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Correspondence

Injection Locked Phase

Modulator*

This communication describes a novel
type of phase modulator based on the injec-
tion locking principle.1 The particular device

described utilizes a klystron but the tech-
nique is not restricted to the microwave re-

tion of the frequency spectrum. The tech-
nique may be applied to any oscillator that
has a voltage tuning characteristic. The fre-

quency of most oscillators is somewhat de-

pendent on the voltages applied to various

parts of the oscillator circuit and heretofore
many techniques have been devised to over-

come this effect. The injection locked phase

modulator makes use of the voltage tuning
effect which may be inherent or induced by
inclusion of a voltage variable capacitor, or

other device,
Fig. 1 shows a one-port microwa~,e oscil-

lator (typically a reflex klystron) connected
to a circulator and synchronized to the input
signal by the injection locking technique.

Repeller modulation ordinarily results in a

free-running frequency deviation (FM ),

but with the oscillator locked to the injected
signal the result is a change of phase of the

oscillator output. The phase modulation is,

of course, limited to less than t 90° or

synchronization will be lost; ~ 300 is readily
obtainable. The phase deviation is related to
the system parameters by

‘=+Q+%)l’21 “)
where

P = oscillator power
PI= injected power

A~o =~0 –~1

.fO =free-running frequency
f,= injected frequency
Q= figure of merit of oscillator circuit.

For fixed operating conditions.

2Q p 1/2

8 = sin–l KAfO,
()

where K=— — .
flo PI

For a reflex klystron the free-running fre-

quency deviation and repeller modulation

are essentially linearly related for small de-
viations ( <0.3 per cent of oscillator fre-

quency); i.e.,

~ =oscillator voltage tuning coefficient in

cps/v.

em= modulation voltage amplitude.

Substitution gives @= sin-’ (Kae~). Exam-
ination of the sine function shows that good
linearity is obtained for 0< i 30°. Thus, for
phase deviations less than 30° there is an

approximately linear relationship between
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Fig. l—Injection locked phase modulator.

f.

Fig. 2—Lower frequency configuration.
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Fig. 3—Feedback to compensate for voltage
and thermal drifts.

phase shift and modulation voltage ampli-
tude. For greater deviations equalization
could be made in either recei~rer or trans-
mitter.

Again subject to a deviation of 6< f 30°,
the upper useful modulation frequency (cor-

responding to half-power f requenc y concept )
is given approximately by

fmmax= & ($)”2CPS

For example, an X-band klystron with
typical values of f~ = 10]0, Q = 100, P,/P
=0.001 (30-db injection ratio) would have

an upper useful modulation frequency of

1010
,& = ––—– = 1.5 Mc,

2(100)(31.6)

Fig. 2 shows how the principle may be
used at lower frequencies. A crystal con-
trolled oscillator is used to synchronize an

LC oscillator incorporating a voltage vari-

able capacitor to enhance the voltage tuning
effect. If larger phase deviations are required
than are conveniently obtainable from the
synchronized oscillator the frequency is
multiplied by the usual techniques; the
phase deviation is increased by the multi-
plication ratio.

Drifts in the klystron voltages, or ther-

mal drifts may cause the modulator to

drift out of synchronization. The stability

of the system can be improved by placing
feedback around the modulated oscillatm-
as shown in Fig. 3. A portion of the syn-

chronizing input signal and the modulated

output signal are compared in a phase de-
tector. The phase detector output is set to
zero by the phase shifter with the modula-

tion input disabled. With the modulation
signal applied, the phase detector output
will contain components from the phase
modulation and from the slower voltage or

thermal drifts. The low-pass filter rejects
the modulation components and the drift

output is fed back to the repeller power
supply in the phase required to result in a

correction of the drift.

FREQUENCY MODULATION

Subject to the limitation that 0530°,
then

$ = h’ae~.

The instantaneous output voltage may be

written

e, (t) = Cos (ruct + @ = Cos @

where w. is the carrier frequency and @is the

instantaneous phase. The instantaneous fre-

quency is given by

d+ de dem
wi=-=~,c+-=z~c+ka —.

dt dt dt

Thus if the modulation voltage is integrated

before application to the locked oscillator the
instantaneous frequency varies directly with
em and frequency modulation is achieved.

