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Equivalent Circuit of a Narrow-Wall
Waveguide Slot Coupler

V. M. PANDHARIPANDE AND B. N. DAS

Abs@uet-An expression for the equivalent network of a long axial slot

in the common narrow waft between two rectangular waveguidea is de

terndned from self-reaction and discontinuity in modal current. The anaty-

sis is extended to the case of H-plane Tee junction coupled through a

Ioagitmffmd slot in the narrow @f of primary guide. Variation of coupling,

input VS~ and impedance loading on the primary guide are determined

from the equivalent network parameter. A comparison between theoretical

and experimental results is presented.

I. INTRODUCTION

T HE coupling between two rectangular waveguides

through apertures in the common broad wall has

been analyzed by quasi-static antenna method [1], varia-

tional method [2], and from the equivalent circuit ap-
proach [3], [4]. A shortcoming of quasi-static antenna

method by Lewin [1] is its inability to obtain from analy-

sis, the accurate slot wave impedance to be used. The

results are of limited application owing to a simplification

which is made to permit the use of a well-known result of

antenna theory. Formulas for the equivalent circuit

parameter presented by Levy [4] and Marcuvitz [5] are

applicable to small apertures. The analysis can, however,

be extended to the case of large apertures by using Cohn’s

experimental results on polarizabilities [6], [7]. Levinson

and Fredberg [8] presented a method for the determina-

tion of equivalent circuit of an aperture in the form of a

long narrow transverse slot in the common broad wall.

The formulation involves the solution of an integral equa-

tion and does not lead to a closed-form expression for the

equivalent circuit parameter. They presented numerical

results [9] for the equivalent circuit parameter for wave-

guides coupled through a narrow transverse slot from
which coupling can be evaluated.

In the present paper, the equivalent circuit parameter

for a long axial shunt slot in the common narrow wall is

determined from self-reaction [10] and discontinuity in

modal current [11]. Coupling and input VSWR are de-

termined from the even- and odd-mode analysis. The
method is also used for the determination of equivalent

circuit of H-plane Tee junction coupled through a longitu-

dinal slot in the narrow wall of primary guide and in the

transverse cross section of the secondary guide. Variation

of coupling, input VSWR, and impedance loading on the

primary guide as a function of slot length are determined.

Comparison between theoretical and experimental results

is presented.

II. ANALYTICAL EXPRESSION FOR THE SHUNT

REACTANCE DUE TO THE LONGITUDINAL SLOT

COUPLING ADJACENT GUIDES

Fig. 1 shows two rectangular waveguides coupled

through a longitudinal slot of length 2L and width d in

the common narrow wall between two rectangular wave-

guides. The slot is located at a distance XO from the

bottom broad wall of waveguides. The electric field dis-

tribution ~ in the aperture plane of the thin longitudinal

slot can be considered equivalent to a surface magnetic-

current distribution ~zm,and the two are related by

.jz”=~~x~ (1)

where ii is the unit vector normal to the aperture plane.

The aperture field ~, is assumed to be of the form

~ = z7XEOsink(L– lzl)8(x’– xO)tl(y’-a) (2)

XO, a, O are the coordinates of the center of the slot, EO is

the maximum electric field in the slot, and k = 2m/L

The vector potential due to longitudinal magnetic-cur-

rent density ~z~ is given by [12]

Az=~~~
.=0 ?ll=o 2abY Cos(%)cos(%?

ps(%)cos(%)

[J. e-” z J 1

jzMe Yz’dzt + e 7Z *jz$@z’&~ &’@’ (3)
—m z

where

and ~ and cm are Neumann numbers. For the slot extend-

ing from – L to + L, performing the surface integration

over the aperture, the expression for vector potential using

(1) and (2) reduces to

“ cos m7r cos
(

k.—
k2 + y2
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0018-9480/79/0900-0800$00.75 01979 IEEE



PANDHARIPANDE AND DAS: EQUIVALENT CIRCUIT OF SLOT COUPLER

+x
2=0

~

J o :.-- BY-----------

Fig. 1. Rectangular waveguides coupled through longitudinal slot in

the common narrow wall.

The magnetic field Hz is obtained from the vector

potential using Maxwell’s equation as

1
Hz=— [1~2:i32A

jup azz ‘“
(5)

The self-reaction (a, a) of magnetic current ~zM is given

by

(6)

A part of coupled volume o is in the primary guide and

the other part is in the secondary (coupled) guide. In the

general case of two dissimilar guides, the total self-reac-

tion is equal to the sum of self-reactions <a, a)l and

<a, a)z in the two volumes. In the particular case of two

identical guides, the total self -reaction is equal to twice

that of a single guide.

