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where A,, and A4, are real quantities. After some transformations,
we have from (12) and (23) the following two equations
ﬂm/jnflmfln + ]\'3 =0 (36)
/3727'1 - /33 + 2”#”(/371 —4n - ljmflm) = 0 )
These relations show the correlations between the polarization pa-
rameters and the propagation constants of two propagating modes.

IV. CONCLUSION

In this paper we have obtained two types of mode orthogonality
in chirowaveguides. The first one is based on the vector equation
of the eigenfunction problem. The vector formulated orthogonality
(so-called power orthogonality) is a general form of orthogonality.

The second type of mode orthogonality is derived on the basis of
scalar equations. We have obtained the scalar formulated orthogo-
nality relations for two parallel-plate isotropic chirowaveguides. It
is evident that this type of orthogonality differs from the vector
formulated orthogonality for the same structure of chirowaveguide.

In this paper we have given special attention to a problem of
complex modes in chirowaveguides. Active power flow in a wave-
guide may take place by combination of two complex modes of the
spectrum. We have obtained the correlation between field compo-
nents of two complex modes that transfer active power flow. The
polarization of complex modes in chirowaveguides is different from
the polarization of propagating and evanescent modes. According to
our analysis, one can correlate the polarization parameters of modes
with their propagation constants.
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Development of Semi-Empirical Design Equations
for Symmetrical Three-Line Microstrip Couplers

Lukang Yu and Banmali Rawat

Abstract—Semi-empirical design equations for symmetrical three-line
microstrip couplers (TMC’s) have been developed. The approach is
based on dividing the total capacitance of the system into various basic
capacitances, which are then calculated empirically and semi-numerically.
The numerical results based on these design equations have been found
in good agreement with the previously obtained results.

I. INTRODUCTION

Symmetrical TMC’s have been investigated by many authors
[1]-[6]. The quasi-static characteristics of these couplers can be
completely determined from the capacitance matrix of the structure.
For design purposes, a table or a graph for many sets of line
parameters has to be prepared. Various methods for calculating
the static capacitances inevitably involve time-consuming numerical
procedures. This paper intends to derive closed-form expressions for
the characteristics of symmetrical TMC’s. The approach is based
on the division of the total capacitance of the structure into various
basic capacitances. These basic capacitances can then be calculated
empirically and semi-numerically.

II. DiviSION OF THE TOTAL CAPACITANCE

The division of the total capacitance of a symmetrical TMC into
parallel-plate, fringe, and gap capacitances is shown in Fig. 1. The
three propagation modes of the coupler are designated as A-, B-, and
C-modes, which correspond to ee-, oo-, and oe-modes, respectively,
in [6]. Due to the symmetrical configuration, the vertical centerline of
the cross section is replaced by a magnetic wall for 4- and B-modes,
or an electric wall for C-mode. Using Fig. 1(a), the effective dielectric
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Fig. 1. (a) Static capacitances for A- and B-mode and (b) static capacitances
for C'-mode. :

Les

-

(@)

R
L

(b

Fig. 2. (a) Symmetrical coupled microstrips with ground cover. (b) Sym-
metrical coupled striplines.
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constants and characteristic impedances of A- and B-modes can be
calculated from the self and mutual capacitances and inductances of
two asymmetric lines as [7]

fAB = 21’5[[111011 + LypCag — 2L15C 5 £ S}_l Y]

vo Ly
VA = Ly — 2
A1.B1 =5 { 11 RA.B:' 2)
~R4R
Zas By = #ZALAQ (3)

(L11Chy — LagCas) £ %
R = 4
4B 2(L12C11 — L22Cha) @

and as in (5), shown at the bottom of the page, and v¢ is the velccity
of light in free space.

The self and mutual capacitances C11, Caz, and Cy2 may be writien
in terms of the parallel-plate, fringe, and gap capacitances, using Fig.

