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Fig. 1 Re-entrant coaxial directional coupler (ZOI is
the characteristic impedance of the coaxial hne
with center conductor A and outer conductor B).
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FM, 2, Strip transmiswon line re-entrant directional coupler. (ZO, is the characteristic impedance

of the coaxial line with center conductor A and outer conductor B) (Constraint: W*> .7WI +s +2bx)
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Fig. 3. Capacitance network at an arbitrary cross
section of a re-entrant coupler with direct couP-
ling between center conductors.
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Fig. 4. Network for determination of CNQ and ZOI.
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Fig. 5. Network fordetermmation of CNl and Cm

Equation (15) corresponds to

4ZZOI=79.7. (16)

This is a 5.31-percent reduction in the re-
quired ZO1. Ina similar calculation, a value

of ClJe=3 gave a 15.3-percent reduction in
the required ZOI.

CONCLUSION

Directional couplers of re-entrant cross-
sectional and direct coupled center conduc-
tors give smaller required values of ZOI and,
therefore, may often permit easier realiza-
tion of ZO1 than similar couplers without
direct coupled center conductors.
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On Incidental Dissipation in High-

Pass and Band-Stop Filters

For narrow-band microwave band-stop
filters, Young, et al. I have obtained valuable
expressions for the effects of incidental dissi-
pation. The purpose of this correspondence
is to remark that for the uniformly dissipa-

tive (i. e., equal Q) case, the response of the

Iossylow-pass prototype (and hence, there-

sponse of the lossy band-stop filter) may be
obtained from the lossless response by means

of the frequency transformation.

P = ~+~ (1)

where

d=l-
WQ

and @ and s are the cornple xfrequeucyvari-

ables for the lossless and 10SSY cases, respec-

tively. Also, wis the normalized pass band-

width defined by Young, et al.,1 and Q is the
quality factor of each resonator of the band-
stop filter.

To obtain (l), it is merely necessary to
observe that each IOSSY resonator of the

band-stop filter (Fig. 8 of Young et al.’) cor-
responds, in the low-pass prototype, to

either an inductor and a resistor iu parallel
or a capacitor and a resistor in series, and
then to carry out the details of the frequency
transformation.

For estimation of pass band losses, (1)
may be put in more convenient form. From

(l), obtain

_s—ds2
—

1 – (ds)’

and, for s=jti,

&J2 +jCi
*=—

l+(dr”
(2)

For d~<<l

p = do-l’ +jco. (3)

Thus, at frequencies for which (3) is

valid, the Iossy low-pass prototype may be
considered to have a frequency-dependent

dissipation factor ~=duz. It follows that the

loss may be computed to first order from the
group delay according to the well-known
relationz, which becomes

Ld(u) = ‘40(Co) +8.686&J’Tg(Co). (4)

Here, AO(OJ) and T~(oJ) are, respectively,
the attenuation and group delay of the loss-
less low-pass prototype, while L~ is the
attenuation (decibels) of the lossy low-pass
prototype.

Equation (4) is not exact, due to both
. .

aPProxlrnatlOn (3) and the error involved in
truncating the Taylor series expression for
L., but forsmalld, these errors should not
belarge. Fortheequal Qcaseonly, then, (4)
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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

Manuscnpt received December 9, 1965.
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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).
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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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