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The elaborated computed program is very general. It is
very easy to increase the number of modes, to choose
structures with » dielectric media, and to analyze anisotrop-
ic lines.
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Dispersion in Shielded Planar Transmission Lines
on Two-Layer Composite Substrate

P. K. SAHA

Abstract—The singular integral equation technique has been used
to analyze a shielded planar transmission line, which allows one to
calculate the dispersion characteristics of shielded microstrips on
two-layer substrates as well as the effect of shielding on coplanar
waveguides. Dispersion curves for suspended substrate microstrips
and the variation of the relative phase velocity, with frequency, of
coplanar waveguide (CPW) on alumina substrates of finite thick-
nesses and variable ground plane positions are presented. The
results of computations with the lowest order 4 x 4 determinant
show good agreement with the available data.

I. INTRODUCTION

E theoretical analysis as well as the experimental

I investigation of the frequency dependent behavior of
various planar transmission lines has received considerable
attention in recent years [1]-[9]. These include shielded and
unshielded microstrip lines and their derivatives such as slot
lines, CPW, and coplanar strips on both infinite and finite
dielectric substrates. However, not much information is
available for dispersion in shielded microstrips on compos-
ite substrates. Hasegawa [10] and Guckel [11] have studied
the open microstrips on composite substrates of finite
conductivity using the parallel-plate waveguide model.
Krage and Haddad [4] have presented the dispersion char-
acteristics of single and coupled microstrips with overlay
dielectric and of coupled microstrips on composite
substrate, but, unfortunately, have not given any data on
single microstrip on two-layer substrate. This author has
used the singular integral equation technique of Mittra and
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Fig. 1. Shielded coplanar waveguide.

Itoh [6] to study the dispersion characteristics of shielded
single microstrips on composite substrates. The structure
has been further modified by introducing two symmetrical
coplanar ground planes (Fig. 1) so that the same analysis
enables one to calculate the effect of shielding on dispersion
in CPW on a finite substrate. Since the completion of the
present work the author came across the recent work of
Yamashita and Atsuki [12], who have analyzed similar
structures by nonuniform discretization of integral
equations.

Since the basic technique is the same as in [6], many steps
in the mathematical derivation are omitted, and only the
new relations necessary for computation are given explicitly.
Results are presented in the form of normalized dispersion
curves for the dominant modes only, although the higher
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modes can be extracted easily by seeking the higher roots of
a 4 x4 determinant.

II. ANALYSIS

Referring to the structure shown in Fig. 1, the modes with
even symmetry (H,= odd and E,= even) in x are con-
sidered. These are derivable from the appropriate scalar
potentials {9 and ¥/¥, i = 1,2,3, through well-known rela-
tions. In view of the boundary conditions on the walls and
the symmetry of the modes, the scalar potentials are written
as

P =Y A9 cos k,x sinh a,, y, 0<y<d,
n=1
yP =Y AP sin k,x cosh a, y, O<y<d, 1
1
n=1
WP =Y cos k,x(BY® sinh a,,y + C cosh a,, ),
n=1
di<y<d
Y9 =Y sin k,x(B® cosh a,,y + C¥ sinh «,,y),
n=1
di<y<d (2)
Yy =Y E© cos k,xsinho,3(H—y), d<y<H
n=1
Y9 =Y EWsin k,x cosh a,3(H—y), d<y<H (3)
n=1
where
IE = (2n — 1)m/2L ko = o/ poto B = B/ko
- (kz/kz + ﬂz - g”)k(z) = k2 cn i= 172’3 (4)

and the coefficients 4,, B,, C,, E, are as yet unknown.
Applying the continuity of the total hybrid mode fields E _,
H,, E,, H, at the first interface (y=4d,, 0 < x < L) and
eliminating A and A%, two sets of equations for four
unknowns B, C, B®, and C® are obtained, where

B = BY sinh a,,,d  C\¥ = C¥ cosh a,,d

B = Oho k"2 B® sinh a,,d
_ w
Ch = Bl Zk'ﬁ C® cosh a,,d. %)

From the boundary conditions at the second interface
(v =d, + d, = d), two pairs of equations are obtained the
formal solutions of which are as follows:

£ B + £,.Co
= Y (anBO + b, BY + h,CO + ¢, C\D, + 7K,
" n=123 - (6)
k,B® + k,C®
= S (nBY + dyBY + 4 CO + puCEID,, + 2K,
)

