386

strates a) are accurate to within == 8 percent, b) are simple to
apply, ¢) are not wasteful of material, and d) can determine the
permittivity associated with a specific section of microstrip.
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Empirical Relations for Capacitive and Inductive
Coupling Coefficients of Coupled Microstrip Lines

S. KAL, D. BHATTACHARYA, anp N. B. CHAKRABORTI

Abstract— Empirical relations for inductive and capacitive coupling
coefficients are proposed. The functional relationships are based on the
physical mechanism of coupling in microstrip lines. Values of coupling
coefficients computed from even- and odd-mode impedances and phase
velocities, available in the literature, are compared with those computed
from the proposed relations. Microstrip couplers have been designed on the
basis of coupling coefficients to meet the desired coupling and isolation.

I. INTRODUCTION

Microstrip coupled lines are conventionally characterized by
their even- and odd-mode characteristic impedances and phase
constants [1]-[3]. These may be computed from a knowledge of
the even- and odd-mode capacitances [2], [4]. However, there are
no simple relations available for finding the parameters involved
in the design. An alternative approach to design may be for-
mulated making use of the knowledge of the capacitive and
inductive coupling coefficients in coupled lines [5], [6]. Unfor-
tunately, here again straightforward formulas are not available.

This paper aims at finding simple empirical relations describ-
ing the variation of both capacitive and inductive coupling coeffi-
cients with physical dimensions of the lines and material parame-
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Fig. 1. (a) Schematic diagram of a microstnip coupler. (b) Electric field
distribution 1n even- and odd-mode excitation of the microstrip coupled
lines

ters of the substrates. The relations permit ready application in
design of coupled systems realized on dielectric or ferrimagnetic
substrates. These should be particularly useful in the optimization
process in CAD because of the simple mathematical forms.

II. FORMULATION OF THE EMPIRICAL RELATIONS

A schematic diagram of a coupled line on a substrate char-
acterized by relative permittivity €, and relative permeability p, is
shown in Fig. 1(a). The coupling is basically through fringe fields.
The extent of the fringe ficld determines the electric and mag-
netic coupling coefficients. The field solution of this type of
structure outside the region bounded by the top electrode exhibits
an exponentially decaying character [7]. The coupling coefficients
are thus expected to vary exponentially with the characteristic
dimensional ratio (S/H). The results given in Milligan [8] of
variation of mutual and self-capacitances can be used to show
that their ratio varies exponentially with W/H and S/H. It is
also noticed that the variation of capacitive coupling coefficient
ko with §/H is faster than with W/ H. The results of Bryant and
Weiss [2] indicate that for low values of dielectric constant the
variation of coupling with e, is rapid while it is rather slow for
high values of ¢,. Characteristic impedances and phase velocities
in even and odd modes may be found from a knowledge of even-
and odd-mode capacitances and inductances; the inductance is
computed from the capacitance of a medium with a relative
dielectric constant of unity [4]. This suggests that inductive
coupling coefficient k; should be independent of ¢, and should
depend on p,. Incorporating the above ideas the empirical rela-
tions for the coupling cocfficients & and k; may now be written
as

ke=0.55exp[—(4,S/H+B,W/H)] (1)
k;=0.55exp[—(A4,S/H+B,W/H)]. )

Ay, B, are functions of ¢, and 4,, B, are functions of u,: -

1. (€+1 1
Al(Er):1+Zln( ) ) B](Er):ﬁ £r+1

TR Y % 1

0018-9480 /81 /0400-0386$00.75 ©1981 IEEE
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TABLE 1

COMPARISON OF THE VALUES OF k- AND k; OBTAINED FROM
EMPIRICAL RELATIONS WITH THOSE COMPUTED USING (4) AND (5)
FROM THE RESULTS IN REFERENCES CITED

TABLE II

PERFORMANCE OF TEST COUPLERS AT THE CENTER FREQUENCY

CASE

W/H:0836

A

Alumina substrate (€,+9 6)

S/H=0402

CASE B
Yi6{Trans Tech G113)
substrate (g,=154)

W/H=0714 S/H=0620
ur =0387 at Hy=2000Gauss

387

Relative Computed using Computed using Results
Permittivity of empiricol relations relations (4) & from the
the substrate W/H | S/H (1) & (2) (s} references
(€p)
ke ke ke ky
00 02 02 0386 0437 0386 | 0448
*00 04 |02 |0363 | 0425 | 0367 |0.443
100 08 02 | 0317 0402 0313 [0409 21
100 10 02 | 0.296 0 381 0.288 | 0392
100 15 02 | 0251 0 364 02408 |0 355
100 20 02 0213 0339 0206 {0325
4 4 04 02 0348 0 425 03598 | 0440
®¥14 4 06 0.4 0238 0338 0252 {0.348
%4 09 [02 [o286 |03s8 | 0303 [osos | %7
a4 IR 08 | 0107 02n 0103 |02
160 01 02 {0388 0444 0370 {0426
160 02 02 0373 0.437 0381 [0447
160 04 06 0186 0284 0188 [0 280 £93
#x16 0 06 04 0233 0338 0236 | 0334
160 1.0 06 {0145 0262 0141 (0252
104 0368( 0120 | 0408 0463 0366 (0474 £31
10.4 0785| 0304 0272 0363 0233 |0376
2 54 228 | 005 | 0337 0 380 0303 0375 €11
*, 8% Values of k. and k, for same dimensional ratio but
different e, are compared