LIMITATION

To insure that o ~30° the amplitude of

the modulation voltage must not exceed

some maximum value. For a sinusoidal

modulation voltage, i e.,

em = A cos WJ

then

A#:.
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A Reflex Klystron Amplifier for

Microwave Spectroscopy*

There are situations in microwave reso-

nance studies when the microwave power

level must be kept very low in order not to

* Received October 11, 1962; revised manuscript
received November 2, 1962.
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seriously disturb the systems being studied.

Electron spin resonance of many s}sterns at

low temperature where saturation effects

occur and cyclotron resonance of carriers at

low temperatures when it is importw,t not
to heat the carrier systems appreciably, are

two examples of such situations. Operation

at these low power levels creates a demand
for an increase in sensitivity of the detec-

tion system for the microwave spectrometer.

Usually this is accomplished by employing a
superheterod>-ne detection system in place

of the more usual video detector. The com-
plexity of such an arrangement led us to
consider the possibility of using a reflex
klystron to amplify the microwave bridge

output signal prior to the video detector.
The reflex klystron employed as an

amplifier has been studied by other investi-
gators [1]–[6]. Stable gains of 30 db have

been obtained with a voltage gain band-
width product (G, XB) of 85 Mc in the

frequency region of 10 Gc. Rather higlh

noise figures (up to 42 db) ha~,e been at-

tributed to shot noise in the electron beam.
Howe\,er, with the method of klystron

mode selection reported herein the noise
levels of these amplifiers may be folmd such
that they become practical as amplifiers in
low level systems.

In previous investigations with the reflex

klystron employed as an amplifier it was

usual to supply the klystron with potentials
similar to those employed to obtain maxi-

mum output as oscillators Oscillation was

then suppressed by heavy loading in the

klystron output circuit. Amplification cap:l-

bilities with signal output levels nearly

equal to maximum power output as Oscil-

lators were obtained but the shot noise con-
tributions were high. A review of our rt:-

quirements indicated that our electron spin
resonance spectrometer bridge output si{;-
nals are ~,ery small compared to normal re-

flex klystron operating levels and that utili,r-
ing reflex klystrons with reduced potentials

and corresponding low beam currents might

possibly reduce the shot noise contributions.

Such opemtion is somewhat analogous to
the employment of ordinary vacuum tubes

or transistors as ~-oltage amplifiers. In some
. .

aPPllcatlons slmdar reduction of ttlbe elec.
tron beams have been carried to the poi]lt

where “starved operation” results in low

le}-el voltage amplifiers with superior noise
characteristics.

According to Quate, et al. [~], the noise
power contributed by tbe electron beam
during its first transit through the klystron

cavity is P,. = in2R, where R, is the shunt
resistance of the ca~rity and in is the noise

current. Expressing the noise current in
terms of shot noise z.2=2eIOBI’z where 179

relates to the reduction of noise current be-

low shot noise because of multiple tra~-erses
of the beam through the klystron gap region.
The thermal noise power incident to the

cavity is Ptk =h’TB and the noise figure be-
comes

In our tirst experimental arrangement a
2K25 reflex klystron having a normal beam

current of ’25 ma with a 300-v resonator ~-olt-
age was employed. W’heu the resonator po-

tential was reduced to 90 v the bealrr cur-

rent dropped to 4 ma. This should reduce

the shot noise by a factor greater than six to

one. Other factors including the multiple

beam passages appear to further reduce the
noise contribution of this amplifier.

.4nother contemporary development in
microwave devices provided an instrument

which greatly facilitates the study of micro-

\vave regenerative amplifiers. This is the

backward wave oscillator which may be
swept over a wide frequency range with

relatively constant amplitude output One
such device (Hewlett- Pacliard Model 686A
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Fig, I—Klystron amplifier test cmcuit,
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Fig. 2—OsciUatlon and amphficatlon amphtudes of 723 A IB klystron.

