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The Design of Directional Couplers Using
Exponential Lines in Inhomogeneous Media

M. I. SOBHY, MEMBER, IEEE, AND E. A. HOSNY

AMract —Coupled exponential transmission lines in inhomogeneous
media are analyzed and an accurate solution is obtained. The solution is

used to design microwave directional couplers. The designed couplers have

much improved coupting characteristics compared with couplers using

uniform lines. Practical measurements show very good agreement with

theoretical results.

I. INTRODUCTION

h[

ONUNIFORM transmission lines (NUL) have been

analyzed and their applications reported by a number

of authors [1 ]–[ 10]. An exact analysis is only possible for a

few cases, for example, exponential and Bessel transrnis-

siou lines [6]. Coupled nonuniform transmission lines

(CNUTL) offer additional design parameters that could be

adjusted to achieve the desired performance. When used as

directional couplers CNUTL offer much wider bandwidths

than can be obtained by coupler uniform transmission

lines (CUTL). The solutions of CNUTL reported so far do

not apply to microstrip networks where the medium is

inhomogeneous and the modes-of propagation have differ-

ent phase velocities. In this paper a solution for the modes

of propagation of coupled exponential transmission lines

(CETL) in inhomogeneous media is derived and the design

of clirectional couplers using these lines is described. Mea-

sured results on an implemented circuit are reported.

II. THE ANALYSIS OF CETL IN INHOMOGENEOUS

MEDIA

Consider the CETL as illustrated in Fig. l(a). The first-

order differential equations representing CETL are

av_._Lfi
ax at

(la)

ili ._ci&

ax at
(lb)

where

VI and il the instantaneous voltage and current on

line I at x, respectively,
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VII and ill the instantaneous voltage

line II at x, respectively,

[

~= L,,(x) L,*(X)

L21(X) L22(X) 1

[

~= C,I(x) C,*(X)

C2,(X) C**(X) I

and current on

in which L, C are the inductance and capacitance (per unit

length) matrices, both are positive definite. The diagonal

elements in L and C represent the self inductances and

capacitances and the off-diagonal elements represent the

mutual inductances and capacitances. For two identical

coupled lines the two diagonal elements are equal and the

two off-diagonal elements are also equal.

Due to the reflection symmetry, the behavior of CETL

can be completely described by the superposition of the

two fundamental even and odd modes as shown in Fig.

l(b). Throughout this paper, subscripts e and o, refer to the

even and odd modes, respectively.

The voltages o=,~ and currents i,, ~ of the even and odd

modes are related to the total voltages and currents on the

lines by

?)
e, 0 ‘H%*%) (2a)

and

ie ~=~(ilti ill). (2b)

The differential equations relating v,, ~ and ie, ~ are then

obtained from (1) and (2) and are given by

where

(3a)

(3b)

L,, O(X)= L1l(X)*LIZ(X)

C=,O(X)= C1,(X)*C,2(X)

the plus and minus signs are for the even and odd modes,

respectively.

For a CETL the inductances L,.(x) and capacitances

C,, .(x) vary with distance x according to

Le, O(x) =Le, Oeae,Ox

CJx)=Ce,Oe-”e,Ox.
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Fig. 1(a). A microstrip CETL. (b) Excitation of the fundamental modes

by means of constant voltage generators; (i) even mode, (ii) odd mode.

The constants ae and aO depend on the exponential varia-

tion of the width of the lines and the gap between them

and are related by conditions of physical realizability as

discussed later.

The steady-state solutions for the sinusoidal excitation

e–~’”t will be similar to that of single ETL for each mode

Ve,o(x) =VL,loe
a,,0X/2e —J/3,%0X + v— ea,,~x/2eJb,,.x

le,lo (4)

I,, O(X)=
v~ ,0 m,loeL%OX/2e-J&OX —

Ze, o(x) Z:, o(x)

~%ox/zeJ&,ox

(5)

where

be,o=/Pie,.e–(se,./2)2
even (odd) phase constant,

Boe,00 G=uLC even (odd) phase constant

of the corresponding

CUTL,

Zg, ~(x)= ZO=,~Oea’”x even (odd) characteristic

impedance at x,

r

L
Z = ~ e-Je’O

oe, 00
even (odd) characteristic

e,o impedance at x = O,
=tan-i(– a,, ./2P,, 0),

$e,0

The voltage and current on each line are given by

V1,ll = v, ~ V.

III. COUPLED EXPONENTIAL TRANSMISSION LINE

DIRECTIONAL COUPLERS

The behavior of a coupler is best described by the use of

the scattering parameters.

