)
and since Gr=7Yy, : -
Grz=Gr(1+a)-1 (20)
the power ‘output of the tube is ’
Po=KGrt(1+q)—u 2n
and the power in the load is
Pr=KGr(14-g)~1-t 22)
The tube efficiency is
1= Gra(14 )= (23)

P in
but, in contrast to the transformerless situation;

the maximum tube efficiency oceurs when a is
Zero, giving -

K
ﬂmax=PiuGL" (24)
As defined by Equation 9, the modulation effi-
ciency becomes

é=Vonmax[1—(14-@) ~1-2] (25)
This function does not have a maximum for finite

@, but increases with a.

The ratio M2 is

M2=(14q)1+u

From Equations 26 and 14 m
as a function of a.

Comparison between the two types of load.line
transformer connection may be easily made.  As
an example, if wu=0.3 and a=1, the half-wave
transformer connection gives ‘a value of ¢ of
0.156yms», while the. quarter-wave - transformer

v (26)
may be calculated
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coninection gives ‘a value of & of 0.29Tymax. For
the half-wave transformer connection and #=03,
the maximum value of Z:s 0.2097max and occurs
when a=4.6. This same efficiency obtains in the
quarter-wave transformer connection when
a="0.6. .

The quarter-wave load line transformer con-
nection gives .an appreciably higher modulation
efficiency for a ‘given range -in :modulating con-
ductance and will give the same efficiency as the
half-wave transformer connection at a much
Jower.range-of modulating conductance.

Modulating device

It is, of course, desirable to vary the conduct-

‘ance, G, electronically. ‘Motreover, it is desirable
that Gu be real at all times, so that no frequency
modulation oceurs, and that Gu be a function of
an independent parameter, such as a control grid
potential, and:independent of the average voltage
appearing across it. A High plate conductance
triode would provide the means of control but its
conductance decreases with-decreasing plate volt-
age. -As the-conductance is increased by decreas=
ing ‘the negative grid voltage, the ‘power-in -the
- load decreases, but this -decreases the radio fre=
queney voltage-on the plate-of the triode, tending
t0-decrease its-conductarnce. S

A ‘type ‘of variable conductance ‘device which
does’ meet all -of ‘the gbove requirenments and is
more ‘efficient than a triode is one’similar to the
spirdl beam reactance tube described in said co-
pending -applications -and -used for frequency-
modulating magnetrons. “Such a-device Is shown
in Pigure 6. Co e S
- ‘Since the admittance across the ‘device is to be
real, and has ‘been assumed to'be equal to Yo only
for -sike of -simplicity, the ‘magnetic ® field, H,
shoutd be attjusted so that _

. € e

R o “’—Hm . -(2n)
where o is the angular operating frequency and
e/m is the charge to massratio of the electrons.
The quantity .

in Bouation 27 -is ‘the -angular ‘velocity of cyclo-

fron frequency -we 0f electrons traveling in-eir- .
-cular ‘paths-in -a magentic field of ‘strength “H.

‘Hence Hquation 27 may alsobe written
G I T 294

w=we

“Wien %he ‘magnetic feld H is adjusted to'make

‘the angular eyclotren freguency we equal ‘to-the
-angular freguency w of the -generator ‘to’ which
‘the modulating device is ‘coupled, the admittance
weross'the:deviceisTeal andis ‘given by :
T ek
R ,G"Tfrndz'fl R
.swhere To'is the ‘total beam -current;-d-is the dis-
tance ‘between the ‘plates, and - is ‘the -transit
‘time of ‘the électrons. Tt isknown #lso $hat the
yelocity ‘&t - which ‘the electrons -are ‘collected ‘un-
der the ‘condifion -expressed by ‘Equation 27 -is
e T L

e a-m2,

o

-Wher‘é :¢o is Ehe.‘radio.?fr_equemy ~amplitude. © 'Tpe 7

.eniergy - dbsorbed by ‘each electron is then - -
I : ‘.— 3 ;ﬁg’@ﬁiﬂfiji
Wi Zga ]

By probér selection of = and d, the terni;iﬁ ‘bi'é;}:k.-

o
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10
ets ccan -easily be made. appreciably greater than
unity. Since the energy absorbed by each elec-
tron in a triode is simply ¢ee, the triode would be
less efficient :as :an energy :absorbing device.

