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Abstract—This paper proposes to study the characteristics of
a slot-coupled directional coupler between two microstrip lines
coupled through a rectangular slot in the common ground

plane. Fhstly, conformal mapping techniques are used to obtain
analytic closed-form expressions for the coupler even and odd-

mode impedances and propagation constants for any coupler
configuration. Secondly, a full-wave analysis is performed using

the spectral domain approach to determine the dispersion prop-

erties of coupler parameters. Theoretical and experimental re-

sults for a 10 dB coupler at 10 GHz are presented.

I. INTRODUCTION

A NEW slot-coupled directional coupler between two

microstrip lines coupled through a rectangular slot

in the common ground plane (Fig. 1) was proposed for

the first time by Tanaka et al. [1]. This coupler can find

important applications in the design of beam forming

networks and multiport amplifiers through the use of this

new coupler in the construction of planar multiport direc-

tional couplers without the necessity of using microstrip

cross-overs. This coupler enables both tight and loose

coupling values to be achieved. Here, firstly we propose

to use conformal mapping techniques to obtain analytic

closed-form expressions for its quasi-static even and odd-

mode parameters. Results using these expressions are in a

very good agreement with those obtained by Tanaka et al.
using a heavy numerical method (finite element method)

always for the quasi-static case. Secondly, a full wave

analysis using spectral domain approach [2], [3] is per-

formed to obtain the dispersion characteristics of the

coupler’s even and odd-mode parameters. Finally, a
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Fig. 1. Coupler’s electric (full line) and magnetic (dashed line) field

distribution for (a) even-mode and (b) odd-mode.

10 dB coupler is realized and a comparison of theoret ical

and experimental results for this coupler parameter is

presented.

II. QUASI-STATIC ANALYSIS

In this quasi-static analysis, we assume the ground
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planes to be infinitely wide and the strips to have neflligi-

ble thickness (Fig. 2). Also, we assume that the air-dielec-
tric interfaces like AD and A’ D’ can be dealt with as

though perfect magnetic walls were present in them (i.e.,

enforcing Neuman boundary conditions). This assumption

can be easily verified for small gaps, however it is noticed

0018-9480/91$01.00 01991 IEEE



2124 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 29, NO. 12, DECEMBER 1991

that it leads to adequately accurate results for fairly large Y
--

ones.
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It can be easily seen that the existence of the slot in the rl
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The even and odd-mode coupler impedances, 2.. and ho
ZOO, respectively, are calculated using conformal mapping L~

‘0 w-

techniques to determine the coupler capacitance per unit
/

length for even and odd-modes. For each mode, the
Fig. 2. Coupler model for quasi-static analysis.

ove;all capacitance per unit length, CT, can be considered

as the sum of the coupler capacitance per unit length, Cl, ~v,n~0~,, fY

for the space bounded by the upper shielding and the L-

upper microstrip half plane which is filled by air and the
~m,

h. I 1P , ..
,F

I=*L.. -Jcapacitance per unit length, C2, for the space bounded by - D’ ‘“
w

the upper microstrip and the common ground plane which ~f,
D

h ,,EJ’. . 4%7?2”<,6=:: >
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is filled by the dielectric. To obtain these capacitances for
h / //////H/ ///// E *X

the even mode, Cl. and C2~, the sequence of conformal
c

transformations shown in Fig. 3 is utilized noticing that el

the line BB’ is a magnetic wall. The goal in the two cases =%

is to map the original boundary value problem in the z

plane into rectangle in a final t plane. Hence the total

even-mode capacitance per unit length can be put in the o A D

form

C,e = Cle + c2e (1)

C,e = 2eoK(k2)/K’(k2) (2) :*...SD

c2e = 2EoE,K’(kl)/K(kl) (3) @ w=msh2(m/2ho)

where D, F ––– A K(~)+ jK(>)

k2 = tanh(nW\4hO)

[1

(4) @ ‘0

kl =
sinh2 (mG/4h)

(5) p -:.”:;,::
sinh2 ( ~G/4h) + cosh2 (mW/4h)

(a)

(b)

@ W.eosh2 (Ilz/2h)

l=sn(W/kl)

and where K(k) is the complete elliptic integral of the Fig. 3. Conformal transformations for obtaining the total coupler

first kind and K’(k) = K(k’), k’= d-. Thus, the
even-mode capacitance per unit length.

relative effective dielectric constant and the characteristic

impedance for the coupler even mode can be given by Cl.. So we can write their values as follows:

