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cation to the Desi~n. of

Waveguide and Appli.,
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Absfracf—A voltage-controlled switch using PIN diodes loop-
coupled to a section of WR975 waveguide is described. Total switch-

ing loss of over 40 dB could be obtained at 960 lkIIc/s. The switch was

operated at rates up to 60 c/s for use in the satellite-tracking radar

system at Crawford Hill, N. J. The 3-dB bandwidth of the complete

switch was 0.7 Me/s. The forward switch loss was low enough to
permit transmission of 10 kW of 960-IVIc/s power with a 50 percent
duty cycle without excessive heating of the diodes.

Theoretical analysis of the complete waveguide switch involved
determination of the coupling of individual Ictops to the dominant
and higher-order waveguide modes. A reciprocity theorem was used
to calculate the appropriate mode coupling coefficients. These were
then related to the insertion loss by means of an equivalent circuit
for the complete switch. A number of experiments cordirmed the

theory.

1. INTRODUCTION

I

N THE DIZSIGN of a 960-Mc/s satellite-tracking

radar system, a problem arose concerning the leak-

age of transmitter noise into the receiver during the

reception period. As shown in Fig. 1, the leakage path

involved reflection from the antenna and imperfect

balance in the duplexer. The most convenient solution

to the problem of attenuating the transmitter noise the

required 30 to 4.0 dB proved to be a switch in the trans-

mitter waveguide, as shown.

The switch as finally evolved is shown in Figs. 2 and

3. It consists of four identical diode switching elements

loop-coupled to a rectangular waveguide approximately

3/4& apart. Figure 4 shows one switching element. The

heart of the element is a pair of PIN [1 ~ diodes which

can be forwarcl- or back-biased by a modest control

voltage to short- or open-circuit a resonant loop coupled

to the waveguide, thus introducing a certain amount of

switchable attenuation, The combination of a number

of these switch elements together with their mutual in-

teractions made it possible to achieve the required

characteristics. This paper is concerned with a detailed

theoretical and experimental study of the properties of

the switch elements and their coupling to the wave-

guide.

1I. SWITCH ELEMENTS

A diagram of one switch element is shown in Fig. 5.

The loop which couples to the waveguide is made of #10

copper wire and is one free-space wavelength in cir-

cumference. This size proved to give the maximum loss
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for a given angle of coupling to the waveguide. The

diode switch sections contain two PIN diodes in a strip

line structure’ with transitions to .50 ohm coax. at each

end. In operation, the diodes can be made to look like

a very low or very high resistance by forward or re-

verse bias. Advantage is taken of this fact by locating

the diodes 3/4h from the resonant loop so that the loop

terminals may be effectively short- or open-circuited.

Maximum waveguide transmission loss occurs with the

loop short-circuited which, in this case, corresponds to

the diodes back-biased. The diode section is followed by

an adjustable short-circuited coaxial line in order to

antiresonate the residual diode parallel reactance ;and

achieve a high impedance in the back-biased condition.

In the low-loss condition the diodes are forward-biased,

effectively open-circuiting the coupling loop and re-

ducing its coupling to the waveguide, and also reducing

the power incident on the diodes.

In order to obtain some quantitative estimates for

the three quantities of interest, namely maximum and

minimum transmission loss (in the waveguide) and

power incident on the diodes when the transmitter is on,

the equivalent circuit shown in Fig. 6 is assumed. Here

20 is the (coaxial) impedance terminating the wave-

guide at the source and load ends, and also the charac-

teristic impedance of the line in the switc;h element; Rd

is the diode resistance; L and C represent the resonant

loop coupled to the waveguide dominant mode by an

ideal transformer with turns ratio a. It is then easy to

derive the following relations.

Power dissipated in diodes:

Pd=4
%(’+&)”o.

(1)

(2)

Loss of one switch:

‘=(’’%)’
.&2 = ~’,zo

where

PO=%.

Other measurements have shown that the effective re-

I The diode switch sections were supplied by M. R, Barber and
R. E. Fisher of Bell Telephone Laboratories, Inc., Mm-ray Hill, N. J.
This diod~ switch had been designed and developed by the Micro-
wave Dewce Department for another radar system application.
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sistance of the two diodes in parallel is lowered to about

630 ohms by losses in the external circuit in the reverse

biased condition. Assuming this value for R, (reverse),

0.1 ohm for R, (forward), and 2,=50 ohms, (1) and (2)

have been evaluated for O ~a ~ 1.0 with the results

shown in Table 1.