The numerical coefficients have been chosen such that the result-
ing values of k. and k, agree with those computed from the
even- and odd-mode characteristic impedances (z,, and z,,) and
phase velocities (8,, and B,,) quoted by other authors. Values of
ko and k; can be obtained using relations (22) and (28) of
reference [5] and are given by ‘

k.= zOeﬂOo_-ZOoBOe
¢ 25eBoo 200 Boe

ko= zOeBOe_ZOOBOO
t ZOeﬁOe +ZOoBOo

For dielectric substrates g, is unity but for magnetic substrates g,
changes with magnetic field and the variation of k; with applied
magnetic field can be computed using (2) and (3).

(4)

)

III. NUMERICAL RESULTS AND ILLUSTRATIVE DESIGN

Table I presents the values of k. and k; computed using (4)
and (5) along with those obtained using empirical relations (1)
and (2). An asterisk in the Table I is intended to compare the k.
and k, values for the same dimensional ratio but different ¢,. It
may be noted that &k, remains substantially constant with varia-
tion of €, while k. changes with ¢,. The empirical relations (1)
and (2) are found to be in good agreement (within 5 percent) with
available results for S/H>>0.05 and W/H=0.1 except for the k.
values of last three entries. Unfortunately, for small values of
W/H and S/H, results of even- and odd-mode phase velocities
are not available and therefore no comparison can be made. The
value of coupling corresponding to S/H=0.05 and W/H=0.1 is
0.534 for alumina substrate (¢, =9.6). For tighter coupling (S/H
<0.05) accuracy may degrade as then the assumption of ex-
ponential variation may not be valid.

A. Illustrative Design

Two designs of microstrip coupler realized on a dielectric and a
YIG substrate are discussed in this subsection to illustrate the use

Design| More nuc.i Experimental value Design Experimental
valve |theoretical volue value
value

Coupling ’
n dB 1 1098 1030 13 13 30
isolation
n dB 23 2370 2350 20 23 50
VSWR - - 105 - 1.56

’Exvuulms vsed are  equations {36}-(38) of referance [61]

=]

N
(=1

B \_____
2 T
sl T 7
Z
5
a
5
8 0 I 1 l 1
2 3 4L 5 [ 7
FREQUENCY (GHz)
—— THEORETICAL ---- EXPERIMENTAL

Fig. 2. Measured performance of a test microstrip coupler on alumina sub-
strate (¢, =9.6). The solid and dotted lines indicate theoretical and experi-
mental values, respectively.

of the empirical relations (1) and (2). The performance of a
microstrip coupler expressed in terms of coupling, directivity, and
VSWR are related to k., k,;, and 6, (electrical length of the
coupled region at center frequency) through the relations given in
equations (44)—(46) of reference [6].

1) Case A: For a 25-mil thickness alumina substrate (¢, =9.6),
the values of k. and k, needed for a 11-dB coupler with 23-dB
isolation at a center frequency of 5.5 GHz are 0.237 and 0.327,
respectively. Using the empirical relations (1)-(3), the values for
W/H and S/H are found to be 0.836 and 0.402, respectively.
The W/H ratio of the uncoupled region corresponds to char-
acteristic impedance of 50 . It is observed that the value of
characteristic impedance of the coupled region calculated by
using the approximate formula Z, =,/Zo,zo, is about 52 &. The
experimentally observed VSWR is found to be less than 1.3 over
the frequency range 2—-7 GHz. The coupling, isolation, etc., are
compared in Table II with the experimentally obtained data at
the center frequency.

2) Case B: For a 25-mil thickness YIG (Trans Tech G113)
substrate (e, =15.4, saturation magnetization=1780 G), the val-
ues of k- and k, needed for a 13-dB coupler with 20-dB isolation
at a center frequency of 7.0 GHz are 0.160 and 0.288, respec-
tively. The center frequency has been chosen to be well above f,,
[11] which is about 5 GHz for YIG (G113) substrate. The relative
permeability (p,) is taken to be effective permeability (o) for
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Fig 3. Measured performance of a test microstrip coupler on YIG (Trans
Tech. G113) substrate (¢, = 15.4; saturation magnetization= 1780 G; applied
magnetic field =2000 G). The solid and dotted lines indicate theoretical and
experimental values, respectively.

magnetization above saturation [1]. As an illustrative case, the

magnetic field is chosen to be 2000 G applied transversely to the

plane of microstrip lines and for this value of the applied mag-

netic field p g of this substrate at 7 GHz is found to be 0.387 [1],

[10]. The values of W/H and S/ H for above specifications of the

coupler are found to be 0.714 and 0.620, respectively. The experi-

mentally observed values at the centre frequency are compared

with the specified values in Table IL
Figs. 2 and 3 give the variations of coupling, isolation, and

VSWR of these two couplers over the frequency ranges of investi-

gation and indicate close agreement with design values. The small

deviation may be due to etching errors during fabrication of the
devices using thin film technique. The empirical relations given

here for capacitive and inductive coupling coefficients provide a

simple method of designing a microstrip coupler on a dielectric
or ferrimagnetic substrate.
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