IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 9, SEPTEMBER 1993

1489

Analysis of Bilateral Coplanar Waveguides
Printed on Anisotropic Substrates
for Use in Monolithic MICs

Yinchao Chen and Benjamin Beker, Member, IEEE

Abstract—The spectral-domain method is applied to the anal-
ysis of bilateral (double-sided) coplanar waveguides that are
printed on electric and/or magnetic anisotropic substrates. A non-
decoupling approach is used to solve the coupled differential
equations for the transverse propagation constants inside the
substrate. The dyadic admittance Green’s function is derived for
both open and shielded bilateral coplanar waveguides, taking into
account the anisotropy of the material. Finally, numerical results,
describing the propagation characteristics of these structures, are
presented for both electric and magnetic wall symmetries.

I. INTRODUCTION

HE IMPORTANCE of the coplanar waveguide, especially

in monolithic MICs, stems from the ease of integration
of this structure in three terminal devices such as the field
effect transistors [1]. This structure also naturally provides
the grounding point that can be located close to the device.
Additional conductor backing, [2], serves as a convenient on-
circuit heat sink [3], though it also provides the means for
leakage loss to the parallel plate mode propagating away from
the central conductor {1], [12].

The use of coplanar waveguides (CPWs) was first proposed
by Wen in 1969 [4]. Whereas the initial work was based on
the quasi-static approximation, subsequent efforts involved the
full-wave analysis [5]. In addition to research on the coplanar
structures printed on isotropic substrates, effects of substrate
anisotropy were recently studied as well. In particular, the
influence of dielectric anisotropy on the dispersion charac-
teristics of open CPWs was investigated by both the quasi-
static and hybrid mode approach [6]. Coplanar waveguides on
magnetically anisotropic substrates were analyzed as well, with
a detailed treatment available in [7]. Transmission lines based
on the asymmetric CPW with finite metallization thickness
that are printed on either dielectric or magnetic substrate were
also examined, with numerous results reported for frequencies
up to 30 GHz [8].

In this paper, effects of substrate anisotropy on the dis-
persion properties of open and shielded bilateral coplanar
waveguides (BCPWs), that are shown in Figs. 1 and 2, are
examined. As opposed to the earlier work, the substrate
material under consideration herein exhibits both dielectric
and magnetic anisotropy at the same time. The spectral-domain
method, [9, ch. 5], is employed to derive the dyadic admittance
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Fig. 1. Frequency dependence of e.¢ for open BCPWs: ( this

method, 3l @ data from [2]).

Green’s functions of two BCPW structures. Maxwell’s equa-
tions are reduced to a set of two coupled differential equations
of second order for two components of the electric field that are
tangential to the air-substrate interface. Rather than decoupling
them to obtain independent equatioﬁs of the fourth order for
each unknown, they are solved simultaneously by assuming
that all fields have the same functional dependence along the
y-direction (see Figs. 1 and 2). This procedure simplifies the
derivation of the specific solutions to Maxwell’s equations in
the planar anisotropic region.

Finally, a set of well-behaved basis functions are chosen to
expand the fields across the two slots, and the Galerkin method
is used to find a matrix system of linear equations, whose
determinant contains the propagation constant. Specially, two
kinds of symmetries (electric and magnetic walls) with respect
to the y = 0 plane are considered, with numerical data
provided for both. Very good agreement between the calculated
results and those available in the literature is found for open
as well as shielded structures.

II. THE SPECTRAL-DOMAIN FORMULATION FOR BCPW'’S

The insets to Figs. 1 and 2 show the cross-sectional views
of open and shielded BCPWs, along with their pertinent
geometrical parameters d,S, and W. The metal strips are
assumed to be perfectly conducting and infinitesimally thin.
All structures possess two kinds of symmetries, that are defined
according to whether the electric or magnetic wall is placed
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along the y = 0 plane. In order to avoid potential confusion
in the terminology, the FE- and M-wall nomenclature will
refer to symmetries with respect to the y-direction, whereas
the reference to the odd and even modes will correspond to
symmetries in the z-direction. In this paper, an e/“*=%%) time
and z dependence is assumed for every field component, but
is suppressed throughout. As usual, w is the angular frequency
and 0 is the unknown propagation constant, which is yet to
be determined.

The theoretical formulation of the problem in the spectral-
domain starts with the Fourier transformation of the vector
wave equations for the fields with respect to the z-coordinate.
As shown in [10], this procedure leads to the following set of

independent matrix equations, one for Eand H, respectively:
= [,LL,»] - = IE>
e b e )
e flENSIEN]
’“"{[m}{ |ﬁl>} =10

where |E) and |H) are column vectors containing Cartesian

(1a,b)

components of £ and H, and [Vx] is the matrix differential
operator defined in [10], with the permittivity and permeability
tensors of the substrate given by

(z2) o ()
= o () o
K )] (=) o (=)

In this paper, the off-diagonal elements of the permittivity
tensor represent the possible misalignment between the prin-
cipal axes of the substrate (z1,y1,21) (where [¢,] is diagonal
with elements (e,1, £41,€,1)) and the coordinates of the guide
(z,y,2). At the same time, the substrate permeability tensor
is assumed to become gyrotropic when exposed to an applied
dc magnetic field. All tensor elements corresponding to the