n=123, -
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where
b, = 12 W W, T — T, W)/A
h = k[l = (@ T — G, WYA]
= [R T—-H,WJA
= ku[PnQ — Q.. PYA
= kn[1 — (T,,Q — W, P)/A]
n = km[GmQ - QmP]/A
P,(B) = &,3723 OC7{’£coth U3 S + B3(1 — r23)§"icoth O3 S
m m3
U2
+ s,z—krcoth Opr d 9)
Am3 D2 Igm
Gm()B) = &,3733 Tcoth ozm3S + ﬂ' (1 — r23)g‘“coth (Xm3S
m m3
Om2
+ 8,2 Ttanh amzd (10)
R, i,
T..(B) = B* |—coth &,,3 S + —coth a,,,d (11)
O3 Oz
Ik g,
H,(B)=p* (—coth %3S + ——tanh amzd) (12)
“m3 amZ
k,,
0.(8)= oc— (1 — r,3) coth o, S (13)
m3
k,, k,,
W,.(B) = r3—coth a,,,d + —"coth a,,;S (14)
(xm2 am3
Ko Ko
R, (B) = r;3 —tanh a,,,d + —coth a,,3S (15)
aml am3
ras = k% ks = (&2 — BZ)/(Sra - BZ) (16)

and A = QT — PW where Q, T, P, W are the limiting values
of 0, T.,, P, W, for m — co. The functions D, and K, are
defined in [6] When the expressions for the unknown
constants 7, and r,, obtained from the appropriate bound-
ary conditions, are substituted in (6) and (7) the following
two sets of equations for B, C@, B®, and C® are obtained :

@0
Z i4 pm - me -M Kp)B(nf)

—h,,D

m*’ pm

+ UnK,)Ci

(D + N,K,)BY

£ Ll 3
np-s "M8 i1

(e.Dpn + V,K,)CP =0,

p=123,-- (17)
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@
(e)
Z (Cmem + KqXIm)B(m
m=1

(quqm + KqXZm)C_S:)

1

-~y (%9, —d,D,, — Y, K,)B®
= q-q g q

- anqn - Y2n Kq)CLh) = 09

g=123,- (18)
where
Mm=am6m Nm=bm0m Umzhmo-m Vm_emo-m
(19)
m—1
Op=— ZO (Prgd )1 (20)
q=
Xim=[OM,1,— Sy + E.(Qa,, — Wcm)]/WIg (21)
X2m = [QUmIg - Sm2 + Em(th - qu)]/WIg (22)
Yy =[QON, 1, — Sp1 + E,(Qb,, — wd,,)
— (W, — W) sin k,,a}/WI, (23)
Y2m = [QVmIg - ;nZ + Em(Qem - me)
— (R, — R) sin k,a]/WI, (24)
© sin k,a
Swi= X T (@~ Q)anDon + M, KL) - (29)
© sin k,a
Sm2 = Zl L (Q - Qn)(hmDnm + UmKn) (26)
, © sin k,a
mi = Z £ (Q - Qn)(menm + NmKn) (27)
n=1 n
, 2 sin k,a
m2 = Zl 2 (Q - Qn)(emDnm + VmKn)‘ (28)
The quantitiels Py 15, I, 1, and E,, are defined in [6].

Equations (17) and (18) together with two equations
obtained from the first interface constitute four sets of
equations for four sets of unknowns. The rapid convergence
property of the coefficients appearing in these equations has
been discussed in {6]. Because of this rapidly decaying nature
of the coefficients, only a single equation from each set is
retained and the desired characteristic equation F(f) = 0 is
obtained from the resulting 4 X 4 determinant.

III. ResuLTs OF COMPUTATIONS

A. Suspended Substrate Shielded Microstrip

In Fig. 2 the dispersion characteristics of the dominant
modes of suspended substrate microstrips (SSM’s), obtained
by solving the lowest order 4 x4 matrix equation, are
shown together with the dispersion curves of Yamashita and
Atsuki [12] for the same set of parameters. The'lowest order
solution by the present method shows fair agreement with
the results of [12] over a wide range of frequencies. The
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NORMALISED PHASE CONST. 3

Fig. 2. Dispersion in suspended substrate microstrip (SSM). ¢,, = ¢,5 =
1.0. L/a = bja=10. S/d, = 4.5. 2a/d, = 2.0. djd, = 55. : this
method. --—-~: Yamashita and Atsuki [12].

Relative Phase Velocity

-30 L 1 L 1 1 L L

dsd,

Fig. 3. Variation of relative phase velocity of shielded CPW with d/d, for
d,=slot width=g. ¢,,=¢,;=10 ¢,=100. a/b=05 L/a=09.
S/d,=9.2a/d, = 2. For SSM, b/a= L/a = 9.

agreement, however, is particularly poor for ¢,, = 20 at the
low-frequency end.

B. Shielded Coplanar Waveguide

The dispersion characteristics of shielded coplanar wave-
guides on alumina substrates were computed for a fixed
shape ratio K = a/b = 0.5 and three substrate thicknesses,
d, = g,2g,and 3gwhereg = b — a = slotwidth. In each case
the height of the upper ground planeis S = 9¢, the box width
is 2L = 18g, and the parameter d/d, is varied to change the
distance of the bottom ground plane. The results of the
computation are presented in Figs. 3-6. For the case
d/d, =1, when the ground plane is in contact with
the substrate, the dispersion curves were computed from a
separate program for single-layer substrates. The corre-
sponding equations were obtained from [6] with appro-
priate modifications to take into account the coplanar
ground planes.
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Fig 4. Variation of relative phase velocity of shielded CPW with d/d, for
d, =2 slot widths = 2g. ¢,, = £,, = 1.0. &,, = 10.0. /b = 0.5. L/a=9.
Sjd, = 4.5.2a/d, = 1. For SSM, b/a = Lja=9.
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Fig. 5. Variation of relative phase velocity of shielded CPW with d/d, for
d, =3 slot widths = 3g. ¢,, =¢,3 = 1.0. ¢,, = 10.0. /b = 0.5. L/a=9.
S/d, = 3. 2a/d, = 2/3. For SSM, bja= L/a=9.