TABLE I

I Forward

1

Reversea 10SS,dB loss, d13

0.0 0.0 0.0

0.00035 2.0

u 0.0014 6.1

0.6 0.0031 10.3

0.8 0.0056 14.0

1.0 0.0087 17.2

Pd, Wdts,
for PO=lOkW

o

3.2
13
29
51
80

—

A total reverse loss of 30 to 40 dB is needed, and thus

four switches with a = 0.6 should be enough, even ne-

glecting any possible increase in loss due to &/4 spacing

or mutual interactions. For this value of a the forward

loss and diode dissipated power with the transmitter on

are acceptably low. Circuit losses for the forward-bias

case may increase the forward loss, but even an increase

in the effective Rd to 1.0 ohm would only increase the

forward loss to 0.03 dB for a=O.6.

The equivalent circuit of Fig. 6 assumes that the

diode switch section acts as a pure resistive load across

the waveguide. Impedance measurements made in the

waveguide showed that this was indeed the case over

the practical range of O <a <1. This circuit will there-

fore be assumed correct, and will be used in the analysis

in the following sections.

III. DERIVATION OF LooP COUPLING CoEFFIcIEN’rs

A. General Theory

In general, a current flowing in the switch loop will

excite all of the waveguide modes in varying degree.

The coupling to the dominant mode is represented by an

ideal transformer of turns ratio a (Fig. 6). Coupling to

the modes beyond cutoff is of importance only when

more than one loop is involved, and in this analysis will

be represented by an equivalent mutual reactance be-

tween the loops. The assumption is also made that only

the dominant TEI, mode propagates, and that all other

modes are beyond cutoff.

The problem, then, is to calculate the amplitude and

phase of all modes of interest in the waveguide due to a

given current distribution in the coupling loop for vari-

ous angles of loop orientation with respect to the wave-

guide axis. By analogy with the current distribution in

a short-circuited two-wire transmission line A/2 long,

it will be assumed that the current distribution in the

loop having a circumference of one wavelength is also

sinusoidal with distance around the lc)op. As shown in

Fig. 7, the loop is centered on the mid-point of one-half

Fig. 7. Orientation of loop in waveguide and coordir~ate systems,

x

t

L
Y

S=s- + s+ + (VfAVEGUICNE BETWEEN s- AND s+)

Fig. 8. The surface .S,

the waveguide cross section, and lies in a plane making

an angle O with respect to the waveguide axis.

In order to calculate the mode excitation due to the

loop current, it is convenient to use a particular reci-

procity theorem [2]. Let ~C*, Z,+ be the fleids due to a

current element of moment $ = ~dl, and E*, ~+ b,(z a

known set of source-free fields. The Y signs refer to

fields to the right ( +z) or left ( –z) of the loop, respec-

tively. The reciprocity theorem then takes the form

where the surface S completely encloses the current

element. Assume also that the fields due to the current

element may be expanded in terms of the source-free

fields:

where i designates the various modes.

