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expansion about the local-oscillator voltagevj:

dig

dv

dQ

dv

Q(v) = Q(u) + +

where

(v– v,)+...

vi

(~–z)i )+...

pi

= G(vj) = differential junction conductance

~ C(vj) = differential junction capacitance,
vj

(A-1a)

(A-lb)

(A-2a)

(A-2b)

The total current i through the junction due to the applied

local-oscillator voltage is given by
.

where

ig(vj) = 18 [exp (CWj) — lJ

andx

Q(vj) ==C(vj) :.

Thus

1 Note that ()(8;) does not equal d/dt[C(Vj)rJ,] since C(ZJj) is the differen-
tial capacitance. Thus fJ(vj) = (dQ (TJj)/dvj) (d~j/dt) where (dfJ (Vj) /dflj)
~C(v,). See [12].

i = l,[exp (av$) – 1] + C(vl) ~ . (A-3)

ACKNOWLEDGMENT

The authors wish to thank Miss M. L. Hadley for in-

valuable assistance in computer programming, M, J, Urban

for providing the GaAs Schottky-barrier diode, V. A. Lanzi-

sera for performing the measurements, and Dr. B, A. Shortt

for

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

helpful advice and direction.

REFERENCES

H. C. Torrey aud C. A. Whitmer, Crystal Rectifiers (M.I.T. Radia-
tion Laboratory Series), vol. 15. New York: McGraw-Hill, 1948.
P. D. Strum, ‘{Some aspects of mixer crystal performance, ” Proc.
IRE, vol. 41, pp. 875–889, jtdy 1953.
G. C. Messenger and C. T. McCoy, “Theory and operation of crystal
diodes as mixers,” Proc. IRE, vol. 45, pp. 1269-1283, Sept. 1957.
C. F. Edwards, “Frequency conversion by means of a nonlinear ad-
mittance,” Bell Syst. Tech, J., vol. 35, p. 1403, 1956.
A. C. McPherson, “An analysis of the (lode mixer consisting of non-
linear capacitance and conductance and ohmic spreading resistance, ”
IRE Trans. Microwave Theory Tech,, vol. MTT-5, pp. 43-51, Jan.
1957,
C. A. Vlechti, “Down-converters using Schottky-barrier diodes, ”
IEEE Trans, Etectron Devices, vol. ED-17, pp. 975-983, Nov. 1970.
M. R. Barber, “Noise figure and conversion loss of the Schottky-
barrier mixer diode, ” IEEE Trans. Microwave Theory Tech., vol.
MTT-15, pp. 629–635, NOV. 1967.
L. D. Cohen, “Microwave characterization of the properties and
performance of GaAs Schottky barrier mixer diodes, ” Proc. IEEE
(.SpecW Issue o?c.SateUite Cotmm.weicotioms) (Lett.), vol. 59, pp. 288-
289, Feb. 1971.
G. A. Kern and T. M. Kern, Mathematical Handbook for ScientzW
and Etigifieet’s. New York: McGraw-Hill, 1968.
M. Abromowitz and I. A. Stegun, Handbook of Mathematical Func-
tions (Applied Mathematics Series .55). Washington, D. C.: NBS,
1967.
Microwave Associates, Inc., “High rf burnout resistance mixer
diodes,” M;crowave J., vol. 13, p. 26, 1970.
L. Blackwell and K. Kotzebue, Semiconductor-Diode Pai’ametr’i6 A m-
pli$ers. Englewood Cliffs, N. J.: Prentice-Hall, 1961, p. 107,

Design of Evanescent-Mode Waveguide Diplexers

C. K. MOK

Abstract—A novel design procedure for diplexers built in wave-
goides below cutoff is presented. The design permits the integral

construction of a diplexer-the whole unit is built in a single wave-
guide, thereby dispensing with the T junction and connecting flanges

-if coaxial termination is used at the common junction. The design
utilizes foreshortened bandpass filters, and is valid for bandwidths
of up to a few percent. Simple expressions on calculating the connect-

ing lengths are arrived at. A satellite telemetry dlplexer designed
using the derived expressions yields results which are in agreement
with computed values.
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1. INTRODUCTION

D I PLEXERS in general take the form of two filters con-

nected to a common port, and a fundamental problem

in a diplexer is the matching of the two filters into this

port. Various methods of diplexer design have been described

in the past. Among these is the use of singly terminated low-

pass and high-pass filters with Butterworth characteristics,

which may be designed to be fully complementary [1], and

hence may be connected together without the need of a correc-

tion network. This complementary nature is not present in

Chebyshev singly terminated filters, and Veltrop and Wilds

[2] have derived tables for quasi-complementary diplexers.