If it be required that the electrons notbe cap-
tured by the plates, But be collected:at the.end of
the ‘tube by :a collector, then ris independent of
the radio frequency voltage between :the plates.
since. To will be ‘determined by ‘the ;accelerating
weam voltage Vb, Which is in the direction of ‘the
magnetic field, and a .eontrol-grid voltage Vg, ‘G
will be independent .of the radio frequency “volt-
age. :

To meet the requirement that no-electrons-are
captured by theplates, it is necessary ‘that the
spiral ‘deflection e less than Y2 (d—1), where t
is the cathode width. "It is known that the am=~
Pplitude ‘of the spiral :is. : s

‘;'g:—_ﬁ. Eﬂ T {29 ]
where
w=H—
and:in which the transit ‘time is
= (30)

=
e
\/2'%V.b

where 1 is the length -of ‘the ‘plates. - Eo-i ‘the
amplitude ‘of ‘the radio frequency ‘field between
the plates. ‘When w is set equal to % (d—1), a
maximum value of + results -which when inserted
in Equation 28, givesfor the maximum obtainable
‘conductance i ’

22
Gas __—___-,’IOP‘?. d?

'4%4502

(1=t/d)? ‘ 7'('3“1")

where ¢o is the radio frequency voltage between
the plates and is equal to Fod.

‘Binee the ‘beam. current is limited by the-cur-
rent 'density from the-cathode, which is
’ ' R ‘
Jo=saway
where w is the cathode length, the maximum
.conductance may be written

LBy (3 — 4y
4:771(#02' .

(32)

Guax= (33)

The quantity in brackets is maximum Whén
t/d="1 and has a..n_;aximum value of

2

Lo 27

Thus .
J getwd?®

Guax= e
b

(34)

In order for space charge to permit the current

‘density, Jo, o pass through the -cavity, the ex-
pression

4 7 51 F
—__. e %_ mAax
To 91r\/2me & 1d

must hold. Fmex is-a function of t/d and varies
from 2 for t/d=1 ‘to 03866 for {/d=0. When
t/d=13, Fn_m{;:l.lof ‘ ,

From Equation 34, it is seen that if Gmex is:t0
be made -large, w and 4 must be large. From

(35)
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Equation 35, large values of d will require a large
Vb, and since Equations 29 and .30 must be such
that y=% (d—1), a large Vp will mean a large
value of I. However, a large w.means g large To,
which with a large V» means high total beam
bower.. Therefore, it is desirable to use as low a
value of G, as possible, but it is limited only by
practical factors.

Finally, it should be pointed out that if the
electrode: arrangement considered is to be part
of a resonant cavity, the G calculated above will
be the conductance which appears between the
“pole faces” of the cavity and will be transformed
to a new value, .appearing across the trahsmis-
sion line, by a:coupling arrangement, such as. a
loop.or window. Itis thisconductance which ap-
bears across the line as Gwm in the foregoing
analysis. In general, it will be possible to -make
Gwum appreciably higher than the electronic con-
ductance, G, and if the proper coupling is used,
G will be directly proportional to G. Since the
gap filled by the beam is an integral part of the
resonant circuit, the capacitance of the gap must
be considered in the design.

However, in estimating the maximum value of
Gum from Equation 34, the coupling problem need
not be considered since ¢0? appears in the de-
nominator of Equation 34. The radio frequency
power dissipated in the beam is % Ggo? and this
must be equal to the power which would be dis-
sipated in a conductance Gum across the end of
the line where an R.-F. voltage, ¢1 appears. Thus
Equation 34.will give the maximum value of Gu
directly, if go is replaced by o1.

If the beam is to be placed inside the mag-
netron, as in the system of Figure 2, a direct
shunt with the load results and the first or
transformerless analysis is applicable, and lower
modulation efficiency is .obtained than if a
quarter-wave load line transformer is used.

Linearity” - _

The .degree of over-all linearity of the external
modulator may:be determined by expressing the
amplitude of the radio frequency voltage across
the load as a function of the applied signal volt-
age. This radio frequency voltage amplitude is
N )=

36
o (36)

v

which bhecomes, when'Equations 6 and 22 are
used,

Vi=v2KGE=D(1+a) 2

(37)

The -+ sign refers to the quarter-wave trans-
former connection, and the — sign to the half-
wave transformer connection. - Since this volt-
age is maximum when ¢ is zero, then

T _Q(=xw)
Vi=(VL)max (14+a) 2 (38)

@ may be related to the beam current by
using Equations 1 and 28:

a}:BIo (39)
where
e T2
Tm ARG, (40)

Presumably, a beam forming gun will be used
in the modulating tube. If Vg is the control
grid voltage, Va the accelerating voltage, and u
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12
the amplification factor, the cuirént from  the
gun is . ’
B . % R .
1=P(Le+v,) (41)
where P is the “perveance” of the gun. Insert-
ing Equation 41 into Equation 39 o
Va3 Ve \¥%
=BP(——“) (1 ' ) : 42
a . +Va - (42)