Now let ~ = ~.+, ~ = ~.+ where n denotes a particu-

lar mode. Let us also take S to be a portion of the wave-

guide centered on the loop and the cross-section sur-

faces on either side, as shown in Fig. 8. Since

~~~ .d~ = O on a perfect conductor, the integral in

(3) need only be evaluated over the waveguide cross
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sections S+ and S– to the right and left of the loop. must integrate A.+ around the loop:

Substitution into (3) then yields:

J

2T

T.* = ~ ~nF .~d+.

En+. j = J [(x A,+EL+) x 77,,+ – a+ G.T o

s+

X ( ~ A ,+77,+)]JS

— J-z[( A ,-E) x 77.+ – z.+
s–

x (~ A,-77L-)]JLS. (5)

But

s(z, x 77.),(LS = o for 211 i # n,
s

thus:

= A.-G,,–. (6)

Similarly, by letting ~ = ~n–, ~ = ~.–, one obtains:

(9)

Equation (4) then may be rewritten to express the field

due to the total current:

In order to perform the integration in (9), both Z

and ~ must be expressed in the same coordinate system.

In terms of the loop coordinates:

~ = I(c$)c$o = 10 COS@

(isinq5- ~cos@sin O+kcosq5cos O) (11)

where @Ois a unit vector in the q5-direction.

The cartesian coordinates of a point on the loop are:

z = 70(1 — Cos +)

bo
Y=~–r0sin6sin8

z= Yosin~cos8 (12)

Thus, the coefficients A;+ can be calculated. The ref-
where ro is the loop radius.

Equation (12) enables one to express the fields of the
erence set of modes Z.*, R.* are given in Appendix 1. reference modes in the loop coordinates, in order to per-
Substitution of these expressions into the integrals of f

(6) or (7) yields the following.
orm the integrations. The integrand of (9) can thus

be written:
TEModes (n=l,2,3,5,7,9 . .):

kko

{

l:n=l,2 ~n*.7 = [Ezn*(i$) cos 1#1sin @ – Ev~*(@) COS2@sin 0

(8)G%* = g~aobo~ qoHo~2, g% =

c %: %>2. + Ez#(@) COS2 f$ COS e]~o. (13)

TM.Modes(n=4,6,8 . . .):
B. Solution for Dominant Mode Coupling

1 kko 1
2 In order to determine the relationship between the

G~~ = –7aObOF ;Bo~.

turns ratio a and the coupling coefficient Tl~ of the

The first eight modes are arbitrarily ordered as shown
dominant mode, an experiment as shown in Fig. 9 is

considered. Here a source -/30 with internal im~edance
in Table II.

TABLE II

n

;

Mode k,

7r/a0

o

w/a”
7r/a0

2~/a0
2m/a0

7r/a0
T/izo

Z, excites the loop in the waveguide which is terminated

at each end in ZO. The power in one of the loads is then

compared to the available power from the source. The

equivalent circuit shown in Fig. 9 yields the power in

the load (assuming peak values of voltage and current) :

P = *(aIO) ‘Zo. (14)

It is assumed that the waveguide section is long enough

so that higher-order modes have decayed to negligible

values at the ends. Now the power flow to the right can

be expressed in terms of l.’ by (9), (10) and (1 1), relat-

ing 10 to El+, as will be shown. Assume that P+”= RJO~,
Now $ = ~dl, and dl = rod~ in terms of the loop coor- then

dinates. The coefficient of the nth mode due to $ is

A,,*; to get the coefficient due to the total current we R,IO’ = ~(aIo’)zo,
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Fig. 9. Experiment to calculate a.

or

(15)

R. will be calculated by the methods outlined in the pre-

ceding section.

For the dominant TE1O mode, n = 1 and k.= kl.

Equation (8) gives:

(16)

Also, from the reference mode listing in Appendix I:

Thus,

s2U 2roIo kl
Tl+ . ~ Eul–I@# = i —

Gl+ o

— sin OF(O) (18)
a060HOjl k

where

J
T/2

F(O) = 2 sin~ cos (p cos 4) cos (p sin 4) cos2 @d@ (19)
o

and

To
~=~—, p = k?’o Cos 9. (20)

a.

In general, the integration must be done numerically;

however, for the case O = 90°, p = O and an explicit solu-

tion is possible:

27(90°) = r sin p[Ao(p) – *AI(P)]. (21)

The dominant mode field due to the current in the

loop is E.vl + = T1+EV1+. Since H,=l+ = —E,ul+/Zl, where

Z, is the wave impedance for the dominant mode,, the

power flow to the right can be written:

p+=~ s(2?.,+)x(77.,+)’.zE7-
2 #

(22)

Substituting the expression for E,I+ given in Appendix

I, and using Z1 =q,(k,/k), \ve obtain

t-o’ ko
— sin2 9F2(0)qO102.

aobo k

Setting P+= RJ,2, we obtain the expression

R, = TO ~. ~ sin’ OF’(O).

(24)

for R,,

Substituting into (15), we finally obtain the expression

for the turns ratio,

v’8kovo
a(0) = Q

~aobo
— sin OF(O). (25)
kZO

Note that a( –0) = –a(O) since F( –0) = F(O).

The experiments described later in Section IV were

carried out at 960 lJlc/s in a waveguide of dimensions

UO= 9.75 inches, bo = 4.875 inches, and wit]h a loop of

radius Y.= 1.958 inches. Additional assumed constants

were TO= 377 ohms, and ZO = 50 ohms. The expression

for a(~) was then evaluated for this particular case by

numerical integration and is plotted in Fig. 10, along