Using (l), (2), (4)-(6) and evaluating the integrals, the

total self-reaction of the equivalent magnetic current of a

longitudinal slot in the common narrow wall of two

I1
Sinz mrd

n~xO

()

2b
‘ COS2 —

b

(–)

nvd 2

2b

“[ (().5( l+e-2Y~)-coskL 2e-y~coskL+ ~sinkL)

(7)

A longitudinal slot in the waveguide wall produces a

discontinuity in the modal current, giving rise to shunt

type of equivalent network parameter B== 1/xz, where x=

is given by [10], [13]

x = (a,a)
z (8)

7“

The discontinuity in the modal current Z for the domi-

nant mode is obtained from the expression [11]

~=jYO~~lo,fiXE(~sinflOlz+~ZcosflO1z)fi (9)
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Fig. 2. Variation of normalized reactance versus slot length for &f-

ferent displacements from center. A= 3.2 cm; Curve a —(b/2 – XJ
-2 mm; Curve b —(b/2– XO)=4 mm.

where

/301=/kz – (7r/a)2 .

Evaluating the integral appearing in (9) over the dot

aperture and using (7) and (8), the expression for the

normalized reactance is obtained n the form

1[

mrxo 2 . n~aY
Cos— —.

b ‘ln 2b—“.
‘lrXo mrd

Cos— —
b 2b

[ 0.5(1+ e-z’~) -coskL(2e-7~-cos kL-l- ~sinkL;) ]

[
(COS~olL -coskL)2

I

(10)

The summation is carried out for all modes excepting

rn=n=Oandn=O, m=l.

Fig. 2 shows the variation of normalized reactance m a

function of slot length computed for A = 3.2 cm, slot width

d= 1 mm, waveguide dimensions a= 2.286 cm, b= 1.016

cm, displacement from center ((b/2) —Xo) = 2 and 4 ~~~.

Computation of the double infinite series is carried out

considering terms up to m = 7 and n =7, thus taking the

effect of 62 evanescent modes into account. The vahm of
reactance for a particular slot length decreases with in-

creasing displacement from the center of the narrow wall

(xo= b/2), showing resonance at slot length 2L = 1.42 cm.

III. COUPLING DUE TO SHUNT SLOT IN TERMS OF

EQUIVALENT NETWORK PARAMETER

Fig. 3(a) shows the lumped parameter equivalent

network for the coupled waveguides looking from pol~t 1

of Fig. 1. In the equivalent transmission-line representa-

tion, Fig. 3(a) assumes the form shown in Fig. 3(b). The

corresponding even- and odd-mode [4] equivalent circuits

are shown in Firz. 3(c).
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Fig. 3. Equivalent circuit of coupled waveguides.
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Fig. 4. Variation of coupling and input VSWR versus slot length.

X=3.2 em; displacement from center (b/2 – XO)=2 mm; slot width 1

mm.

Analyzing the network using even- and odd-mode

equivalent circuit of Fig. 3(c), it is found that the magni-

tude of reflection coefficient 1A~,I at port 1 and coupling

coefficients 1A~zl and 1A,31 at ports 2 and 3 are identical,

and are given by [4]

IA,J=IA,21=IA,31=
jEz

(11)
2(1 +jFz)

where ~z = 1/Zz. The same expression can also be ob-

tained by considering the equivalent circuit of Fig. 3(a).

The variational expression for the equivalent network

parameter obtained above is based on the assumption that
the slot walls are of zero thickness. The effect of finite

wall thickness t can be taken into account by applying

correction due to the attenuation a in a waveguide whose

cross section is the same as that of the slot and whose

length is equal to the wall thickness t.Hence, applying the

wall-thickness correction, coupling in decibels is given by

l/s=
A13= 2olog – 8.686at (12)

2~-

_ l+ IA1,I
Input VSwR– ~_lA1ll “ (13)

Variation of coupling and input VSWR with slot length

is computed for a slot of width 1 mm and displaced 2 mm

from the plane, passing through the axis of the waveguide

and normal to the narrow wall. For the same slot located

in a common narrow wall of wall thickness t = 1.5 mm,

coupling and input VSWR was measured experimentally.

Comparison of results computed from (12) and (13) with

the experimental results is shown in Fig. 4 for slot length

over the range 8 mm< 2L K 30 mm. A good agreement is

observed between theory and experiment.

