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maybe considered as an alternate to theap-
proximation given in Fig. 8 of Young etal.1

Finally, itmaybe noted that byredefin-

ingd, (1) through (4) maybe applied to the

high-pass case. Moreover, this approach is

not limited to microwave filter applications,

and it seems likely that it has been used by

others. However, the author has not seen it

in print.

R. C. SMYTHE

Piezo Technology, Inc.
Orlando, Fla.

Multisection Microwave

Phase-Shift Network

This correspondence extends the analysis
of a phase-shift network consisting of a cas-
cade of pairs of coupled transmissions lines
connected together at their far endsl (see
Fig. 1), to any value of n, Such cascaded all-

pass networks, also known as microwave C-
sections, have recently been analyzed by

Steenart [1] and .Zysman and Matsumoto

[2]. Cristal [3] has solved the problem of

anal ysis and exact synthesis of cascaded C-

sections. Matrix methods are generally used

and Richards’ theorem [4] is employed,
thereby restricting the various coupled sec-
tions to have equal lengths. In this analysis,
the various sections may have unequal
lengths.

Fig. 1.

Earlier, Jones and Bolljahn [5] gave a
formula for the phase shift 6 through a
single C-section terminating in ZO = (Z~OZO,)112,
where ZO, and ZO, are the odd and even mode
impedances, respectively, of the coupled-
lines. Thus, for the single microwave C-

section

(p – [tan O]z
+ . co~-l ——

)
(1)

p + [tan 0]2

\\,here p = Z08/ZO0, and 9 = 2 rrl/X is the electri-

cal length of the coupled section of physical
length Z, and A is the wavelength in the me-

dium. Dr. S. B. Cohn first suggested the use

of the coupled-line all-pass network in broad-
band 90-degree differential phase-shift net-

works, which lead to a work of the writer
containing the formula for the two-section
(n= 2) phase-shift network [6],

(p, – ltan%’]z
0(% = 2) = CoS-l —

)
(2)

PI + [tan @l’]z
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where

6’I’ = .(3 + tan-’ [(Z002/ZUoJ tan 0,].

Here the subscripts 1 and 2 refer to the first

and second coupled sections. At the same

time, the writer derived, but did not publish,

the formula for the three-section coupled-

line phase-shift network, which is given
below

4+2 = 3) = Cos-’
(

PI – [tan .91’]z

)
(3)

P1 + [tan .91’]2

where

0,’ = tl, + tan-l [(Z~O~/ZO@J tan 19j’],

and

0,’ = /3, + tan-’ [(ZOOt/ZOOZ) tan %].

Equations (1) to (3) now suggest the fol-

lowing formula for the general n-section cas-

cade of microwave C-sections:

(
PI — [tan(ll’]z

& = ~os–1 —
)

(4)
PI + [tan @l’]z

where

01’ = & + tan–l (UIZ tan 02’),

OZ’ = fh + tan–l (U23 kin 63’),
. .
. .
. .

f3n_1’ = &_l + tan–l (Ufn_lJ,n tan On’),

and

Ut,i+, = (zo@t/zo6(i+,)) = (zoo ({+,)/zoo;).

The foregoing result holds only when
(Zoo,zo,t)=zo’.

Equations (2) and (3) were obtained as
follows. An even-mode input of (+*, +;)

volt from a pair of ZO sources was assumed
at Ports 1 and 2, with the far end open-cir-

cuited. Likewise, an odd-mode input of

(++, – ~) volt was assumed at Ports 1 and
2, respectively, with a short-circuit termina-

tion at the far end. The two normal-mode
inputs add to a coupled-mode input of

(+1, O) volt at Ports 1 and 2, which means
that power from the generators is flowing
into Port 1 but not Port 2. We now require
that the output wave be (O, el’f’), which is
the condition for a perfect match, and which
also is in conformity with the principle of the
conservation of energy. This condition on

the output wave may also be put in terms of

the even-mode and odd-mode reflection
coefficients

(r. + r.) = o 1/2(F, – r.) - e~~. (5)

The reflection coefficients r. and ro were

then found with the aid of transmission-line
theory, and it was readily ascertained that

the desired conditions (5) could be met by
letting (Zo,,ZW) =Z02 for all i. The two ex-
pressions (5) in r were then combined and
solved for the phase of the output wave at
Port 2,

~ = COS-’ [Re (r,)] (6)

yielding (2) and (3).