with the calculated value of coupling loss P+/PO. Re-

ferring to the equivalent circuit of Fig. 9:

P+ (a10)2Z0/8 2a ~z

()
(26)

x– Eo2/8zo = 2i-a2}

Measured values of P+/Po are also plotted, ancl the

agreement is reasonably good. A weak point in the an-

alysis is the assumption of a sinusoidal variation in cur-

rent distribution around the loop, and the difference

between theory and experiment may be traceable to

departures from this distribution. It is also likely that

the current distribution depends to some extent on 0,
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I?ig. 10. Variations of a and P +/Po with O,

especially for large values of 6, due to proximity effects

of the waveguide walls.

Knowing the variation of a with 6, the switching loss

of one switch section for the reverse-biased conductor

may be calculated by (2), assuming Rd = 630 ohms. The

results are shown in the curve of Fig. 11, along with

measured points.

C. Solution for Higher-Order Coupling Coe@cients

The methods of Section A may be used to calculate

T.* for n >1 in a manner similar to that for the domi-

nant mode. In this case, however, the quantity of interest

is the coupling of one loop to another, which requires

calculating first the coupling of the current in one loop

to the appropriate waveguide modes and then the volt-

age induced in the adjacent loop by these modes. As-

suming a current 10 in loop 1, the voltage induced in

loop 2 located a distance zo to the right of loop 1 may be

expressed as follows:

where

As before, the Z.* are selected from the set of reference

fields listed in Appendix I. Equations (9) and (27)

26

24

22

(
20

18
J

* 16

T

~- 14
u-l
0
J 12 ~ ‘

-CALCULATED :

10 ) y L=ZO LOG [l+&3a2(e]], dB

O= MEASURED POINTS

8 —

6 / ‘

4

2

0
0 10 20 30 40 50 60

e, DEGREES

Fig. 11. Loss of one switch section vs. O.

lead to

loop 1

+ E..-COS21$ COS O)d#) (29)

IOOD 2

+ E,c+ COS ~ COS @d@ (30)

The field components in (29) and (3o) are to be ex-

pressed in terms of s#Jby the coordinate transformation

of (12) appropriate to loop 1 or 2. Substituting the ap-

propriate field expressions into (29) and (30) we obtain

K,=O (31)

[
‘k~ kc, ( lT1 -i- k2T4sin O) + T~ coso 1 (34)

[
Ks = K.u ~ (kJ’, – kJ’t sin 0) – S, cos O

. 1
“[; (klT, – k~ sin OTa) + Tb cos O1 (35)

c
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aobo k.2a

16Yo~ kC~
hr~l = – i — — sin ZPe–IZZO

anbo ako

a = \/kC~ – koz = attenuation constant

~ = klvO.

(36)

(37)

(38)

(39)

In (31) through (39), the quantities kl, kz, k,, and a are

to be expressed appropriately for the given mode (see

Table II and Appendix I). The quantities S, and Ti in

(31) through (35) represent definite integrals to be

evaluated numerically, and are Iistecl in Appendix 11.

The K. have been evaluated as a function of 0 and are

shown plotted in Fig. 12 for the following particular

case:

ao = 9.750 inches

b. = 4.875 inches

A. = 12,3 inches (960 Nfc,’s)

ro = 1.958 inches

ZO = 12.0 inches

TO = 377 ohms.

-—
--f
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11 ! I

I 1 I I
l\

—

! 1 I [ I I

\l

\ ++3
\ I

~ Y’.
.0

0.01
\

\.
I

\
I
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IIT ?o- 30” 40”
LOO;- INCLINATION ANGLE, @

Fig. 13. Normalized mutual reactance between two loops, ZJ(L9).

Some features of the A“,, are w-orth noting. There is

no TEO1 coupling (k-a= O), and virtually all of the

coupling is via the Tlblll (n= 4) mode. The coupling

thus varies with distance approximately as the ampli-

tude of the Tllll mode, which decays at the rate of

4.4 dB/inch for the particular case considered. It is not

hard to show that K* (0) ==K. ( – 0) for all Km considered,

as distinct from the dominant mode coupling. Thus, the

possibility is raised that the reverse loss of several

switches in cascade may be enhanced by utilizing this

difference in phase.

A well-known property of the evanescent modes is

that no change in phase exists along the waveguide

axis. This suggests that the total coupling due to these

modes may be expressed as a mutual inductance,

where X = TO ~K~ is the mutual reactance between

loops 1 and 2. This reactance is coupled into the wave-

guide by the turns ratio a (6) of the ideal transformer of

Fig-. 6 as a normalized reactance:

x
b(e) = — = ~ ~ K,,.

a2Zo a2Zo *=2

The computed variation of b(f3) is shown in Fig. 13.

(41)
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JV. NETWORK ANALYSIS

The most important quantity of interest to calculate

is the total transmission loss of several switches in

cascade for the reverse-bias condition. A convenient

approach is to postulate a circuit equivalent for the

waveguide with switches and then use conventional