(2a,b)
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above material properties can be written as

Epw = E41COS20 + £, 8in%0 Eyy = €yl (3a,b)
_ -2 2
€,5 = €41 5In°6 + £,1 cos“H
€xz = €z = (€41 — €41) 8infBcos b (3c,d)
wow
lj'ccw:,u'zz:u’d:l‘l‘Q—mza
w§ —
. JWmw
Pyy =1, oz = —foz = jka = It
(4a,b,c)

where 6 is the angle between coordinate axes (z,x1) or
(z,21). The permeability parameters of equation (4) are wo =
tovoHo, wm = poyoMs, with o, Ho and M being the gyro-
magnetic ratio, applied dc magnetic field, and magnetization
of the ferrite, respectively.

The field representation in the anisotropic region can be
obtained by solving (1a). Due to anisotropy, all components of
the electric field are coupled, and the conventional procedure

involves elimination of the component of E that is perpendic-
ular to the interface (E,). After lengthy simplifications, the
final set of fourth order independent differential equations for
the tangential components of the electric field (E, and E,) is
usually obtained.

Instead, however, it is easier to solve two coupled second
order equations for E, and E, directly. These components of
electric field satisfy the following coupled set of equations:

A _d® B A _d® B -

gz tor oipgr ton | Byl [0} )
A _d B A _d® B ol ’
afi g tog ahygs tagp || B 0

where, afy through af, are given in the Appendix. The
solution for both E, and E, is expected to have the same
functional dependence along the y-direction, which in its most
general form is €7Y, except for multiplicative constant factors.
Therefore, the characteristic equation for the transverse prop-
agation constant, -, is found by replacing d?/dy? with +2 and
setting the determinant of (5) equal to zero. Since the resulting
characteristic equation for -y is a fourth order polynomial (see
[10] for explicit form), having even order powers only, the
solution can be expressed in terms of hyperbolic sine and
cosine functions. The final expressions for E, and E, are then
determined by enforcing the boundary conditions at the wall
of symmetry, i.e., at y = 0. The remaining components of EM
fields can now be obtained from Maxwell’s equations directly.

The fields in the isotropic region can be found by using
scalar electric and magnetic potentials [9, p. 337], which are a
combination of the TEY and TM?Y waves. Once the components
of the fields tangential to the air-substrate interface are avail-
able in each individual region, the dyadic Green’s function
can be derived by matching them at the interface (y = d/2).

This leads to
Gzz(a,ﬂ) G _ jz(a)
- lL(a)l’ ©

Goz(a,B) G

zm(avlg>] -é‘z(aq d/z)
zw(a>ﬁ) Ex(Oé, d/2)
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where elements of [G(a, )] are listed in the Appendix. It
should be added that for the shielded structure « is a discrete
transform variable associated with the x-coordinate, whereas
for open structures it is assumed to be continuous extending
from minus to plus infinity.

Finally, the Galerkin method is used to set up the eigenvalue
problem for the propagation constant 3. The fields inside the
slots are expanded in terms of known basis functions with
built-in singular properties at the edges of the slot. Specifically,
in the space-domain, E,(z) and E,(z) are taken to be

(Em(x)7Ez(x)) = i_ (amEmm(w);bnEzn(x)) (7a,b)
with |
Eym(z) = COS[(m_(%%JFB)] U(:c + W+ % )
\W/22 - [(z + B)
— U(w + —g— )
cos[____(m—(lv)lj(zw)—B)] [ g
Ulz— —
W - (@ BF (-2)
S
- U(x -5~ W):I
m=1,2,3,-, (8a)
B sin [%’%‘%@] ﬁ
Eon(z) = \/[W/2]2 T U(x W+ )

“oes )
o-3)

sin | =77

W/2? [z - B)?

+

n=123,,

where geometrical parameters W and S(B = (S + W)/2)
are defined in Figs. 1 and 2. In the above equation, the upper
signs on the right side refer to even modes, whereas the lower
sign corresponds to the odd mode. The Heaviside function,
U(x % 3p), is 1 for (z £ x9) > 0 or O otherwise.

1II. NUMERICAL RESULTS

Prior to presenting the numerical results for BCPWs printed
on anisotropic substrates, the theoretical formulation is vali-
dated against previously published data. Figs. 1 and 2 contain
the validation curves for open and shielded structures, re-
spectively. When the substrate material of an open MIC is
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isotropic, with €5, = eyy = €., = 13 and pge = pyy =
P2z = 1, the normalized wavelength (Ag/)) is computed and
plotted for both the F- and H-wall symmetries. Comparison
is made for the F-wall with data available in [2]. As can
be seen from Fig. 1, a very good agreement is observed for
two different slot dimensions. In addition, numerical results
for the shielded bilateral CPW were also calculated by the
present method and compared to those available in [11]. Once
again, as shown in Fig. 2, a very good agreement between the
two sets of data was obtained.