Matthaei and Cristal [3] have described a design of partly
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complementary diplexers using foreshortened low-pass and

bandpass doubly terminated Chebyshev filters typically with

an odd number of sections; the residual susceptance is tuned

out by an annulling network. The last approach is the one

adopted here, mainly because, in the evanescent-mode me-

dium, the annulling network is already partially present.

The general principles and applications of evanescent-

mode waveguides have been described in various publications

[4]-[6]. The design theory of diplexers in this medium is a

natural extension to the design of such filters, described else-

where [7]. With coaxial termination at the common port, the

theory permits the construction of the diplexer in a single

waveguide body. This obviates the need for the conventional

T junction and connecting flanges, thereby providing sub-

stantial reduction in weight and bulk.

The design here uses bandpass filters and is valid for band-

widths of up to a few percent. Additional channels may be

dropped in the manner suggested by Wenzel [1], i.e,, by cas-

cading.

1I. EVANESCENT-MODE FILTER DESIGN

A few explanatory notes on evanescent-mode filter design

are in order. The two basic building blocks of an evanescent-

mode filter are a length of below cutoff waveguide (forming

the coupling and the inductance of the resonator) and a

capacitive obstacle (tuning screw, dielectric, etc.). In circuit

terms, a section of evanescent-mode waveguide of length 1,

may be characterized by a Y-inverter shunted at each end by

an inductance, Fig. l(a) and (b). In the figures, each im-

pedance has been normalized to the characteristic impedance

of the waveguide. In the present application of uniform wave-

guide size the definition of the guide impedance is unim-

portant. Where a change in guide occurs, as when the two

outer ports are to be matched to propagating waveguides,

[7] gives the appropriate equations. With coaxial termina-

tion, the evanescent-mode medium differs from that of the

conventional propagating waveguide. In the latter, the cus-

tomary practice is to design so that the input impedance

(looking into the waveguide port) of the transition equals the

characteristic (real) impedance of the waveguide; in the for-

mer, the absence of a real characteristic impedance means

that there is not a natural preferred operating impedance.

Thus the coaxial probe may be located at the plane of a

capacitive post (region of high electric field), and hence should

present a high impedance for match, or it may be positioned

some distance away wht re a lower impedance is needed, Cur-

rently, the design of such transitions is empirical but not at

all difficult.

The normalized admittance parameter J, and the phase

shift q5of the inverter in Fig, 1 are, respectively:

1
J, == -— (la)

sinh yl,

@ = ~ at all frequencies (lb)

while the shunting inductive susceptance B,~ at each end is

B,, = coth yl,. (lC)

The equivalent circuit of a multisection filter may be drawn as

t /

2

(a)

J-mverter

sinh ‘y!?

*

Fig. 1. (a) Equivalent circuit of length of evanescent-mode waveguide,
showing normalized impedances. (b) Equivalent circuit redrawn with
.T-inverter, ehowing normalized impedances.

in Fig. 2 where B,O and B,m are the input admittances of short-

circuited waveguides to close the filter, assuming that coaxial

terminations are used. The value of G is obtained by equating

the first cavity loaded Q of the evanescent-mode filter to that

of the suitably transformed bandpass lumped circuit filter

and is

1
G=

.f 1
(2a)

Aigl
coth ylo + coth -yll

2
.——

f
for narrow bandwidths (2b)

where

A=
2

1
1+

1 – (j/fc) 2

a correction factor to account for the steeper slope of the

evanescent-mode ‘[inductance, ”

j frequency,

j. cutoff frequency,

b 3 dB or equal-ripple bandwidth.

The lengths between the tuning screws may be obtained from

7 i

sinh Y1, = A L
d

L 1
g, “ gr+l —.—

b
(3a)

coth -&l + coth -Y1, coth -yl, + coth yl,~l
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Fig. 2, Equivalent circuit of evanescent-mode fdterwith ~-inverters, normalized admittances.
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Fig. 3. Equivalent circuit of diplexer.