network theory.

A spacing of AQ/4 between switches was originally

felt to be desirable from the standpoint of obtaining the

greatest loss, but physical limitations necessitated in-

creasing the spacing to 3/4A9. (As it turned out, this

was fortuitous. ) The length of waveguide between

switches can be represented by a simple T network con-

sisting of reactance. As shown in Fig. 6, each switch

can be represented by a resonant loop in series with the

transformed diode resistance, Rd’ = .z02/Rd, coupled

across the transmission line by an ideal transformer of

turns ratio a(d). Each loop is assumed to be coupled to

its neighbor by the mutuaf reactance -Y(O) = a2(19)b(0)ZO.

(Coupling to loops more distant than the adjacent ones

is neglected because of the rapid decay of the higher-

order modes. ) The resulting equivalent circuit is shown

in Fig. 14. Assuming mesh currents 1 as shown, the

transmission loss can then be computed from the solu-

tion of the matrix equations by conventional methods.

The loss has been calculated as a function of O for three

cases of interest:

1) loops spaced so far apart that the mutual reac-

tance is negligible (ZJ= O), but still spaced by an odd

multiple of 1./4,

2) loops spaced 3/4&= 12.0 inches apart and all

oriented at the same angle 0, and

3) same as Case 2 except loops are alternately ori-

ented at +0 and —0.

The calculated values of loss are plotted in Figs, 15,

16, and 17 as functions of the loss LI of one switch sec-

tion alone. Case 1 (no mutual) was computed by setting

b = O. For Case 3 the mutual coupling between adjacent

loops is out of phase with the dominant mode coupling,

and thus could be accounted for by replacing b with

– b. In this case, the mutual coupling can considerably

improve the loss if the spacing between loops is such

that the mutual coupling is approximately equal to the

dominant mode coupling. This only occurs for spacings

near 3/4 h~, and explains why this choice was fortuitous

as remarked earlier.

V. EXPERIMENTAL RESCJLTS

A. Measured Switch Loss

The insertion 10SS of the complete waveguide switch

section with two, three, and four switch elements in-

stalled was measured as a function of inclination angle

O at 960 Me/s. The results for the reverse-bias case are

plotted in Figs. 15 through 17, and agree well with

theory. A spacing of 3/4 h~ was used in all cases except

Curve A of Fig. 15. Here the separation between the

two loops was 9/4 h~ in order to reduce the mutual

coupling to insignificance. A reverse bias of 30 volts was

used in all cases.

The insertion loss with the diodes forward-biased

was found to be less than 0.1 dB per switch element for

O SO S 25°, corresponding to loss per individual element

of O to 14 dB. The forward-bias voltage was set to pro-
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Fig. 16. Calculated and measured loss for three switches,

Q= ME AsURED POINTS

Fig. 17. Calculated and measured loss for fuur switches

duce a current of 0.1 amp per diode. Since the final de-

sign requirement of 40 dB total loss could be satisfied

with four elements, each having an individual low of

less than 5 dB (Curve C of Fig. 17), it was felt that the

total forward loss was acceptable. The main objection

to higher individual element losses was the possibility

of diode damage due to overheating. With 10 kW of

CW power flowing through the waveguide, the switch

elements were observed to become noticeably, but not

dangerously, warm.

B. TWO-LOOP Co@ing

As a final check on the validity of some of the as-

sumptions made for the analysis, and particularly on

the variation of coupling with separation, the experi-

ment shown in Fig. 18 was carried out. The insertion

loss, defined as the ratio of the power input to loop 1

to that received from loop 2, was measure,cf as a function

of the separation z between the loops. Two runs were

made, one with the loops at the same angle, 19= 10°, and

the other with one loop at + 10° and the other at –- 10”.

The (voltage) loss may be easily calculated from the

equivalent network in Fig. 18:

()
22

a+— — az[e–f~” * j:~b(z)] 2

a
Li. : — (42)

e–-@z ~ j2b (z)

where the + sign refers to the test with the loops
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Fig. 19. Calculated and measured loss between two loops,

oriented at the same 8, the – sign to orientation at +19

and —0, and /3= 2n-/&. This expression is plotted in

Fig. 19 along with the measured points. The mutual

reactance term b(z) is now presumed to vary expo-

nentially with z:

b(z) = bo(0)e~4f20–’j (43)

where CU is calculated for the TM1l mode and bO(0) is

the value computed previously for spacing Z. (Fig. 13).