1(a) as follows:

Cll = C’pl + Cfl -+ C}l + qul + an (6)
Caz = 0.5C)p0 + Cha + Cya + Cya (7)
C]? = ng + Cgu (8)

where C)1 is the parallel plate capacitance between side strip (W7)
and the ground plane; C'y; is the outside fringe capacitance between
side strip (W) and the ground plane; C%, is the inside fringe
capacitance between side strip (W1 ) and the ground plane; Cyy4 is the
gap capacitance through dielectric between the side strip (W) and
center strip (W2 ); C'y, is the gap capacitance through air between the
side strip (W1) and center strip (12): C}Q is the fringe capacitance
between center strip (W>) and the ground plane; and Cjp is the
parallel plate capacitance between the center strip (W>) and the
ground plane.

The self and mutual inductances L1, Lgy. and L2 are determined
using [L] = [C“) ! /vd where C’s are self and mutual capacitances
when the dielectric is replaced by air. The characteristics of C-mode
are given as

_Ce
e

Ze =

&)

o
1
vo+/Ce Cg

where C& is the C-mode capacitance with air as dielectric, and using
Fig. 1(b)

(10)

Co = Cp1 + 1+ Cpy 4+ 2(Coq + Cha) (11)

where Cyp1. Cy1. and C are the capacitances as defined before but
for C-mode. C’;d and ('), are the capacitances between the side strips
through dielectric and air, respectively.

HI. CALCULATION OF BASIC CAPACITANCES
The basic capacitances are calculated by using the expressions
derived for single and coupled microstrips. The parallel-plate capac-
itances are given by
I/V,j
h

while the outside fringe capacitances are calculated from the total
capacitance of the single microstrip as

Cpi = £0&r

1=1,2 (12)

ri = 0.5 - - Cyi =1, 3
Cy OO('HoZom; @ ) i1=1.2 (13)
where from [8]
601n [8h/W; + W, /4h].
P Wi/h <1
i = 120m/[Wi/h + 1.393 4 0.6771n (W, /h + 1.444))]
W,/h>1
(14)

and as in (15), shown at the bottom of the next page.
The expressions for remaining capacitances are given by [9]

C/fz :Cu“sz_Cﬁ 1 =1,2 (16)
Cya + Cga =0.5¢/[(Cor = Ce1 )(Coz — Cen)] (17
Cya + Cga =0.5(C; — C) (18)

T = V[4(L12C11 — L1 Cr2)(L12C2s — Lo Cha) + (L1 Chy — Loy Chy)?] (5)
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Fig. 3. Variation of critical heights ratio with dielectric constant.

where C.,., represents the even- or odd-mode capacitance of two
symmetrical microstrips with strip width 8", (i = 1,2) and spacing
S. Ci, represents the even- or odd-mode capacitance of two
symmetrical microstrips with strip width ¥¥7 and spacing 25. It is to
be noted that (C;d + C;a) accounts for the total capacitance between
two symmetrical side microstrips for C-mode with spacing 25. In
this case, the width of the center line is excluded from the spacing
between the side lines due to the electric wall. This may introduce
negligible error as the strip width is very small and the electric field
lines terminate on the edges of the strip.

IV. EVEN- AND ODD-MODE
CAPACITANCES OF COUPLED MICROSTRIPS

For more practical analysis, the coupled microstrip geometry with
the ground cover as shown in Fig. 2(a) has been considered. The
introduction of ground cover by no means affects the configurations

140
z
A2
130 p ____ Method of Moments (N=16)
Q - Design Equations (h1/h=3.25)
S/h=0.6
120
110 P
100 p
FE-‘ 90 P
L
&
8
e 80 F
]
T
[
Q.
g 70 t
60 F
50 F
40 p
30 p
20 i '] 1. i A '] L A 'l
0 0.2 0.4 06 0.8 1

Whh

Fig. 4. Comparison of mode impedances for design equations (- = 9.8).