The four-port scattering matrix can be written in the

form

s=

Due to the symme

S,l s,’ S,3 S,4

s S22 S23 S2421

s S32 S33 S3431

s S42 S43 Su41

r of the CETL, we have

(6)

s,, = S22 s,, = S*2 S3,= S24 S41= S32

and

s~~ = s~~ S,3 = S24 S23= s14 S43= S34.

The independent scattering parameters are chosen to be

S1l, S21, S31, S41, S,~, S23, S33, and Si3. Each line of the

CETL can be treated, for each mode of excitation, as a

two-port network for which all the equations of the single

ETL are valid. Using the superposition principle, the

scattering parameters S] ~, S21, S3,, and SA1, normalized to
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the impedance ZO, are” found to be

s
11

‘“2’ = z l+zo/zoe

(i – ZO/ZOe)eJ2Be’ + P2.(1 + Z./-Z}e)

(e~’~,’-p,ep2e)

1 1

‘z l+zo/zoo

(1- Zo/Zoo)e’26J + P20(1+ %/%.) ~7~

(em I
0 – P1OP2O )

s
1/2

41,31= 1+ zo/zoe

(1 +p2,)eJWe%~/2

“ (e]2p’’-~1ep10)

+ 1/2

1+ zo/zoo

(1+ p20)eJpJeaJ/2

“ (e,2B 10 – PIOP20)

(8)

where

‘O/z;e, OO – 1
Pl,,lo= zo/zoe, oo+l

and

zoe–ae.o[/z– 1

P2e320= z e_U,,O[ z~’””
0 / O.,OO+l “

The remaining scattering coefficients S~q,4~and S13,23are

obtained from (7) and (8), respectively, by changing only

the sign of the taper rates a.,. for each mode.

Throughout the previous analysis we assumed two inde-

pendent taper rates for the even and odd impedances. It

should be noted that physical realizability requires that [9]

ze(~)~zo(.x)> O<x<le

Also for optimum coupling the condition ZOgZOO= Z:

becomes

ZOee”exZOOeaoX= Z:. (9)

Equation (9) is satisfied by choosing aO= – a, = a and

ZO.ZOO = Z;, where ZO is the characteristic impedance of

the system or the terminating impedance at each port of

the coupler. The even and odd mode impedances at any

point x, measured from the tight coupling end, is then

given by

ZO=(X) = ZOce-”x (lOa)

Z2
ZOO(x) =#-e”x. (lOb)

oe

When ZO is determined, the design parameters then be-

come ZO,, a and the length 1 of the coupler.

The closed-form solutions of the scattering parameters of

the following special cases can be obtained from (7) and (8)

as follows:

1) for a CETL directional coupler in a homogeneous

medium [9], we have ~,= PO;

2) for a CUTL directional coupler in an inhomoge-

neous medium [11] we have ae = aO = O; and

3) for a CUTL directional coupler in a homogeneous

medium, we have ~= = POand a, = aO = O.

IV. MICROSTRIP EXPONENTIAL COUPLER

A computer program for the analysis and optimization

of these circuits has been developed. The program was

used to optimize a directional coupler with a coupling

coefficient of 10.530.5 dB and with an operational band

centered around 3 GHz.

The following are two ways of using the coupler.

a) With the source placed at the loose coupling side. In

Fig. 2 the values of ZO,, ae, o,, ZOO, aO, 00, and 1 are given

and the computed curves of the scattering parameters in

decibels are also shown. The variation of S~dis within 3 dB

of the desired coupling coefficient in the frequency range

1-7.5 GHz.

b) With the source placed at the tight coupling side. Fig.

3 shows that the reflection coefficient is improved while the

coupling and isolation are still approximately as in case 1)

above. The variation of S21 is within 3 dB of the desired

coupling coefficient in the frequency range 1– 10 GHz.

The values of the odd and even characteristic imped-

ances and the taper rates are suitable for rnicrostrip appli-

cation. It should be noted from Figs. 2 and 3 that the

couplings S21 and S~4 have much flatter frequency char-

acteristics compared with what is achieved using uniform

lines. However, the directivity of the coupler deteriorates at

@gh frequencies due to the rise in S2d and S~,. This is an

inherent characteristic of couplers in inhomogeneous media

when the phase velocities are not equal.

The practical microstrip circuit was built on a 1X 1-in

alumina substrate (c, =9.7, h =0.635 mm). The relation

between the physical dimensions of the microstrip coupler

and the even and odd mode exponential characteristic

impedances is not available. As an approximation, the

equations of the uniform coupled lines are assumed to be

valid at each point x along the lines. The configuration of

the microstrip circuit is obtained by the following steps.