-1 f ——
– A – ~g,gv+l

‘2 b
for narrow bandwidths (3b)

Yi

t!,,L 93,L %,L

----

L= =

0 m

%+ I,L

!h,L ~4 ,L h.l,L
--—-

where

1, length between rth and (f+ I)th screws,

g, rth element of low-pass prototype filter (see Fig. 4).

III. DIPLEXER DESIGN

The approach here, based on the work of Matthaei and

Cristal [3], utilizes foreshortened filters, i.e., filters with the

first element removed (see Fig. 2) to obtain a partly comple-

mentary pair of filters; the residual susceptance at each center

frequency is then tuned out by an annulling network at the

common port. The circuit of such an arrangement in cutoff

waveguide is in Fig. 3. The annulling network is shown as B.,

whose inductive branch is derived from the evanescent-mode

waveguide; introducing the capacitive post at this plane com-

pletes the annulling circuit. The problem is to determine the

connecting lengths lL and lH.

At the center frequency of filter L, i.e., at fL, Y~ is real

and equals GL, while Y~ is imaginary and equals jBH. There-

fore, the combined admittance of the two filters at the center

Fig. 4. Low-pass prototype of filter L.

1 1
G. = .

GL sinh’ VIL GH sinhz IIIH

(5)

and

1
B. = atfL

BH sinh2 -ylH ‘

1
B6 = at fH

BL sinhz TIL ‘

(6a)

(612)

from which

d
1

sinh ~lM = ‘–
i3.13[f

plane is

JL2 JH2

Yt(L+H) = ~ -1- —
jBH

(7.4

and

1 1
.

GL sinhz YIL
+

jBH Sillh2 ylH

Likewise at fII,

1 1

Yt(L+H) =
GH sinhz TIH

+
jBL sinh2 -YIL

The conditions for match are clearly

‘4 1
sinh VIL = _ ..__

B,BL ‘
(7b)(4a)

(4b)

The quantities BL, BH, and BO are as yet unknown and have

to be determined. For the susceptances BL and BH, use is made

of the low-pass prototype filters. Thus for BL, the input ad-

mittance of the foreshortened prototype filter YL’ is given by

(see Fig. 4)
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Filter tuning post, Annulling network GOst End and mounting Plate.

‘OSM COllWCtOr S0. WR90

(b]

Fig. 5. (a) S-band telemetry diplexer. (b) Drawing of S-band telemetry diplexer, showing details.

Y14’ = GL’ +- jBL’ with GL given by, from (2)

1
= j~’g~,L +

1
jo.1’gs,~ +

1
j.o’g,,r, + -

Similar expressions

sign to BL.

. Looking at Fig.

(11)

hold for BH and GH; BH is of opposite

3, it k seen that the inductive branch of
1

+
(8) B. is (coth ~iL+coth ~1~). ~f ~he resonant frequency of B= is at

1 fo, then at a frequency devlatlon of 16f fromj~, Bc is given by
@’gn,L + —

grz+l,L 6j
Bc = 2(coth ~iL + coth ~i~) — > {o>> d~ (12a)

from which BL’ may be extracted. It is required to determine AjO

the value of BL at& so that in the above equation
which may be approximated to

~,=f~–h .
$bL

(9) aj
B.?4— for narrow bandwidths. (12b)

Afo

Having obtained BL’ the value of BL follows, from
The position of ~~ in relation to ~L and ~E, or 8fL( ‘.fL ‘fo)

B= = BL’ X GL (10) and tif~( ‘~H–~13), is easily obtained from (6) and (12); thus
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Fig. 6. Measured transmission response.

8jL 1
4—— .

A “jo BH sinh2yl~

1
. (13a)

BH’GII sinhzylrr “

—.-=l--l I6jH

] BL’GL sinh2 ylL I “

(13b)

Dividing (13a) by (13 b),

8jL BL’GL sinh2 YIL
.

6jH BH’GH sinhz IIIH

BL’
. ——— from (5).

BF1’
(14)

Equation (14) thus defines the position of j. with respect to

~L and ~H, in terms of the low-pass prototype susceptances.
The two lengths Jr, and 1~ may now be calculated, thus

substituting (10) and (12b) into (7) we finally have

1

d

AJ~ 1
sinh y$H = –

2
(15a)

L?jL BH’GH

1

d

A_.fa_ 1
sinh ~lL = – .—

2
(15b)

6jH BL’GL

To summarize the design procedure:

1) design each foreshortened filter to begin with a shunt

resonator, using (3),

2) determine GL (and GH) from (11),

3) determine ~L’ (and .B#) from (8),

4) determine 8j& ~jH, and hence jO, from (14),

5) determine sinh 7ZL and sinh ~zH from (15), and hence

lL and lH.