sweep oscillator) supplied the probing sig-

nal in the amplifier test circuit configuration

shown in IJig. 1. This signal generator also
prot,ides a linear sweep voltage output to

deflect the cathode-ray oscilloscope spot
synchronously with the microwave fre-

quency sweep. The lower circuit shown in
Fig. 1 provides a method of S1O!V1Yvarying

the klystron repeller voltage for observa-

tion of the various operating modes. This is

accomplished by shunting the repeller with
a large electrolytic condenser in parallel

with a high impedance ~-oltmeter. The re-
pe!ler sLipply voltage is applied momentarily

to charge the condenser to a voltiage some-

what greater than that required either for

oscillation or amplification. Then as the con-
denser gradually discharges into the volt-
meter the repeller potential drifts through

the ~-alues required for the various modes.
This drift is sufficiently slow so that the
mode oscillation or amplification ampli-

tudes together with their corresponding

repeller potentials may be studied and tabu-

lated. Even with the lower resonator po-
tential, oscillation modes are observed if the

loading is favorable. These are employed
for reference in selecting the amplification
mode as described below. Before sweeping

the probing signal the klystron was loaded
to fa~-or oscillation and the oscillation am-
plitudes for the various modes were recorded
as shown by tbe solid lines in Fig. 2. Then
the phase control was adjusted to al-oid
oscillation and the swept probing signal was

applied. Under these conditions the amplifi.
cation characteristics for the various modes
were obtained and plotted as shown by the

dotted lines in Fig. 2. It will be noticed that
there is a general shift toward the higher

modes for the maximum amplification as

cotnpared with the maximum oscillation
output modes. For this klystron (72.~A/Et )

the optimum mode for amplification would

be the second next higher than the mode for
maximum oscillation output, i e., at a re-

peller potential of 93 v. At this mode the

amplification is greater and it is obbined

with a large reduction in beam current. The
signal-to-shot noise ratio is considerably

better than that obtained when a conven-
tional selection of modes prevail.

Similar measurements were made with

other 723A/B klystrons and with a Varian
V-58C klystron. The shift to the higher

mode region for optimum amplification was
less for the V-58C as compared with the
7~3A/B tubes, but the trend was stiIl cl-i.

dent. .~lso the tendency toward oscillation
was greater for similar resonator potentials.

From these considerations the resonator

potential was reduced to 67; v for operating
the V-58C as an amplifier. Under these con-

ditions its gain was easily adjusted to a
higher value and the ease of adjustments was

superior to that of the 723A/B units.
.l performance test for the reflex klystron

amplifier was made by applying it to an x-
band microwave spectrometer. The Varian
V-58C tube was selected for this purpose
for reasons given above. This spectrograph
consists of a “magic tee” bridge with the
sample ca~-ity between the pole pieces of a

large Varian electromagnet. A circulator
provides the necessary isolation between

input and output circuit: of the amplifier. A
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magnet field modulation systelm together

with a coherent detection system provides

an output suitable for displaying the deriva-
ti~-e of the absorption characteristic on a

strip chart recorder.
In order to operate within a sensitivity

region where predetection amplification
would show advantages a crystal of ‘(pure”
sapphire was used for the sample. These

crystals ha~,e unavoidable traces of iron
(FeJ+) and serve well for spectrographic per-

formance checks. A typical trace obtained

without the klystron amplifier showing the

absorption characteristic of iron in sapphire
is shown in the upper trace (a) of Fig. 3.

This was obtained with about 10 mw of

9355-hfc microwave input power to the
sample cavity. The second trace (b) was

obtained with the klystron predetection
amplifier, while employing only 10 pw input
power to the sample ca~ity, the power inci-
dent on the crystal detector being constant.

(a)

(b)

Fig. 3—Microwave spectrographic responses. 9355
Mc, O =90°. (a) Without predetection amplifier
(Po = 10-~ watts). (b) With predetection amplifier
(Po =10-~ watts).

Here the second trace shows about the same
signal-to-noise ratio indicating that the

limiting noise of the system is not tbe Mys-
tron amplifier which now allows the system
to operate with powers incident on the
sample cavity of approximately 1/1000 of
that for the straight detection. The increased
sensitivity and simplicity of the klystron

amplifier should make a very useful addi-
tion to simple microwave spectrometers

where there is a need, to operate at low

rnicrowat,e power levels.
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Correction to “In-Line Waveguide

Calorimeter for High-Power

Measurements’’—Accounting for

Transverse Waveguide Wall

Currents*

In a recent paperl an analysis of calorim-

eter error due to standing waves in the meas-

ured section of waveguide appeared in (11 )–
( 13) and Fig. 3. This analysis was based on

the most pessimistic case of a standing-wa~-e

of waveguide dissipated power proportional

to the square of the transverse H field.