To see the influence that substrate anisotropy has on the
propagation characteristics, namely on nZ; = (8/ ko)z, of
open bilateral CPWs, different potential design parameters
were varied, and the results are summarized in Figs. 3-5. In
the remaining plots, the quantities inside parenthesis are the
principal elements of [¢], and «, is 1.759 x 10! C/Kg. First,
Fig. 3 shows the frequency response of an open MIC that is
printed on anisotropic material, as a function of the changing
slot width (W). It should be pointed out that the dispersion
properties of the guided waves of E- and H-wall symmetries
exhibit totally contrasting behavior. Most notable is the fact
that n2; for the E-wall case decreases with increasing values
of the slot width, while the opposite is true for the H-wall case.

Next, Figs. 4 and 5 illustrate what happens to n2; when
the principal axes of the permittivity tensor are misaligned
with those of the open BCPW waveguide. It can be seen
from Fig. 4 that within the entire frequency range (with fixed
waveguide dimensions), nZ; of both the E- and H-wall
symmetries decreases as the misalignment angle 6 increases.
Correspondingly, effects of changing # on nZg at selected
frequencies, when the CPW dimensions are held fixed, are
shown in Fig. 5, which indicate an increase in n2; for larger
values of the frequency.

The computed propagation characteristics for a shielded
BCPW are displayed in Figs. 6 and 7. Numerical results for the
dominant (H -wall) mode are plotted in Fig. 6 versus frequency
for both odd and even modes. As can be seen, the even mode is
far less dispersive compared to the odd mode of the shielded
structure. It is also found that the effect of increasing slot
width is to reduce nZ; of both the odd and even modes.
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Finally, in Fig. 7 the influence of the rotation angle 6 on
the propagation properties of shielded BCPW are shown for
several frequencies (15, 30, and 50 GHz) when all physical
dimensions of the waveguide are fixed. It is evident that the
effects of misalignment on the shielded bilateral CPW are not
as strong as on its open counterpart (see Fig. 5).

IV. CONCLUSION

In this paper, the spectral-domain method was used to
study dispersion characteristics of open and shielded bilateral
coplanar waveguides. The substrate material of every structure
was assumed to be anisotropic in both [¢] and [y]. The dyadic
admittance Green’s function was derived without resorting to
fourth order independent differential equations, but rather by
solving a coupled set of second order equations directly. A set
of well behaved basis functions were used to expand the elec-
tric field within the CPW slots, and the Galerkin method was
employed to find the propagation constant. Finally, numerous
results examining effects on the propagation characteristics
of the CPW with respect to frequency, slot width, and the
misalignment angle of the permittivity tensor were presented.
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APPENDIX

The elements appearing in the matrix (5) are given by

d? d?
A B _(p2 2
0‘(11;22)3&5 t Qa9 = (ﬁ Hd — koayyl‘(m;zz)/‘d)d—zﬂ
L N\2
+ kge(wx;zz) - M UdGO (A-1,2)
Hyy
d2 d2

A B 2
. Y . = \— —k Pr
O(12;21) dy? + o12;01) (—aBpa — k§eyyli(zawz) ha) dy?

+ k%e(zz;zw) - E‘g ,UszO, (A-3,4)

vy
where pg = flacllzz — Pozlbze, and

Go = P lize + AB(las + fizz) + BPlzz — kieyyta. (A-5)
In equations (A-1)—(A-5),  is the propagation constant,

is the Fourier transform variable, and k¢ is the propagation
constant of the free space.
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The elements of the dyadic admittance Green’s function that
was defined in equation (6) are written as

~ 1
G.z(0,B) = B, B, (Bowy1 — Biwia)
~ 1
sz (047 /8) = E:B—l- ('11]11 — 'UJ12) (A-6a,b)
Gos(,8) = —— (Biwys — Byway)
2:(@0) = g—p (Biwn 2Wa1
~ 1
Gmm(a,ﬂ) = B2 — Bl ('U)22 - ’LUQ]_) (A‘6C,d)
with By s = (afy1, + afz)/(ef17] , + of1), and
o th™
wi,12 = Jad (0/24131,2 - 0/242) :’b
Zt Ci a,b
_ {ﬂ(ﬂ —aBig) | ava(at fBig) }(f")
Yy1(a? + 5%) (02 + (?) fe
(A-7a,b)
@ th™
wWo1,22 = Jab (aty — afy By 2) :’b
Zt C a,b
n {a(ﬁ —aBiz)  Pra(a+ BBiy) } (f°>
Yy1(a? + 5?) (a2 + 52) )’
(A-7c,d)

where the Green’s functions for different symmetries (E- or
H-wall) of open or shielded structures are included in this
compact form. The factors thy, and cty , refer to the magnetic
(H) and electric (E) wall, whereas f©° corresponds to open
or shielded BCPWs, with their explicit forms:

d d
th;'fb = tanh(%,z;?) N ctz’b = COth('Ya,b‘i\) ,
(A-8a,b)

fe=1, f? =coth v (b - %) . (A-9a,b)

The remaining parameters, appearing above, are defined as

Yo=y/a?+B%—k3, 2 =jwuopaGo, (A-10ab)
Y1 = Y0/ (Jweo) , Y1 = Yo/ (Jwio) - (A-11a)b)
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