IV. EXPERIMENTAL RESULTS

Following the procedure outlined, a telemetry diplexer,

consisting of a pair of foreshortened 3-section filters with

O.01-dB passband ripple was designed, The filter bandwidths

are 4.72 MHz, with center frequencies at 2290 MHz and 2300

MHz.

The diplexer, shown in Fig, 5(a) and (b), was designed for

satellite application, and therefore was constructed in alu-

minum waveguide (square WR90). A technique for tempera-

ture compensation exists which permits construction in the

light-weight material, and temperature stability is achieved

without recourse to the heavier Invar waveguide. With the

aluminum construction and the absence of connecting flanges

and T junction an overall weight of only 170 g is realized.

Measured transmission response and VSWR of each path

are depicted in Fig, 6; also depicted in Fig. 6 are the com-

puted transmission responses, which agree well with the

measured results, Midband loss per path is 1.37 dB, whi!e

VSWR is in the region of 1.25; this slightly high VSWR

figure is the result of an intentional decoupling at each input

port, to raise the isolation.
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Inthis example design, where thediplexer is required for

telemetry, thecrossover region is relatively unimportant and

the responses cross at about 6 dB, with accompanying poor

VSWR. Where maximum usage of bandwidth is essential, as

in communication channels, more filter sections are neces-

sary, with crossover designed at 2–3 dB. Under such situa-

tions the annulling network is adequate in providing accept-

able VSWR figures.

The principal advantage of these filters lies in the large

range of volume/loss tradeoff obtainable, permitting losses

comparable with conventional waveguide, when larger dimen-

sions may be tolerated. In this particular application, how-

ever, the evanescent-mode filter offers no loss advantage over

a comparable volume TEM filter, but does have a sub-

stantial weight advantage, a prime consideration in satellites.

This advantage derives from its use of lightweight material

and from the simplicity of the annulling network, part of

which (the inductive element) is intrinsic to the structure,

V. SPURIOUS PASSBANDS

These occur above the cutoff frequency of the waveguide.

In the above diplexer the first parasitic passband occurs at

around 7.3 GHz, which is more than 3j0. If necessary, this

figure may be improved through the use of smaller size wave-

guidesto4-sfoat the expense of loss. Indeed simple broad-

band (N30 percent bandwidth) evanescent-mode filters with

3 or 4 cavities, built in guides way below cutoff have been

used effectively to replace the much more expensive waffle-

iron filters for spurious suppression in low power applications

[8].

VI. CONCLUSION

A design procedure for diplexers with no guard band, in

waveguides below cutoff, has been described. Based on this a

diplexer has been constructed and tested, yielding results

that are in agreement with computed values. The design is

valid for bandwidths of up to a few percent and, as it stands,

is specifically for coaxial termination at the common port;

however, it can be extended to include other terminations at

this port. The integral construction of the diplexer, besides

its simplicity, results in additional saving in weight in an al-

ready lightweight medium. Further size and weight reduc-

tions may be obtained through the use of inductive loading

[9], with little sacrifice in loss. The small size, light weight,

low-loss, and good temperature stability of these units should

make them highly attractive in aerospace applications.
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Equivalent Circuit of Reentrant Cavity
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Abstract—In order to develop a design formula for a reentrant
cavity, as it changes from the very flat to very long form, the admit-
tance of the cavity at the gap is derived. For the resonrmt frequency
of an air-filled cavity, the theoretical value by the formula derived
here agrees well with the experimental value.
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I. INTRODUCTION

Reentrant cavities have advantages of simple mechanical con-
struction and wide tuning range, for which they have been used effec

tively in klystrons. With recent developments in solid-state devices,
such as Guun diodes and varactors, there has been a widespread use

of these cavities in the form shown in Fig. 1 (a).
In Fig. 1 (a), the cylindrical coordinates p, 4, and Z are used as

shown. The radial-line region containing the active solid-state ele-

ment delineated by O SP Sri, O S2 Sd is designated herein as region
A, and the coaxial cavity region bound by Y22P 2YI, O s.2 S1, as re-

gion B, The admittance Y. of a cavity having the active solid-state

element can be calculated from an analysis of a radial line [5].