even- and odd-mode capacitances may be written as

Ceron = Clior + Clron (19)
where C?, ,, represents the even- or odd-mode capacitance in the
air region. It is taken as half the total-mode capacitance of the
corresponding coupled striplines with the same values of S and
W, as for the shielded microstrips and with the dielectric thickness
being 2h; and containing air as dielectric, as shown in Fig. 2(b).
C’fo‘w represents the even- or odd-mode capacitance in the diclectric
region. It is calculated as in the case of C'¢, ,; but with the dielectric
thickness of the corresponding striplines being 2h and containing a
dielectric material. These mode capacitances of the coupled striplines
are calculated by conformal mapping as

discussed in previous sections as the ground cover height is more Kk )
than the critical value to have any impact on ficld analysis. The total Cf{fiz = 2z9c% d%{% (20)
capacitance is broken up into air and dielectric capacitances. The total K (ko)
_ [05(s + 1) +0.5(s = 1)(1+ 12h/W,)"Y2 £0.04(1 — W, /h)?, W./h <1 (15)
o 0.5(cr + 1) + 0.5(cr — 1)(1 + 12r/W,)" /2,

M’Vz/h Z 1
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TABLE 1
COMPARISON OF MODE IMPEDANCES FOR & = 9 8
Design Equations (hyh=3.25) The Method of Moments (N=16)

Wh | Sh | Za1 | Zao | ZR1 | Zro | Zo | Za1 | Zap | Zm1 | Zo | Z¢

038 04 |7022|8015| 3203|3656 476117088 | 8056|3052 | 3569 | 46.26
0614 | 0.309 | 82.41 | 98.78 | 3142 | 3766 | 49.86 | 83.28 | 99.78 | 30.04 | 3599 | 4959

0.5 02 ]19345] 1219|2760 3601|4779 ] 9544 | 123.0 | 2660 | 3528 | 4054

04 | 015 | 1034 | 147.7 ] 2523 | 36.03 | 4847 | 1079 [ 147.1 | 25.06 | 35.18 | 50.35

where K(k"" ) and K’(lf:,‘fi,,) are the elliptical function and its  The mode impedances for S/h = 0.6.s, = 9.8 and various 1¥'/h

complement with

i
tanl
wl ( (—lh“ 7

tanh ——-———‘ﬂ(”v' +5)
4had

ad for odd-mode
ko = conl il tal (01, + §) . 21
s 1 —_— g [
ai Shad anh T
for even-mode
In the above equations, n* = hi.h? = h.2% = 1.e? = =, and
i = 1.2.

Similarly, € and ) as given in (18) for (~mode are determined
by using the corresponding coupled stripline structures and are given
as

Cl,=Cl+C 22)
where C'ff'u"[ 1s calculated using (20), but I\:"U‘" with being
' il g (1 +25)
lelh (m)/tdnh (“1_];:7_
Jad __ for odd-mmode
ko= i rr 429y 0 Y
tanh | —= | tanh { —n""
_1hu.v] -UI”"[

for even-mode

Accurate and simple expressions for the ratio A (k)/L" (L) are

available and given below for 2 = 1 — 12
] Iy (plhvE for 05 < k> < 1
Btk _ )= -k (24)
Rk rr/ln (33i~\/i_> for 0 < k2 < 0.5
1— V&

V. NUMERICAL RESULTS AND DISCUSSION

In order to apply the design equations for the cases of three coupled
microstrips, the critical heights ratio &1 /1 is used. The critical height
he1 is the lower bound of the ground cover height. necessary to
obtain sufficiently accurate results. It is calculated by comparing the
results of the mode impedances of three coupled mucrostrips to those
obtained in [6] and defining hic /1 as that ratio for which the two
results are in agreement to within 5% h.;/h as a function of the
substrate dielectric constant is shown in Fig. 3.

The calculated mode impedances for £, = 9.8 are compared with
the results obtained by using the method of moments [6]. as shown
in Table I, with N as the number of substrips. The values of mode
impedances obtained by using the design equations have an error less
than 5% for the parameters lymng in the range £, > 1.0.1 < 117, /h <
1 and 0.1 < §/h < 1. The programs were run on a 386 IBM-PC.
The computational time for obtaining these values 1s less than one
second as compared to 10 min when the method of moments 15 used.

ratios are plotted in Fig. 4.

VI. CONCLUSION

The derivation of semi-empirical design equations facilitates the
design of symmetrical TMC’s in terms of the faster generation of
design curves with error Jess than the fabrication tolerance. If =, , and
h.q are substituted for =, and /. the characteristics of anisotropic
TMC's are calculated. It should be pointed that in these design
equations, the finite strip-thickness has not been considered.
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