( K’(kl) K(k2)

)/(

K’(kl)

= ‘r K(kl) + K’(k,) K(k,) )
‘(k2) (6)

+ K’(k,)

[

K’(kl)

1

K(k2) ‘1
ZOe= 607r(i5,ffC) ‘1’2 — —

K(kl) + K’(k2) “
(7)

It can be seen that the expressions given in (6) and (7) are

simple analytic closed form ones that can be calculated

using the simple formulas of Hilberg [4] for the ratio

K(k)/K’(k).
In the same manner we can examine the coupler odd-

mode characteristics noticing the line BB’ is an electric

wall in this case. So the capacitance Clo and Czo are

obtained in a similar way to that utilized for obtaining

CT= Clo + C20 (8)

CIO = 2cOK(k4)/K’(ko) (9)

C20 = 2~Oe7K(k3)/K’(k3) (lo)

where

k3 = tanh (z-W/4h) (11)

kd = tanh(~W\4hO). (12)

Hence, the coupler odd-mode relative effective dielectric

constant and the odd-mode characteristic impedance can

be given by the following simple analytic closed-form
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Fig. 4. Variation of the coupler even and odd-mode characteristic

impedances as a function of the normalized strip width for the indicated

3

coupler parameters,
2

expressions:

( K(k3) K(k4)
Eeffo= c,

K’(k3) + K’(k4) /(~(k3) K(k4)
— -

K’(k3)

[

K(k3) K(k4)
ZOO= 60T(~.fJ ‘1’2 — —

K’(k3) + K’(k4)

K’(kd)

(13)

–1

,. (14)

Figs. 4 and 5 give examples of design curves for the

shielded slot-coupled directional coupler that were evalu-

ated using the above obtained analytic expressions. Fig. 6

gives the variation of the coupling coefficient K as a

function of the coupler geometry.

Fig. 7 gives a comparison between our results using

conformal mapping techniques and those of [1] using the

finite element method for a quasi-static solution. A good

agreement is noticed with a deviation which does not

exceed 5 percent for the even-mode characteristics and 1

percent for the odd-mode ones.

III. FULL WAVE ANALYSIS

In order to simplify the analysis without losing general-

ity, we assume that the coupler is inserted in a closed box

of width b as shown in Fig. 1 where the coordinate axes x

and y are also defined. Also in this case, the existence of

the slot in the common ground plane does not affect the

coupler odd-mode characteristics which are similar to

those for a closed microstrip line which has already been

characterized by the spectral domain approach [2]. Hence.

only the even mode analysis is given here in detail. Again

the plane containing the slot is a symmetry plane (mag-

netic wall for even mode), we consider only half of the

structure.

The axial field components EZ, i(x, y) and H=, i(x, y) in

the two regions 1 and 2 are expanded in Fourier series

1

0
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Fig. 5. Variation of the coupler even and odd-mode relative effective

dielectric constants as a function of the normalized strip width for the
indicated coupler parameters.

(Fig. 1) within their domain:

–b/2<x<b/2.

The following expansions of E=,,(x, y) and HZ, ~(x, y) are

valid:

m

Ez,,(x, y) = ~ iz,i(a,,,y)eja”x
~=—cm

cc

Hz ,(x, y) = ~ ti=,, (an,y)eJanx (1.5)
~=—m

where a. = (2n – W-r/b and quantities with the sign -

designate the line amplitude (i.e., the rzth term of the

Fourier series) associated with the space harmonic a..

The partial differential equations for the axial field

components Ez, ~(x, y) and HZ,,(X, y) are also Fourier

expanded with respect to x; ordinary differenti~l equa-

tions ?re derived for the n th line amplitudes Ez,i(x, y)

and H=, ~(x. Y ), respectively.

Extensive algebraic manipulations of problem bounclary

conditions yield functional equations relating the nth line

amplitude of the tangential electric field on the slot plane

and the current on the strip plane to the current on the

slot plane and the tangential electric field on the strip

plane through the Fourier transformed Green’s function
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Fig. 6. Variation of the coupler couphng coefficient as a function of

the normalized strip width for the indicated coupler parameters.

120

80

40

&,.25 GIW.15

— T,m~ka c! d (1)

\

x ConlmmalTrm,kvn,,wm

❑ Spectral Dmnmn Appr<wh

6

\

Odd Mode
‘\.%

‘~~

I I I I I

2 4 6 8 10

Normalized Strip Width W/h

Fig. 7. Variation of the coupler even and odd-mode characteristic
im~edances as a function of the normalized striu width for the indicated
coupler parameters: [1] (full line), conformal transformation analysis

(cross marker) and spectral domain analysis (square marker).

