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ABSTRACT

The high dielectric losses of the semiconducting sub-

strates used in MMIC’S and VLSI interconnects can strongly

affect all of the characteristics of these lines. Since no sin-

gle approximate formulation is accurate over a wide range

of substrate parameters or over a large frequency range re-

quired for a transient analysis, a full-wave approach is re-

quired to analyze these structures. Multi-conductor MIS

structures are analyzed with the spectral domain approach
over a wide range of frequency and substrate loss. The

mod al attenuation and propagation constants are presented

two and four conductor structures as a function of the sub-

strate loss tangent. Single conduct or structures are char-

acterized with contour plots showing the complex effective

dielectric constant as a function of both frequency and con-

ductivity.

INTRODUCTION

Planar MIS structures are important components in the
design of MMIC’S and high-speed digital integrated circuits.
The wide range of semiconductor resistivities used for these

structures and wide bandwidth of the pulses requires the

use of full-wave techniques to accurately analyze these struc-

tures. Initial research of these structure used a parallel plate

waveguide approximation to determine the complex propa-

gation constant [1], [2] which gives good results only for very

wide center conductors. Mode-matching has also been ap-

plied to give accurate results for a limited range of substrate

parameters [3], [4]. The Spectral-Domain Approach (SDA)
has also been used to characterize these types of structures
for Coplanar Waveguide (CP W) [3], for single and coupled
microstrips on a single substrate [5], [6], and for multiple

microstrips on multi-layer, lossy substrates [7].

Although planar MIS structures have received some at-

tent ion, these studies have only covered a few special cases

over a 1imi tcd range of frequency and substrate loss. In ad-
dition, multi-conductor structures, such as those found in

high-speed, high-density digital interconnects, have received

very little attention. This paper studies lossy multi-layer,

multi-conductor microstrip structures using the SDA. The

modal attenuation and propagation constants of these struc-
tures are given over an extremely wide range of substrate

parameters and frequencies, covering all three regions; low

loss, slow wave, and skin effect.

THEORY

The SDA has been discussed extensively in previous

works and so the technical details are omitted here. A very

good explanation of the method can be found in [8] and
an excellent list of references are given in [9]. The Green’s

function for structures with multiple substrates and/or su-

perstrates can be computed using a simple recursive formu-

lation given in [10]. The geometry for multi-layer, multi-

conductor interconnects is shown in Fig. 1. Two substrates

are shown in the figure, although any finite number of sub-

strates can be easily considered using the recurrence formu-
lation from [10].

For a conductor centered at x = x, with a width w = w,,

the current density expansion functions used in this paper

are given by:

.ljn(z) = a~(j)n
T.(X, )

~
(1)

J;.(T) = –j&n(.)’;LL.l(xJJm (2)

fern = 0,1,2,..., X, = 2(x – x,)/w, and lx – xii < wt/2.

T.(x) and U.(z) are the Chebyshev polynomials of the first

and second kind, respectively, as given in [11]. Results ob-

tained with this method have been compared and agree

very closely wit h results presented in the literature [7], [6].
Throughout this investigation, c~efl refers to the complex

effective relative dielectric constant with real part .& and
imaginary part e&.fl (e~eR= e~efl– jc~,fi).

For a “good” dielectric, it is usually assumed that the loss

tangent is constant with frequency. For semiconductors or

conductors, on the other hand, it is usually assumed that

the conductivity or resistivity is constant with frequency.

Since accurate measurements of the complex dielectric con-
stant versus frequency are not readily available for most

materials, one of the two assumptions, either constant tan 6
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k’lgrrre 1: Geometry of an asymmetric two-substrate, multi-

concfuctor interconnect.

or constant rr, will be used in this paper. In either case, it

will be made clear which assumption is used.