When Ve=0, «¢ has its maximum value since it

is assumed that Vg is never to be positive and so
Equation 42 may be rewritten

v %

g pa(14Ye ) 4
a a s»( +Va//" ( 3)
Using this expression in Equation” 38, L

: (1u)

Vi=(V4) [1+am,(1 JrVV/M)é:]_T (4_4»)

where the 4 and — signs again refer to the quar-
ter and half-wave connections, respectively.
- 'This modulation characteristic is valid only at
low modulating frequencies; no attempt has been
made to consider the “band width” of the. over-
all system which, to a great extent, will depend
on the particular circuit confizuration. used.

- The systems of Figures 2, 3 and 4 and the
modification of the circuit of Figure 5 employ-
ing a coupling line havihg an effective length
of any multiple of one-half wavelength between
the modulating conductance device G and the
quarter wave ‘connection on the load transmis-
sion line all have the disadvantage of relatively
low maximum depth of modulation. . An im-
portant. improvement - of the devices described
involves the use of a coupling transmission line,
between the quarter wave point on the load
transmission line and the modulating conduc-
tance Gu, of any odd number of quarter wave-
lengths

(2n41)
S

at the operating microwave frequency. When
the cavity resonator of the external absorption
tube Gm is tuned to resonance, and connected
through such a, quarter-wave line to the quarter
wave junction of the load transmission line, the
very high resistive impedance of. the modulating
device appears as a very low resistance at the
Junction of the load transmission line. The
shunt resistance is ‘substantially 0 when it in-
cludes the shunt resistance of the load. . The
load resistance at the load line junction is trans-
formed-through-the quarter-wave -section- of the
load line to a very-high resistance at-the mag-
netron generator output coupling  loop.  Thus
not only is the load. impedance substantially

short-circuited by the modulating conductance

but:the magnetron output energy -is reduced to
an extremely low value. This arrangement pro-
vides -extremely efficient operation and .good

.depth .of modulation.  In. several tests -of the

system. the decrease in-output energy provided
by keying the modulating beam 23’ of the device
Gu on and off corresponded to 3 voltage modu-
lation of 80%. Without consideration of modu-
lator tube:losses, the effective voltage modula-
tion has been found to be of the order of 90%.
Thus the improvement over the circuits de-
scribed heretofore insofar as modulation per-
centage is concerned is of the order of two or
three times. : e o o
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"The following mathematical -discussion of the-
system :pertains .to the improved -circuit:employ-
ing -a quarter-wave .coupling ‘line ‘hetween ‘the
variable conductance device Gas and the guarter-
wave load transmission line junction. . :
‘Determination.of Grr: -

: U
: =GJM?.-§:;

Gir=Gr
GJLL=er+GJM=%;£_.+ Rs
Lm

Y

e Y Gu¥?
TG

__ ¥
@Xﬂ +GL Ye+GGu
Ly : :

But ‘Gu=aGz. by definition of “a” and Gr=¥o
(assumed) - - : : :
c ,QGLYO_Z :ana . ( @ ) LA
=Yt E e \ita) B ()
Magnetron generator output: (Po) '

Pi=KGr1# “(from ‘experimental data, u=20.33)
T Pe=KarGrr (1) 46>
To.express ratio of L
o P
in-terms :of ratio o
’PL-——;EE%’?EZ{JGZ

B4 Y
T Gy
“ P CBGL _GiGu Gy e o L
2o -;-:1_?‘;{ —E2]Y02~ Yo '—GL v _F:Slnﬂe YU"‘GL) (47)
S —-———‘GM - L&

o L Y
< Pu=E%Grn= sm:ee}Gm—-@

Td : éxpl’éss Po in terms of Py, ¢ -and Pr,.ar .
N Po=Pr+Py- S
I_DE_GM ‘ AN
R T f”mf{Equa.trxon 47
fx:qm’ “Equation 47

R ' o Py '
:.;.Pi?’:%%'P‘M’{‘PL{’;'(1ﬂ_ia)’1.3M OT'?M’;’]T_I‘:; (48)
or: - o : .
Po=P: f%ﬁ:h}% ‘

L 14a\, p_ @

=(H2)Pr o Pr=g 5P

. (49)
A S Pr=aPx :
To evaluate Pr: B

S I R R
Péz'l»;-;ap""'lrl—n[K‘%:G‘,-(1+“)- ] o :
L R ; from. Equation 46

- Pr=EastiGri(le) 1 o (50

'i‘o, iexia.lua;te 'Bmﬁ

;‘_’.4Po<:__—“1‘7;:7:‘u Lo '._u‘
| Puspppgfedr bl

= RasGre(lta)met (1)