. , (16)

The numerical part is started by applying Galerkin proce-

ti,( a,,, – h \2)

Ez(a., –h/2)

&(ru, h/2)

~(an, h/2)

dure to (16). The tangential electric field and the current

in the right column are expanded in terms of sets of the

following basis functions:

P

EX(x, –h/2)= ~ apeXp(x, –h/2)
~=1

E=(x, –h/2) = ~ bqezq(x, –h/2)
~=1

JX(X, – h/2) = ~ c,jX,(x, h/2)
?’=1

Jz(x, –h\2) = ~ d,j=,(x, h\2). (17)
~=1

By using an inner product consistent with Parseval’s theo-

rem, Galerkin’s procedure is directly applied to the ma-

trix form (16) in the Fourier domain. A set of P + Q + R
+ S homogeneous and linear equations, for which the

P + Q + R + S unknowns are precisely the constants up,
bq, c, and d,, is obtained.

Nontrivial solutions of this set of equations occur for

zero values of its matrix determinant. The real roots (i.e.,

f12 > O) determine the propagating eigenmodes, whereas

the imaginary roots (i.e., f3z < O) determine evanescent

ones.

The electric and magnetic fields can then be calculated

and the characteristic impedance is evaluated according

to the following power-current definition

Z,= 2P/12 (18)

with

We have calculated the even and odd-mode characteristic

impedances for the coupler given in Fig. 7 using our

dynamic spectral domain analysis at a frequency of 1

GHz. The results are plotted in Fig. 7. These results
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Fig. 8. Variation of the coupler even and odd-mode normalized wave-

length as a function of the normalized strip width for the indicated
coupler parameters given for .s, = 2.22 and c, = 10.5.

nearly coincide with those obtained by our quasi-static

analysis and have a deviation of less than 570 from those

given in [1]. .

IV. COUPLER DESIGN

The common formulas for designing quarter wave-

length coupler using symmetric lines are used:

()Zce – Zco
K~~= –2010g ~ +Z Z*= ~-

cc? co

The modal impedances ZCg, ZCO and modal phase con-

stants B=, PO of the fundamental mode are determined by

the spectral domain analysis. The basis functions corre-

sponding to the even fundamental mode are

eX(x, –h)2)=2x\G[l –(2x\G)2]-”2 ,lxl<G/2,

O elsewhere

ez(x, –/z/2) =~l-(2x/G)2 ,lxl< G/2,

O elsewhere

j,(x,h/2)=2x/W~l–(2x/w)2 ,lxl<w/2,

O elsewhere

j.(x,h/2)=1/~1–(2x/w)2 ,\xl<w/2,

O elsewhere.

(22)
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Fig. 9. Variation of the coupler even and odd-mode characteristic
impedances as a function of the normalized strip width for the indicated
coupler parameters given for c, = 2.22 and e, = 10.5.
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Fig. 10. Variation of the coupler coupling coefficient as a function of
the normalized strip width for the indicated coupler parameters given

for e,= 2.22 and C,= 10.5.

Figs. 8–10 show examples of design curves that give
respectively the normalized wavelength, the characteristic

impedance and the coupling coefficient versus the nor-

malized strip width W/h for different G/W ratios at a

frequency of 10 GHz for two types of substrate whose

thickness and relative dielectric constant are either h =

0.635 mm and e,= 10.5 or h = 0.254 mm and e,= 2.22.
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Fig. 11. Variation of the coupler coupling coefficient as a function of
frequency: experiment (full line) and SDA full-wave analysis (dashed
line).
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Fig. 12. Variation of the coupler isolation as a function of frequency:
experiment (full line) and SDA full-wave analysis (dashed line).

V. EXPERIMENTAL RESULTS

Using full-wave analysis, a 10 dB coupler is realized
having the following parameters at 10 GHz:

ZC. =69.4 Q, ZCO=36 Q, ZO=50 Q,

●,= 10.5, W=l.087 mm, G=2.120 mm, L=2.818 mm.

The measurements are performed using a conventional

automatic network analyzer. The coupling and the isola-

tion coefficients are presented in Figs. 11 and 12. Good

agreement is achieved between theoretical and experi-

mental results. The coupler bandwidth is about 10%

around 10.25 GHz with a coupling coefficient of 10.2 ~ 0.2

dB.