Fig. 6. Normalized dispersion curves of shiek PW for d, = 2 slot
widths. The parameters are the same as in Figr4—-
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TABLE 1
Open CPW Shielded Suspended
cl2 Quasi-TEM CPW substrate
v v microstrip ¥
p p D
g 0.48 0.443 0.600
2g 0.45 0.439 0.546
3g 0.44 0.436 0.508
oo 0.43 -_— —_—

Note: Substrate Permittivity = 10
a/b = 0.5 for CPW
b/a = L/a = 9 for microstrip
d/d2 =9, ka=0.0

For an alumina substrate and the particular shape ratio
chosen, the results lead to the following observations. For
large values of d/d,, the relative phase velocity v,=v,/c
becomes independent of the ground plane position, partic-
ularly for d, > 2g. Ford, = g, the effect of the ground plane
isnoticeableeven atd/d, = 9. Whend/d, = 1,the CPW with
the ground plane in contact shows preference for the
microstrip modes [13]. Asthe distance of the bottom ground
plane is increased, presumably, there is a transition to the
CPW modes. One notes that for large d/d, the low-
frequency 7, of the shiclded CPW is always lower than that
of the corresponding suspended substrate microstrip ob-
tained by removing the coplanar ground planes. It is
worthwhile to compare the 7, (ko a = 0.01) of CPW with the
theoretical quasistatic values of Davies [13] obtained by
conformal mapping. This is shown in Table 1. The author
could not compare his results with Knorr’s data [9] for
d,=g as the frequency parameters in [9] are not
normalized.

For d, > 2g the agreement is good .which indicates that
for thick substrates the ground plane, when sufficiently far
away, should have little effect on quasi-TEM operation.
From Fig. 6 one also notes that for d, = 2g, the CPW
dispersion curves are practically identical for large d/d,. The
agreement is comparatively poor ford , = g. But the remark-
able fact is that the low-frequency o, of the shielded CPW
decreases by less than 2 percent as the substrate thickness
changes from one to three slot widths, unlike an open CPW,
where the corresponding change in quasistatic 7, is about 9
percent. Thus it would appear that in a sufficiently large
encapsulation, the low-frequency 7, of CPW is not much
dependent on the substrate thickness in contrast with the
open CPW and suspended substrate microstrip as can be
seen from Table L

IV. CoNcCLUSIONS

The singular integral equation technique has been used to
compute the dispersion curves of shielded microstrips on
two-layer substrates. From the same analysis it has been
possible to obtain a quantitative measure of the effect of
metallic encapsulation on CPW. It appears that for alumina
with a substrate thickness greater than two slot widths, the
ground planes, when sufficiently far away, should have little
effect on quasi-TEM behavior.
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Random Discrete Imperfections in Millimeter
Waveguide Systems

GABRIELE FALCIASECCA aND SERGIO ROGAI, MEMBER, IEEE -

Abstract—A method has been developed to compute the increase
of attenuation due to imperfections of finite length randomly dis-
tributed in a link. As a limit for the vanishing length the formulas
yield the result for random discontinuities. The approach is quite
general and can apply to a circular waveguide link as well as to other
cases, where the statistics of the problem are described by the power
spectrum of the deformation. The applications presented here show
how random spacing of the deformations causes significant
modifications on the attenuation results; as a particular case some
expressions are found to be in agreement with others previously
derived. The results are interesting in determining what random
variation in the waveguide lengths is sufficient to avoid a serious
frequency dependent effect in the attenuation characteristic of a
circular waveguide link.
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I. INTRODUCTION

N an overmoded circular waveguide link, coupling may
Iarise between the propagating TE, mode and the other
unwanted modes because of many different geometrical
imperfections in the guiding structure. Coupling of the TE 4
mode with the higher order circular electric modes is the
more serious instance of such coupling and can occur
because of the presence of mirrors [1], diameter discontinui-
ties at the joints, or the manufacturing process. Attenuation
peaks, found experimentally [2], can be attributed to this
higher order circular electric mode conversion [3]. In fact
discontinuities are always present in a circular waveguide
link and eventually are causes of coupling. Diameter varia-
tions generate higher order TE,, modes, axis tilts, or offset
the TE,, and TM,, modes, etc. Great attention has been
devoted to the problem of determining the increase of
attenuation due to these discrete random imperfections.
Here an approach is presented to compute the solution,