1) The length 1 is divided into a reasonable number of

equal intervals and the values of ZO,(X ) and ZOO(X) are

calculated at each value of x as given in Table I and Fig. 4.

2) The corresponding values of w ands are obtained.

3) The final shape of the microstrip coupler is obtained

by constructing points according to the values of x, w, and

s and connecting these points by smooth curves.

The mask and the designed microstrip coupler are shown

in Fig. 5. The computed and measured scattering parame-
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Fig. 2. The scattering parameters S,4, S24, S34, and Sa of a CETL directional coupler inaninhomogeneous medium.
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Fig. 3. The scattering parameters S1,, S21, S3,, and S41 of a CETL directional coupler in an inhomogeneous medium.

TABLE I

X/t 0.0 0.1 0.2 0.3 0.4 0,5 0,6 0.7 0.8 0.9 t

Zoe[x)n 84.10 80.00 78.1 72.39 68.86 65.5 62.31 59.27 56.38 53.63 51.01

200[. )0. 29.73 31.25 32.85 34.54 36.31 38.17 40.13 42.18 4’4.35 46.62 49.01

wfh 0.65 5 0.725 0.78 0.835 0.865 0.92 0.99 0,995 1.01 ?.04 7.055

s/h 0.06 5 0.09 0.135 0.195 0.26 0.4 0.58 0.85 1.27 2.15 5.0

W[ml 0.4? 6 0.46 0.495 0.530 0.562 0.584 0.629 0.032 0.641 0.66 0.67

$[mml 0.04 ? 0.057 0.066 0.124 0.178 0.254 0.368 0.54 0.607 1.365 3.175

.,.10-9
~,, 0.17 4 0.113 0.113 0.133 0.?13 0.113 0.114 0.114 0.114 0.115 0.118

VOX10-9~,* 0.13 1 0.13 0.131 0.131 0.13 0.129 0.128 0.127 0.?24 0.123 0.12
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Fig. 4. The microstrip circuit of the designed coupler.

75

Fig. 5. Mask and photograph of the designed coupler.

ters are shown in Figs. 2 and 3. Very good agreement

between theoretical and measured values was obtained.

The range of frequencies AF in which the coupler could

be a~pplied is marked in both Fig. 2 and Fig. 3, At high

frequencies the directivity of the coupler deteriorates due

to the rise in Su and S3, which is caused by the unequal

phase velocities v= and VO. /

V. CONCLUSION

The solution derived for the ,characterization of C!ETL in

inlmmogeneous media ‘@es accurate design parameters for

microwave couplers. Microstrip couplers using CETL have

a much flatter frequency response than those using uni-

form lines. Due to unequal phase velocities, the directivity

of the coupler deteriorates at high frequencies. If methods

of equalizing the mode velocities are employed, then cou-

plers with flat characteristics and good directivities over

several octaves could be designed.
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Suspended Broadside-Coupled Slot Line with
Overlay

RAINEE NAVIN SIMONS, MEMBER, IEEE

Abstract —This paper presents a rigorous analysis of symmetric, broad-

side-coupled slot line with overlay. The structure is assumed to be sus-

pended inside a conducting enclosure of arbitrary dimensions. The dielec-

tric substrate and the overlay are assumed to be isotropic and homogeneous

and are of arbitrary thickness and relative permittivity. The conducting

enclosure and the zero thickness metaffization on the substrate are as-

sumed to have infinite conductivity. The computed results illustrate a) the

ttkfrcrsion characteristics and characteristic impedance of the coupled slot

line structure, b) the variation of the even-mode and also the odd-mode

relative wavelength ratio and characteristic impedance with slot width, and

c) the effect of shielding on the even-mode and also the odd-mode

dispersion and characteristic impedance. Tfris structure should find applica-

Manuscnpt received May 27, 1981; revised August 10, 1981.
The author is with the Center for Applied Research in Electronics,

Indian Institute of Technology Delhi, Hauz Khas, New Delhi-11006,

India.

tion in the design and fabrication of MIC components such as magic-T’s

and directional couplers.

I. INTRODUCTION

T HE PARALLEL-COUPLED slot line on a dielectric

substrate is ideally suited for microwave integrated

circuit components such as Magic-T’s [1] and directional

couplers [2], [3]. Recently, parallel-coupled slot line on

double layer dielectric substrate and parallel-coupled slot

line sandwiched between two dielectric substrates have

been reported [4].

The paper presents an analysis of symmetric, broadside-

coupled slot line with overlay and suspended inside a

conducting enclosure of arbitrary dimensions. The dielec-

tric substrate and the overlay are assumed to be isotropic
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