10.
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Magnetron;q,': . ST : :
n=PPT‘;=1—DI—{;a"GL“(l+u)" M v (52)

oo ilpsts xRN when a:i;é_}inak;ﬁuﬁm); L
" To evaluate modulation efficiency { which ‘s’
defined as R AL

g___»PL l:n’ax —PLm:m 3
R ,ZP:in-,

but . g
Pr=Ka*¥Pt(14a)—+1

PR -uGL‘f(l‘;l_a)‘_u—»I]_;
.L..;ﬁ[Ka1+“.___..___———v2Rin., - 0

sp—aEr(1ha)

- (53)
when -¢ is maximum. ¢ in terms of mmax TOT &
a maximum, see Equation 48, - '
From Equations'9 and 8:

X LR o P _u o
Rl e +u[-13;ﬁ‘?b“(1'?“‘?9_ 1

<54) ‘

‘Referring to Figure 6, the external amplitude
modulating or sbsorption device corresponding
to the element Gu of the circuits described here-
tofore hay comprise an evacuated glassenvelope
41 enclosing an €lectron "beam gun comprising
a thermionic cathode #3, a control grid 45, a
seteen erid 41, and an accelerating grid 49. “The
electron gun elements are suitably ‘biased to pro-
ject the electron beam 237 to a positively “biased
collector electrode 5i.° "The evacuated envelope

41 is surrounded by a.coaxial cavity resonator §3
incliding arcuate é&lectrodes -58, 51, ' The reso-
nator 53 is tuned to the operating ‘microwave
frequency, thus providing; by microwave enersy
gbsorption, a transverse microwave electric field
between the electrodes ‘65, 671 and ‘causing the
electron heam 23’ to follow. the directrix ‘of 'a
‘hollow cone having a radius determined by the
magnitude of the energy absorption. It .Shouild
pe understood that the entire .assembly may he
enclosed within & metal envelope, and that the
glass envelope described meérély comprises 4 con-
venient demountable design. "A cotipling loop 59
coupled into the resonator 53 and terminated on
the bracket 61 supporting the electrode 57 delivers
energy from the coupling transmission line €3 to
the cavity resonator and to the electronbeam 237,
An axial unidirectional magnetic field, of suitable
intensity C as described heretofore by reference
tothe graphs of Figure 1, is applied to the variable
conductance device Gu as indicated by the arrow

It should be understood that the-invention is
not to be considered as limited to the specific
microwave structures described herein and that
the - frequency-stabilizing and amplitude-mo‘di_i-

lating features may be employed either in com-

bination, or as separate adjuncts to’known types

of microwave generators. M
Thus the invention described and ¢laimed here-

in .comprises improved methods -of ‘and -means

- formodulating the amplitudes of mierowave 0scil-

lations especially as provided by -magnetron
microwave generators, and additional means for
controlling the operating microwave frequency
independently of the amplitude ‘moedulation. The
relations between frequency variation and R.-P,
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loading as a function of applied axial unidirec-:

tional magnetic field intensity are discussed and
utilized in the various embodiments of the inven-
tion. Various cireuits and structures are disclosed
which provide improved amplitude modulation
efficiency as well as substantial freedom from
undesired frequency modulation. .

We claim as our invention:

1. A microwave system including a generator
adapted to provide microwave oscillations, a vari-
able-conductance electron beam modulating de-
vice coupled to:said generator, means for pro-
viding a constant magnetic field coaxial with the

[543

10

beam of said device, the cyclotron. frequency of

said magnetic field being substantially equal to
the angular frequency of said oscillations, and
means for varying the conductance of said beam
to modulate the amplitude of said oscillations
with negligible frequency modulation thereof
wherein said generator is coupled to said variablé
conductance electron beam modulating device by
means of a load line and impedance inversion
means coupling said variable conductance device
to an intermediate point cn said load line.

2. Amicrowave system in accordance with claim

1, wherein said intermediate point is removed an
odd number of quarter wavelengths at the oper-
ating frequency from said generator.