C. Frequency Response

Since there are a number of frequency sensitive ele-

ments in the complete switch, it was suspected that the

insertion loss would vary significantly with frequency.

Two measurements of frequency response were made:

1) a single switch element with 18.2 dB of loss at center

frequency, and 2) four swtiches with total loss of 40.8

dB at center frequency. The results are shown in Figs.

20 and 21. It is evident that the four-element switch is

only suitable for relatively long radar pulses of 1.5 KS or

more. For the present application, however, it is en-

tirely adequate, as the pulses are at least 8000 ,us long.

No attempt was made to correlate the measured fre-

quency response with theory, since the Q’s of many of

the elements were unknown.
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Fig. 20. Frequency- variation of the loss of one switching element
in the waveguide set for 18.3-dB loss at 960 Me/s.
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Fig. 21. Frequency variation of the loss of the complete four-element
waveguide switch. Loss of each section= 5dB at 960 Me/s.

Coordinate

APPENDIX 1

LIS’rING OF REFERENCE fi~ODES

system:

2
x

/

z
aO

Po

60
/

‘Y
b,

Auxiliary quantities:

/31= kl.t;

kl=~;
aO

21r
ko =--;

k2 = ko2 _ kc2;

HZ* = Ho cos 01 cos Oze~~’

TM,,LI Modes

The i signs refer to waves traveling towards i z. .%

time dependence of ei~t is assumed, and the reference

magnitudes E. and HO are peak values.

APPIZNDIX II

Integrals involved in higher-order mode

s

1
S1 = (sin ~ cos { sinh $)~dx

o

J
1

s, = (sin ~ sin f cosh ~)xdx
o

Pl

coupling:

s, = J (COS#COS( cosh $)V1 – X2 oh
o

s

1

S4 = (COS ~ sin ~ sinh ~)<1 – z’ dx
o

s1T1 = cos ~1 cos fl sinh ljdx
o

s1

T2 = cos $1 sin ~1 cosh &dx
. 0

s1T8 = sin + cos ~ cosh ~dx
o
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An Equivalent Circuit for the “Centipede” Waveguide

T. M. REEDER

Abstract—An equivalent circuit is presented for the “centipede” be found to represent the waveguide, but it is difficult
coupled-cavity waveguide. The “centipede” waveguide, which is

typical of the class of slow-wave structures suitable for use in a

wide-band high-power traveling-wave tube, has two pass bands
which may interact strongly with a small-diameter electron beam.
The equivalent circuit is able to represent both of these pass bands.
A detailed comparison with an S-band “centipede” waveguide shows
that the equivalent circuit can represent the dispersion, interaction,
and loss characteristics of the waveguide within a few percent.

1. INTRODUCTION

T

HE COUPLED-CAVITY waveguide has found

extensive use in recent years as a slow-wave cir-

cuit in high-power, broadband traveling-wave

tubes. Coupled-cavity structures that use resonant

coupling elements are a logical choice for high-power

tube use because of their rugged construction, relatively

high interaction impedance, and large cold bandwidth,

often greater than 30 percent [1]. However, analytical

studies of tubes using these waveguides are usually

tedious because exact electromagnetic field solutions

are difficult, even impossible, to obtain. The analysis

may be made much simpler if an equivalent circuit can
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to find a simple circuit which will accurately represent

the propagation characteristics of broadband wave-

guides like the “cloverleaf” [1], the “long-slot” [2], and

the “centipede” [3] over all operating frequencies.

Equivalent circuits given first by Pierce [4] and later

used by Gould [5] and Collier et al. [6] provide an

adequate representation of relatively narrow-band

waveguides like the “space-harmonic” structure of

Chodorow and Nalos [7]. However, the fact that these

circuits do not include the effect of intercavity coupling

resonance leads to considerable error when they are ap-

plied to broadband coupled-cavity waveguides where

the cavity and coupling element resonant frequencies

may be close together. Curnow [8], [9] has recently

shown that by including the coupling element resonance,

the dispersion and impedance properties of the “long-

slot” waveguide can be accurately represented. Un-

fortunately, the equivalent circuit must correspond

closely to the geometrical configuration of the wave-

guide as both Curnow and Gittens [10] have demon-

strated. The resultant circuit may be quite complicated

and difficult to analyze.

The purpose of this paper is to show that one coupled-

cavity waveguide, the “centipede,” can be accurately

represented by a relatively simple equivalent circuit.

Waveguides in the “centipede” class have two pass
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