VI. CONCLUSION

Simple analytic closed-form expressions for shielded

slot-coupled directional coupler design parameters are

obtained using conformal mapping techniques. Also, for a

full-wave analysis of the problem, the spectral-domain

technique was shown to be very efficient to determine the

dispersion properties of coupler parameters. The accu-

racy of this technique has been verified experimentally,

and the precision of the closed-form expressions has been

confirmed by comparison with results obtained by the

spectral domain technique.

REFERENCES

[1] T. Tanaka, K. Tsunoda, and M. Aikawa, “Slot-coupled directional

couplers on a both-sided substrate MIC and their applications,”
Electronics and Communications in Japan, pt. 2, vol. 72, no. 3, 1989.

[2] T. ltoh and R. Mittra, “Spectral domain approach for calculating the

dispersion characteristics of microstrip lines,” IEEE Trans. Mi-

crowaue Theory Tech., vol. 21, pp. 496–499, July 1973.

[3] M. Helard, J. Citerne, O. Picon, and V. Fouad Hanna, “Theoretical

and experimental investigation of finline discontinuities,” IEEE
Trans. Microwaue Theory Tech., vol. 33, pp. 994-1003, Oct. 1985.

[4] W. Hilberg, “From approximation to exact relations for characteris-
tic impedances,” IEEE Trans. Microwaue Theory Tech., vol. 17, pp.
259-262, May 1969.

Man.Fai Wong was born in Hong-Kong on De-

cember 17, 1965. He received the Engineering

diplome (“Diplome d’Ing6nieur”) degree in

electronics from “Ecoie Nation ale d’Electro-
nique, d’Electrotechnique, d’Informatique et
d’Hydraulique de Toulouse,” Toulouse, France
in 1990. Since then he has been with the Centre
National d’Etudes des’ T616communications in

the application of Electromagnetic in Mi-
crowaves Group where he is presently studying
toward the Ph.D. decree from Paris 7 Univer-

sity. His research deals with electromagne~ic theory and numerical

methods for solving field problems especially finite element method.

Victor Fouad Hanna (SM’87) was born in Cairo,
Egypt, on November 1, 1944. He received the

B. SC. degree (honors) in electronic engineering

from Cairo University, Cairo, Egypt in 1965, and
the M.%. degree in microwave engineering from

Alexandria University, Alexandria, Egypt in

1969. He received the D. SC. degree [Doctorat
&-Sciences Physiques (doctorat d’Etat)] from

“1’Institut National Polytechnique (1.N. P.),”

Toulouse, France in 1975.
He was a Research Assistant in the National

Research center, Cairo, and the Microwave Laboratory of the “1.N.P.,”
Toulouse, from 1965–1970 and 1970– 1975, respectively. From 1975–1979
he was a Researcher in the Electrical and Electronics Engineering
Laboratory, National Research Center, Cairo, engaged in research in
the field of microwave theory and techniques and microwave solid state

devices.
Since 1979, he has been with the Centre National d’Etudes des

T616communications, France where he is now responsible for the group
“Application of Electromagnetic Theory in Microwave and Millimeter

Circuits” in its Satellite Telecommunications Systems Division. His
current research interests deal with electromagnetic theory, numerical
methods for solving field problems, characterization of microstrip-like
transmission lines and millimeter-wave transmission lines.

Dr. Fouad Hanna has authored 90 technical papers. He has been the
Chairman of the MTT-S France chapter since its creation in 1988.



WONG et al.: ANALYSIS AND DESIGN OF SLOT-COUPLED DIRECTIONAL COUPLERS

Odile Picon was born in Paris, France, in 1951.
She received the “Aggregation of Physic” in 1976
and the D. SC. degree (Doctorat &-Sciences
Physiques) from University of Rennes in 1988.

Since 1982, she has been a Research Engi-

neer in the “Centre National d’Etudes des
T616communications.” Her research deals with

electromagnetic theory, particularly with discon-

tinuities on planar structures.

2129

Henri Bandrand (M’86–SM’90) was born in

France in 1939. He received the Diplolme
d’Ing6nieur degree in electronics and the 130c-
teur-&-Science degree in microwaves, both from

the lnstitut National Polytechnique of Toulonse,

France, in 1962 and 1966, respectively.

Since then he has been working on the model-

ing of active and passive microwave circuit de-

vices in the Electronics Laboratory of EN-

SEEIHT in Toulouse. Currently he is a Profas-

sor of Microwaves and is in charge of the l\li-

crowaves Research Group.

/

\


