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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. Firstly, 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

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 theoretical

and experimental results for thls coupler parameter is
presented.

II. QuUASI-STATIC ANALYSIS

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

‘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.c.,
enforcing Neuman boundary conditions). This assumption
can be easily verified for small gaps, however it is noticed
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that it leads to adequately accurate results for fairly large
ones.

It can be easily seen that 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
shielded microstrip line.

The even and odd-mode coupler impedances, Z,, and
Z,,, respectively, are calculated using conformal mapping
techniques to determine the coupler capacitance per unit
length for even and odd-modes. For each mode, the
overall capacitance per unit length, C,, can be considered
as the sum of the coupler capacitance per unit length, C,,
for the space bounded by the upper shielding and the
upper microstrip half plane which is filled by air and the
capacitance per unit length, C,, for the space bounded by
the upper microstrip and the common ground plane which
is filled by the dielectric. To obtain these capacitances for
the even mode, C,, and C,,, the sequence of conformal
transformations shown in Fig. 3 is utilized noticing that
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 ¢ plane. Hence the total
even-mode capacitance per unit length can be put in the
form

CTe = Cle + CZe (1)
C1e=2€oK(k2)/K,(k2) (2)
C26=2€oErK,(kl)/K(k1) (3)
where
k,=tanh(7wW /4h,) (4)
= Sil’lhz(’TTG/4h)
'V sinh® (7w G /4k) +cosh? (mW /4h) )

and where K(k) is the complete elliptic integral of the
first kind and K'(k)= K(k'), k' =V1—k?. Thus, the
relative effective dielectric constant and the characteristic
+ impedance for the coupler even mode can be given by

_ CTe

[ K(k) | K(ky) | [[K'(ky)  K(k)

‘(6’ K(ky) Kk )/( K(k,) +K'(k2)) ®-

_ L[ Kk K(k) ]
Zoe“6D7T(Eeffe? {K(kl) K/(kz)} (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 Hllberg [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 C,, and C,, are
obtained in a similar way to that utilized for obtaining
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Fig. 2. Coupler model for quasi-static analysis.
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Fig. 3. Conformal transformations for obtaining the total coupler
even-mode capacitance per unit length.

C,.. So we can write their values as follows:

Cr=C,+C,, (8)
Cro=2¢,K(ky)/K'(k,) %)
Cy,=2€,6,K(ks)/K'(ks3) (10)

where
ks = tanh (wW /4h) (11)
k,=tanh(7W /4h,). (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
coupler parameters.

expressions:
K(k;)

) K(k,)
€eff, (vfr K'(k3)

LAY/ O
K'(ky) )| \ K'(k3)

K'(ky)
(13)

K(ky) )

K(k;)
K'(k3)

K(ky) ™
+ K'(ky) } . (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.

Zoo = 6077(6eff0) B 1/2[

ITII. FurL 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 E, (x,y) and H_ (x,y) in
the two regions 1 and 2 are expanded in Fourier series
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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<gb/2.

The following expansions of E, (x,y) and H, (x,y) are
valid:

Ez,z(x’y): Z Ez,i(art’y)eja”x
= —0

[=4]

H, (x,y)= Y H.(a,y)e*"

n=—om

(15)

where «, =(2n —1)7w /b and quantities with the sign ~
designate the line amplitude (i.e., the nth term of the
Fourier series) associated with the space harmonic «,,.

The partial differential equations for the axial field
components E_ (x,y) and H, (x,y) are also Fourier
expanded with respect to x; ordinary differential equa-
tions are derived for the n th line amplitudes E,_ (x,y)
and H_ (x.y), respectively.

Extensive algebraic manipulations of problem boundary
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 coupling coefficient as a function of
the normalized strip width for the indicated coupler parameters.
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Fig. 7. Variation of the coupler even and odd-mode characteristic
impedances as a function of the normalized strip width for the indicated
coupler parameters: [1] (full line), conformal transformation analysis
(cross marker) and spectral domain analysis (square marker).
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matrix which takes the form:
J(a,, —h/2)
J(a,, —h/2)
E(a,,h/2)

Ez(an,h/Z)
hll hlZ h13 h14 E~.t(arz7 - h/2)
_ [P B ke B N E(a,, = h/2) (16)
hy, hy hy hy fx(an,h/z)
hyy hy ke hy J(a,,h/2)

The numerical part is started by applying Galerkin proce-
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
E(x,—h/2)= 3} aye, (x,—h/2)
p=1
0
E,(x,—h/2)= Y bee, (x,—h/2)
g=1

R
J(x,=h/2)= 3 ¢,jo(x,h/2)

r=1

N
I(x,=h/2)= Y dgj.(x.h/2).

s=1

(17)

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 a,,
b,, ¢, and d,, is obtained.

Nontrivial solutions of this set of equations occur for
zero values of its matrix determinant. The real roots (G.e.,
B?>0) determine the propagating eigenmodes, whereas
the imaginary roots (i.e., 8% <0) 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/I? (18)

with

I
fS(EAH*)dS=5/S(EXH;<—EyH;*‘)dS (19)

= 2;,112,,(x)dx. (20)
"2

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 €, = 2.22 and €, = 10.5.

nearly coincide with those obtained by our quasi-static
analysis and have a deviation of less than 5% from those
given in [1].

IV. CouprLER DESIGN

The common formulas for designing quarter wave-
length coupler using symmetric lines are used:

Z.,—Z :
de=_2010g(ﬁ—zﬁ) Zo: ZceZco

=7 /(B,+B,)- (21)

The modal impedances Z,,,Z., and modal phase con-
stants B,, B, of the fundamental mode are determined by
the spectral domain analysis. The basis functions corre-
sponding to the even fundamental mode are

-1/2
] Ixl<G /2,

e.(x,~h/2)=2x/G[1-(2x/G)’
0 elsewhere
e.(x,—h/2)=1-(2x/ G)? Ix1<G /2,

0 elsewhere

Gk =20 /W 1=@x /WY Jxl<W /2,

0 elsewhere

J.(x k2 =1/1-(2x /W)’ x| <W /2,

0 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 e, = 2.22 and €, = 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 ¢, =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 /A for different G / W ratios at a
frequency of 10 GHz for two types of substrate whose
thickness and relative dielectric constant are either /=
0.635 mm and €, = 10.5 or &= 0.254 mm and €, = 2.22.
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V. EXPERIMENTAL RESULTS

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

Z.,=6940,7.,=36Q,2Z,-50Q,
e, =105, W=1.087 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. CoONCLUSION

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-
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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.
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