Engen2 has pointed out that the resulting

error expression thus obtained is applicable
to a TEkl wave problem; the actual wave-

guide calorimeter error will be smaller due to

the effects of transx,erse waveguide wall cur-
rents. In the following an expression for the
ratio of longitudinal to transverse dissipated
power for the TEo, mode is developed and a
resulting correction to the original error ex-
pression ( 14) is given.

The power dissipated in the walls of a

rectangular waveguide is proportional to the

integrated H squared fields:

sb
pz Ul&g” + H, H,”).=0 dy

0

.
+ ~ WJL* + H, H,’) U=, dx

0

w-here the subscript notation follows present
con~,ention. Performing this integration us-
ing the customar>- expressions for the H

components of the TEOI mode of propaga-
tion results in

P M (4a3/AC2) + (a + 2b)

where 4a3/kD2 represents the power loss due
to longitudinal wall currents and (a+2b)
represents the power loss due to transverse

wall currents. The ratio of these two quan-
tities can be written

PIorJP,rans = (A,/AJ2(l + 2b/a)-1

where k. is the cutoff wavelength and X$ is

the wa~-eguide wavelength.
The general effect of standing wa~,es is

covered in the original paper. I This effect is

modified by the presence of both longi-

tudinal and transverse dissipated powers
whose undu Iating components are spatially

out of phase by rr radians. Thus if the magni-
tudes of the powers are equal, the power
dissipation in the wav-eguide is uniform with
longitudinal position. In any event, if there

exists a standing wa},e of H fields in the
waveguide, the amplitude of the standing
wa>-e of power dissipated in the walls F is
given by the absolute value of the ratio of
the difference to the sum of the longitudinal

and transverse dissipated powers:
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()$ 2– (1+ 2b/a)
!J

1( )~:2+(1 + 2b/a)
G

where the scaling factors involving the
physical characteristics and reflection co-

efficient for the particular situation are

omitted for the sake of clarity. The quantity

F is easily evaluated, for the ratio b/a is
fixed for any given waveguide geometry and

the ratio k,/& is known or easily computed
for most commonly used waveguides.

Eq. (11), 1 giving the distribution of dissi-

pated power in a wa~,eguide as a function of
longitudinal position x, the load reflection

coefficient r and the power I’O dissipated

when 17=0 is now modified to read

[
4rr(”r – 4)

P=PQ l+ Fc:mcos ——— 1x. (11)

Thus ( 14),’ expressing the maximum of the

absolute value of the error of calorimeter

indication due to nonzero reflection coeffi-

cient, becomes

It should be noted that Fin the revised Eq.
( 14), above, is frequency dependent, so the

ordinate of the error plot of Fig 31 is simply
multiplied by a constant dependent on fre-

quency, In .’$-Band waveguide, for example,
this term ranges from 0.68 to O to 0.35 as the

operating frequency is increased from the
lower to the upper limit of operation of the

waveguide. The revised error is now seen to

be zero when (X,/&)2=(1 +2b/a) as well

as when the normalized length L = nrr cor-
responding to the total calorimeter length

being an integral multiple of waveguide
wa~,elengths. For a fixed length of calorime-
ter the error can then be zero at two or more
frequencies over the operating band of the

waveguide used; several error zeros may be

possible for the waveguide wavelength being
a submultiple of or equal to the total cal-
orimeter length while one zero is possible

when the term F goes to zero This suggests

a method of broad-banding the calorimeter

in that it is possible to choose a distribution

of error zeros due to the above causes such
that the error over any given frequency

band is minimized. The calorimeter wave-
guide dimensions could be so chosen or its
length and operating frequency so fixed that
the error could be made negligible over an

appreciable portion Of a Wareguide band.
The foregoing analysis was greatly

facilitated through the suggestions of Tor
Schaug-Pettersen.

Two errors appear elsewhere in the

paper: the left-hand side of (13) should read
“@(o, cc )“ and the caption of Fig. .5 should

read “Experimental calorimeters. ”
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