B. M. SCHIFFMAN

Stanford Research Institute
Menlo Park, Calif.
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Dual Reflex Klystron Cavity-

Beam Interaction

While the occurrence of spurious reso-
nances, or the detection of harmonic con-

tent, is not uncommon in reflex oscillators,
the particular case wherein the tube per-

forms reflex klystron functions at two differe-

nt frequencies has not been reported here-

tofore. This phenomenon was observed in

the course of a search for spurious output
signals conducted on Raytheon QKK.754

CW communication klystrons. X-band cmt-
put was detected from these tulbes using the
RF equipment shown in Fig. 1.

The amplitude of the X-band signal was

strongly dependent on external loading.
Under optimum C-band load conditions, its
power level was 25 to 27 dB lower than the

C-band output of the tubes. The spurious

power content rose by 6 to 8 dB when the
load was adjusted for maximum output at
X-band.

Upon sweeping the reflector with 60-
cycle ac voltage, it was possible to mol] it or
the 2; and 32 C-band and the S;, 6$, and

72 X-band reflector modes simultaneously.
These modes are presented on the same t ~race
and separately in Fig. 2, to simplify viewing.
The dual reflex klystron processes are evi-
dent from these oscilloscope traces.

As the plots of Fig. 3 reveal, gap tuning

of the C-band resonator resulted in continu-

ous tuning of the X-band mocle over most
of the mechanical tuning range of the tube.
The nonintersecting reflector voltage CLIrves
provide a clear indication that there was no

simultaneous X-band oscillation in the tubes
at the peak of the 2$ C-band reflector mode.

Further study of the dual cavity-lmarn
interaction suggested that the reent lrant
cavity contained an interac~ing resonance in
the first cutoff or TM ~,, coaxial mode,
shown in Fig. 4, in addition to the regular
TMO,O mode.

To confirm this, the resonant frequency

of the TMon mode was computed along the
lines developed by MacKerLzie.1 The result-
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Fig. 1. Equipment used in the detection and measurement of C. and X-band power.

Fig. 2. Oscilloscope traces of C- and X-band reflector modes.

POWER OUTPUT ---- REFI-ECTOR VOLTAGE

- 2?( C-BANO REFLECTORMOOE

3X]00 r o - --400
------ -----

_____ ---

-300
3

2
z
. G

: A—A—< ~a—~

=
r

2
T

. -200
=

= e

g 3X10-2 .: -20 -

2

>

7% x-BANO REFLECTORMOOE
.
s

-1oo

*---- +-— ------- A---- 4.---.*. ----’ ,

3110-3 . -30
5800 5900 6000 6100 6200 6300 6400 6500

C-BANO FREQUENCY MC/S

1
9648 9704 9T56 9802 9842 987B 9902 9926

X-BANO FREQUENCY MC/S

Fig. 3. Curves of power output and reflector voltage vs. frequency.
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Fig. 4. Electric field configuration for beam interacting cavity modes.

ing figure of 9120 Me/s fell within 7 percent
of that of the detected output signal when
the tube oscillated at a Primary frequency of
6000 Mc/s.

It is worth notinsz that the amplitude of
the secondary, higher frequency oscillation
encountered in the above case may be ampli-
fied or suppressed through proper modifica-

tion of the dimensional parameters of the

resonator. The former has special signifi-

cance for the millimeter region since it ren-

ders possible the operation of a reflex kly-

stron at a frequency considerably higher than

that which the physical dimensions of its
circuit and beam would normally allow.
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Thanks are due to R. W. Nersesian who
performed most of the measurements re-

ported in this correspondence.
J. J. HAMILTON

Beam Tube Group

Raytheon Company

Waltham, Mass.

An Exact Analysis of Varactor

Frequency Multipliers

A novel yet simple approach to the exact

analysis of an abrupt-junction frequency
doubler is presented, utilizing the fact that

the voltage is proportional to the square of

the charge. Penfield and Rafusel were the
first to consider the problem in an exact

analysis. By imposing certain constraints
they obtained useful design information with
the aid of a large-scale computer. Through
different constraints, the preseut analysis
also offers an exact analysis, but the solution
is expressed in a closed form. The series
model of incremental elastance .,$(t) and re-

sistance R. is shown in the circuit of Fig. 1.

B

Fig. 1. Doubler circuit model.

The total current i and charge q flowing
through the varactor diode are, respectively,

i = ‘il + ;2 = ~1 cosd + 12 COS (2cut + @ (1)

and

where /3 is the phase angle between the fun-
damental and second harmonic in secoud
harmonic time measure, and K is the aver-
age charge to be determined by the bound-
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