IV. ANALYSIS OF SLOT COUPLED TEE JUNCTION IN

RECTANGULAR GUIDE H-PLANE

The same analysis can be extended to evaluate the

coupling for the case of H-plane Tee junction coupled

through longitudinal slot in the narrow wall of primary

guide and in the transverse cross section the secondary

guide as shown in Fig. 5(a). The corresponding lumped

parameter equivalent network looking from port 1 of

primary guide is shown in Fig. 5(b). The equivalent

network parameter is again given by the expression of the

form (8). Self-reaction <a, a) in this case is determined

separately for the two guides. The self -reaction <a, a) ~ in
guide I is l/2(a, a), where (a, a) is given by (7). The

self-reaction <a, a )2 in secondary guide (guide II), ob-

tained from the modal expansion of the magnetic field in

this guide, is given by [ 14]

Hence, the equivalent network parameter will be

x
(a,a), +(a,a)=

ZT =
12 “

(15)

From (7), (9), (14), and (15) the expression for normali-

zed reactance for a slot coupled Tee junction reduces to

mrxo
COS2 —

h

7TX0
COS2—

b

C.’%

k=+ y2

( (. 0.5(1 +e-2yL)–coskL 2e-’L–coskL+ ~sinkL
))

( mwL

)

2

Cos — – COS kL

– 2c. sin2 ~
a

()

mr 2
— – k=

1

/(cos/&L-coskL~. (16)

From the equivalent circuit shown in Fig. 4(b) the

expression for the input reflection coefficient, and hence
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Fig. 5(a) H-plane Tee junction coupled through longitudinal slot in the

PrimazY guide. (b) Equivalent circuit.
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Fig. 6. Variation of normalized rewti~ versm slot len~ for H.
plane Tee junction. A= 3.2 cm; Curve a —displacement from center

(b/2– XO)=2 mm; Curve b –displacement from oenter (b/2– xJ=4
mm.

the coupling coefficient is given by [14]

(17)

where ~Zr = 1/~ZT.

For a finite wall thickness t, coupling in decibels can be
written as

—

“3=20’Og&‘8”’8’”’’18)
‘= 1+1~111

Input VSWR , _ ,A ~11. (19)

Fig, 6 shows the variation of normalized reactance with

slot length computed from (16), for A= 3.2 cm, a =2.286
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Fig. 7. Variation of coupfing and input VSWR versus slot kmgth

A=E3.2 cm; slot width= 1 mnv displacement from center (b/2 – x{) =2
mm.
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Fig. 8. Variation of real and imaginary parts of input admiilmce
versus dot length, for A= 3.2 cm.

cm, b = 1.016 cm, and slot width d= 1 mm for twcl dis-

placements of slot (2 mm and 4 mm from center). In order

to determine coupling experimentally, the incident power

is first measured by removing the Tee junction and

terminating the guide in a matched load. The Tee junction

is then inserted between the matched load and the guide.

With the port 3 terminated in a matched load, the input

VSWR at port 1 and power in port 3 are measured. l~ig. 7

shows the comparison of experimental results with those

computed from (18) and (19).

V. IMPEDANCE LOADING ON THE PRIMARY GUIDIH

For the design of cascaded sections of such Tee junc-

tions using loaded line analysis [15], a knowledge of the

impedance loading on the primary guide is essential.
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From the equivalent circuit of Fig. 4(b), we can write the

expression for normalized admittance, presented to guide

I, in terms of equivalent network parameter as follows:

,n=(,+--L-)+-&. (20)

Fig. 8 shows the variation of real and imaginary parts

of input admittance as a function of slot length computed

from (20) using (16) for A= 3.2 cm and slot displacement

from center =2 mm.

VI. CONCLUSION

Theoretical results for coupling, input VSWR are in

good agreement with the experimental results for the two

adjacent waveguides coupled by means of a long narrow

slot in the common narrow wall, as well as for the case of

H-plane Tee junction. The present theory leading to a

closed-form expression for the equivalent circuit parame-

ter for coupling apertures is quite general and can be

applied for the analysis of electromagnetic coupling be-

tween any two arbitrary guides.
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Numerical Calculation of Electromagnetic
Energy Deposition for a Realistic

Model of Man

MARK J. HAGMANN, MEMBER, IEEE, OM P. GANDHI, FE?LLOW,IEEE, AND CARL H. DURNEY,

MEMBER, IEEE

Abstmet-Nmnericaf caleufations of absorbed energy deposition have

been made for a block model of man that is defined with carefuf attention

given to the biometric and mratomfcaf features of a human Wing. Cafcu-

Iated pt-resormnt absorption and distribution of energy deposition

through the body have better agreement with experimental remdts than

previous cafcufations made using leas realfstic mndefs.
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L INTRODUCTION

W E HAVE used numerical methods with a realistic

model to calculate the deposition of electromag-

netic energy in man. A block model of man was chosen to

allow maximum freedom in defining both the shape and

content of the model. We have used the moment-method

solution of the electric-field integral equation with a pulse

function basis and delta functions for testing [1], [2]. The
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