RESULTS

To study the characteristics of MIS slow-wave structures,
a two-substrate, coupled microstrip structure is used where
the upper substrate is lossless or has very low-loss (tan I& <<

1) and the lower substrate is characterized by either a loss
tallgmt or conductivity. The behavior of this structure as
a f~inction of frequency and dielectric loss can be divided
up into timee main regions: 1) low-loss region, 2) slow-wave
1egiou. and 3) skin-effect region. Fig. 2 shows & and ad

for single (isolated) and coupled (even and odd modes) mi-

crost,rips on two substrates as a function of the loss tangent

of the lowest substrate computed using the lossy SDA ap-

proach. Since the frequency is held constant at 1 GHz, vary-

ing the loss tangent is equivalent to varying the conductiv-
ity (for this configuration, a(~–lrr-l) = 0.540 tan 61). For

tan /il << 1, the structure is in the low-loss region and the

losses do not have a noticeable effect on c~em. On the other
ha]]d, n~ increases linearly with increasing tan &l, as is the

uorlnal case for low-loss structures. In this region, the lower
sllbst rate has the characteristics of a “good” dielectric.

When tan al is very large, then the structure is said to
lx opcra(ing in the skin-effect region. With increasing fre-

C]IICJICY o]’ dmlectric loss, the dielectric loss tends to decrease
as more of the fields are contained in the lossless, upper sub-
strate rather than in the lossy, lower substrate. In Fig. 2,

a,, clecreases with a slope of —1/2 on the log–log scale, in-
dicating a 1/ = behavior, consistent with the behavior

of the conductor loss coefficient due to the skin effect which
Ilas a l/@ behavior. & is relatively constant, decreas-
ing slightly with increasing tan &. In this region, the lower
substrate has the characteristics of a “good” conductor.

For moderate tan til the strllcture is in the slow-wave re-

gion, where the slow-wave factor, ~0/A = ~, increases

due to the increase in e~,fl. Unlike the lossless microstrip
case, & in the slow wave region is much larger than the

relative dielectric constants of either of the substrate la,Y-

ers. The upper limit of c~efi, which is achieved for very
wi(le center conductors, is given by the static value of the
Maxwell-Wagner permit tivity [12], c~~= e.2(/zl + h2)/h2. In
the slotv-w,ave region, the dielectric loss coefficient, CW, de-
creases linearly with increasing tan 61, reaches a minimum

point, and then begins to increase linearly again. The mini-

mum point can be predicted using the parallel plate waveg-

uide approximation [2] and occurs for a conductivity of

d 3COG2

Umin = (3)
pop,zhlhz

or for a loss tangent of

For this structure, the above equation predicts minimum

attenuation for tan 6~in = 102, which is close to the location

of the actual minimum.

Connect ing the low-loss and slow-wave regions and slow-

wave and skin-effect regions are the transition regions.

These regions are characterized by maximum c~e~and hence
maximum ffd. Also in these regions, c~,fl is changing rapidly

from either the low-loss to the slow-wave values or from the
slow-wave to the skin-effect values. For all regions the even

mode & and c~emare higher than those of the odd mode
since the fields of the even mode are concentrated more in

the lower, lossy substrate. The odd mode, on the other
hand, has most of its fields concentrated in the air and in

the lossless, upper substrate. Thus, the odd mode is atten-

uated less and changes in the dielectric loss do not affect the

odd mode & as much as they do that of the even mode.

A four line, symmetric microstrip structure on an Si-Si02
substrate is analyzed in Fig. 3 and Fig. 4 as a function of the

conductivity of the Si layer at a frequency of 1 GHz. The

structures analyzed in Figs. 3- all have a layer of Si02 (e, =
4) on top of a layer of Si (e, = 12). & for each of the four

independent modes is given in Fig. 3 with the corresponding
ad’s presented in Fig. 4. The plus and minus signs next to

the mode numbers refer to the relative magnitudes of the

currents on each of the conductors for that mode [13]. The

attenuation coefficients of each of the four modes reach a

minimum in the slow-wave region for conductivities between

60 and 200 O-lm-l. The predicted minimum for a single

strip on this substrate using (3) is 194 fl-lrn-l. The slowest
mode, mode 3, has even/even symmetry which concentrates

rno>t of the fields in the substrates. Thus the ~~,mfor this
mode is affected the most by changes in the conductivity of
the Si layer and has higher losses. The fastest mode, mode

2, however, has odd/odd symmetry and so the electric fields
for this mode are concentrated more in the air and upper

substrate and so it has lower losses and is affected less by
changes in the conductivity of the Si layer.