3. A magnetron generator including a cathode,

an anode cavity resonator adjacent said cathode, :

means for providing a fitst magnetic field coaxial
with said cathode, said generator being adapted
to be connected to a source of operating potentials
to provide oscillationg therefrom, means for pro-
Jecting an electron beam through said resoriator,
means for providing a second magnétic field co-
axial with said beam, the cyclotron frequency of
said ‘second constant magnetic field heing sub-
stantially equal to thé angular frequency of said
oscillations, whereby said beam i§ substantially
non-reactive, the intensity of said first magnetic
field being substantially greater than that of said
second magnetic field, and means for varying the
cohductance of said electron beam to provide
amplitude modulation of said .oscillations.
4. A magnetron generator including a central

cathode surrounded by’ajplurali_ty of anode cavity -

resonators, means for providing a first magretic
field coaxial to said cathode, said generator being
adapted to be connected to a source of operating
potentials to provide oscillations'therefrom; means
adjacent to oné of said resonators for. projecting
an electron beam along a path extending there-
through, means for providing a ‘second  magnetic

field coaxial with said path, the ¢yclotron fre- -

quency of said second magnetic field ‘being sub-
stantially’ equal to the geneérated angular fre-
quency of said magnetron generator, whereby said
beam loads said generator non-reactively, the in-
tensity of said first magnetic field being substan-
tially greater than that of said second magnetic
fleld.’ T T S L
‘5. A'magnetron generator sceording to claim'4,

further, including means for:-varying the.con-
ductance of said electron beam to amplitude mod-

ulate said oscillations. e e T

6. A microwave system including. a generator
adapted to provide microwave oscillations, .a, vari-
able-conductance. electron beam-modulating de-

vice coupled. to said generator, means for provid--

ing a constant magnetic field coaxial with the
beam of said device, the cyclotron fregquency ‘of
said magnetic field béing substantially equal. to
the angular frequency of said oscillations, means
for varying the conductance of said beam. to
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modulate:the amplitude of said oscillations with
negligible frequency modulation thereof, a second
electron beam modulating device coupled to said
generator,; means for providing a second constant:
magnetic field coaxially.of said-second modulating
device and of such strength. relative to the oper-
ating frequency that. said second beam device
provides appreciable reactive effect upon and
negligible loading of said oscillations, and means
for varying the energy absorbing ability of said
second beam modulating device to provide fre-
quency control of said oscillations.

7. A microwave magnetron generator including
a cathode, an anode in operative relation to said

- cathode, said cathode and:-anode being adapted

to be connected to a source of operating potentials
to provide oscillations, a pair of - electron modu-
lating beam devices coupled to said anode, means
for providing magnetic fields coaxially of said

. cathode and said modulating beam devices, said

field providing means being constructed and ar-
ranged to provide portions of different intensity
substantially to provide simultaneous maximum
loading of and negligible reactive effect upon said
oscillations by one of wsaid electron beams, to
brovide appreciable reactive effect upon and neg-
ligible loading of said oscillations by the other
of said electron beams and to’' provide high effi-
ciency of oscillation generation by said cathode
and anode, means for varying the energy-absorb-
ing ability of said one of said electron beams to
provide amplitude modulation of said oscillations,
and means for varying the energy-absorbing
ability of said other of said beams to provide
frequency control of said oscillations.

8. An amplitude modulated microwave magne-
tron generator including a cathode, an anode
having a plurality of radially disposed. cavity
resonators. in operative relation to-said cathode,
said cathode and anode being adapted to be con-
nected to a source of operating potentials to pro-
vide microwave oscillations, a pair of electron
beam modulating devices directed through differ-
ent ones of said resonators, means for providing
a magnetic field coaxially of said cathode and said
modulating beam devices, said field providing
means being constructed and arranged to provide
portions of different intensity substantially to
provide simultaneous maximum loading of and
negligible reactive effect upon said oseillations by
one of said electron beams, to provide appreci-
able reactive effect upon and negligible loading
of said cscillations by the other of said electron
beams and to provide high efficiency of oscillation
generation, means for varying the energy-absorb-
ing ability of said one of said electron beams to
brovide amplitude modulation of said oscillations,
and means for varying the energy-absorbing
ability of said other of said beams to provide fre-
quency control of said oscillations.

9. A microwave system including a generator
adapted to provide microwave oscillations, a vari-
able-conductance electronbeam modulating device
coupled to said generator, means for providing

5 a constant magnetic field coaxial with the beam

of said device, the cyclotron frequency of said
magnetic field being substantially equal to the
angular frequency of said oscillations, and means
for varying - the -conductance of said beam to
modulate the amplitude of said oscillations with
negligible frequency modulation thefeof; wherein
said generator is coupled to said variable con-
ductance -device. by means of a load line and a
transmission line having an electrical length equal
to.an integral number of quarter wayelengths at
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the operating frequency coupling said variable
conductance device to an intermediate point on
said load line.

10. A microwave system in accordance with
claim 9, wherein said intermediate point is re-
moved an odd number of quarter wavelengths at
the operating frequency from said generator.

} JOHN S. DONAL, JR.
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