To illustrate how frequency and dielectric losses affect
the complex C,,fl, contour plots of e~efl and loglo(e~em) are

presented in Figs. 5 and assuming that the conductivity is

constant with frequency. In Fig. 5, the large open space in
the lower, center part of the contour plot is the slow-wave

region. In this area, e~=flis a maximum and changes very
little with either frequency or dielectric loss, maintaining a
value of around 28. The low-loss region is located in the
IIpl>er left of Fig. 5. In Fig. .5, ej,fi decreases rapidly from
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its slow-wave value, approaching the low-loss, quasi-stat ic

value. It then begins to increase with increasing frequency,

due to the dispersive properties of microstrip.

The skin effect region is in the upper right of the contour

plot. The transition for the slow-wave value of t~efl to its

skin-effect value is fairly rapid. The value of & in the skin-
dfect region is lower than that of the low-loss region because
the low-loss region is a two-substrate structure dominated

by the Si layer (e, = 12) while in the skin-effect region it is

essentially a one-substrate structure of SiOz (c, = 4.0).
The slow-wave, low-loss, and skin-effect regions in Fig.

are located in the same areas as in Fig. 5. One differ-

ence in the behavior of the real and complex parts of C,,ff

is that within each of the three regions, the value of e~e~

is relatively constant with changing frequency and dielec-
tric loss, while the value of e~,fi is always changing within
tbc regions. Another point to note is that when & is

a maximum (in the center of the slow-wave region), c~efl,

and hence the dielectric losses, are at a minimum. Using

(3), the value of a which gives minimum dielectric loss is
o.nun = 0.092 (flmm)-l, which is close to actual value for

this structure.

CONCLUSION

The presence of high dielectric losses or a conductivity

tlmt is constant with frequency requires the use of a full-
wavc analysis. The SDA was used to accurately analyze

multi-layer, multi-conductor structures over a wide range

of frcqueucy and substrate loss. Results for single, two, and

four conductor structures were presented which show how

the substrate dielectric loss affects both the real and imag-

inary parts of the effective dielectric constant. MIS slow-
wave structures were analyzed using for a single conductor

on au Si-Si OZ substrate. Contour plots of the complex ef-

fective dielectric constant showed the locations and charac-

teristics of three regions of operation, slow-wave, 10W-1OSS,

and sliin-effect.
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Figure 2: & and CYdfor single and coupled microstrips

as a function of the loss tangent of the lower substrate at

a frequency of 1 GHz (e,l = C,2 = 9.7, tan 82 = O, hl =

0.5mm, hz = 0.135 mm, w = 0.6mm, s = 0.6mm).
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Figure 3: & for symmetric four-line interconnect as a func-
tion of the loss tangent of the lower substrate at a frequency
of 1 GHz (e,l = 12, e,z = 4, tan 62 = O, hl = 0.2mm,

h2 = 0.05mm, w = 0.16mm, s = 0.16mm).
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~ig[lre 4: ad for symmetric four-line interconnect aS a f’UlIC-
tion of the loss tangent of the lower substrate at a frequency

of 1 GHz (c,l = 12, e,z = 4, tan 62 = O, hl = 0.2mm,
hz = 0.05mm, w = 0.16mm, s = 0.16mm),
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Figllre 5: c~,flfor slow-wave structure vs. frequency ancl the

co])ductivity of the lower substrate, al (crl = 12, e,z = 4,

tan 62 = O, hl = 0.2mm, hz = 0.05mm, w = 0.16mm).
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Fig~lre 6; e~eflfor slow-wave structure vs. frequency and the
con~lIctivity of the lower substrate, UI (c.l = 12, C,2 = 4,
tan 62 = O, hl = 0.2mm, hz = 0.05mm, w = 0.16mm),
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