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MIS Slow-Wave Structures Over a Wide Range of
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Abstract—The high dielectric losses of the semiconducting
substrates used in MMIC’s and VLSI interconnects can strongly
affect all of the characteristics of these lines. No single approx-
imate formulation is accurate over a wide range of substrate
parameters or over a large frequency range; thus it is necessary
to use a full-wave approach. Multi-conductor MIS structures
are analyzed with the spectral domain approach over a wide
range of frequency and substrate loss. The modal attenuation
and propagation constants are presented for two and four con-
ductor structures as a function of the substrate loss tangent.
Single conductor structures are characterized with contour
plots showing the complex effective dielectric constant as a
function of both frequency and conductivity. MIS slow-wave
structures are analyzed for both Si-SiO, and GaAs configura-
tions.

I. INTRODUCTION

INCE the substrates used in most MIC’s have small

loss tangents, dielectric losses usually play a second-
ary role in the attenuation and distortion of signals. How-
ever, the semiconducting substrates used in MMIC’s and
VLSI interconnects cause dielectric losses to become a
major contributor to signal attenuation. In addition, high
dielectric losses can cause a significant change in the phase
constant, as is the case with slow-wave structures. Since
the loss in these structures is not small, i.e. tan 6 <& 1,
perturbational and approximate formulas do not give ac-
curate results and a full wave approach must be used.

For slow-wave structures, those with moderate conduc-
tivities at lower frequencies, the propagation constant and
attenuation constant have been obtained using a parallel
‘plate waveguide approximation [1], [2] which gives good
results only for very wide center conductors. For very high
conductivities or very high frequencies, the transmission
line is operating in the skin effect region and the atten-
uation constant can be computed using the incremental
inductance rule [3].

However, if the conductivity is constant with fre-
quency, then no single approximate formulation is accu-
rate over the wide range of frequencies necessary to char-
acterize pulse distortion. In addition, none of the
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approximations is appropriate in the transition regions
mentioned in [2]. Thus a full-wave approach is necessary
for accurate characterization of dielectric losses in struc-
tures with semiconducting substrates. Mode-matching has
also been applied to give accurate results for a limited
range of substrate parameters [4], [5]. The spectral do-
main approach (SDA) with complex permittivities for the
dielectric layers is also used to analyze these structures.
The SDA is easy to formulate for multi-layer, multi-con-
ductor structures, it gives quick and accurate results, and
it can be used for all conductivities and frequencies. The
SDA has been used to characterize Coplanar Waveguide
(CPW) [4], single and coupled microstrips on a single
substrate [6], [7] and for multiple microstrips on multi-
layer, lossy substrates [8]. Although single-conductor,
multi-layer, lossy microstrip structures have received
some attention, there are still many important character-
istics of these structures which have not yet been ad-
dressed. In addition, multi-conductor structures, such as
those found in high-speed, high-density digital intercon-
nects, have received very little attention. Also of interest
is the behavior of the modal attenuation constants for
multi-conductor microstrips in the low-loss, slow-wave,
and skin-effect regions as a function of the substrate pa-
rameters.

This paper studies lossy multi-layer, multi-conductor
microstrip structures using the SDA. The modal attenua-
tion and propagation constants of lossy, multi-layer,
multi-conductor structures are given over a wide range of
substrate parameters and frequencies, covering all three
regions; low loss, slow wave, and skin effect. The com-
binations of frequency and dielectric loss that give either
the maximum or minimum dielectric loss coeflicient are
computed, showing how they are related to the extrema
of the derivative of the real part of the effective dielectric
constant. Both Si-SiO, and GaAs configurations of MIS
slow-wave structures are analyzed as a function of the
substrate loss and frequency.

II. FuLL WAVE ANALYSIS

The SDA has been discussed extensively in previous
works; therefore the technical details are omitted here. A
very good explanation of the method can be found in {9]
and an excellent list of references is given in [10]. The
Green’s function for structures with multiple substrates
and/or superstrates can be computed using a simple re-
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Fig. 1. Geometry of an asymmetric multi-layer, multi-conductor intercon-
nect.
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cursive formulation [11]. 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 substrates or superstrates can be easily consid-
ered using the recurrence formulation from [11]. The cen-
ter conductor is assumed to be infinitely thin and perfectly
conducting. Although including the effect of the ohmic
losses and finite center conductor thickness is important
in many applications, it is beyond the scope of the current
research.

For a conductor centered at x = x; with a width w =
w;, the current density expansion functions used in this
paper are given by:

L1206 — x)/wl]

Tal) = a, (1
N e e 0} »
L -
J,lm(x) = _.]bn? n«l[z(x - xt)/wi]
V1= 2 — x)/wl )
forn=0,1,2, -+ ,and |x — x;] < w,;/2. T,(x) and

U, (x) are the Chebyshev polynomials of the first and sec-
ond kind, respectively, as given in [12]. Results obtained
with this method have been compared and agree very
closely with results presented in the literature [7], [8].
To consider lossy structures with the SDA, a complex
permittivity is defined for the ith dielectric layer as

. .0
ef =€l —jel =el —j= (3)
%)
and
"
I 0;
tan §; = — = ——. “4)
€; €, W

When Galerkin’s method is applied to the dyadic Green’s
functions, which are now complex because of the com-
plex permittivity, it leads to two equations (the real and
imaginary parts of the determinant) with two unknowns
(the real, o, and imaginary, B3,, parts of the complex
propagation constant, vy,). The complex propagation con-
stant is then obtained by using a non-linear root finder to
search for the zero of the determinant of the impedance
matrix [11].

For a “‘good’’ dielectric, it is usually assumed that the
loss tangent is constant with frequency. For semiconduc-
tors or conductors, on the other hand, it is usually as-
sumed that the conductivity or resistivity is constant with
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frequency. Since accurate measurements of the dielectric
constant versus frequency are not readily available for
most materials, one of the two assumptions, either con-
stant tan é or constant o, will be used in this paper. In
either case, it will be made clear which assumption is
used.

III. APPROXIMATE ANALYSIS

Many of the characteristics of lossy, multi-layer struc-
tures are more easily explained by analyzing a simpler
structure, the parallel plate waveguide. This model is a
limiting case for very wide microstrips and behaves in a
manner similar to that of the general microstrip structure.
In [2], a two-layer parallel plate structure is studied where
only one layer is lossy, as shown in Fig. 2. The behavior
of this structure as a function of frequency and dielectric
loss can be divided up into three main regions: 1) low-
loss region, 2) slow-wave region, and 3) Skin-effect re-
gion. In the low-loss region, the losses in the substrate do
not significantly affect the phase constant and so the struc-
ture can be analyzed by using a perturbational approach
with the lossless case.

For moderate dielectric losses and relatively low fre-
quencies the structure is in the slow-wave region, so
named because of the significant decrease in the phase
velocity of the structure. Unlike the lossless microstrip
case, €. in the slow wave region can be much larger than
the relative dielectric constants of any of the substrate lay-
ers. For the two substrate case, the upper limit of €/,
which is achieved for very wide center conductors, is
given by the static value of the Maxwell-Wagner permit-
tivity [13], €} = €.2(h; + hy)/h,. In the slow-wave re-
gion, the dielectric loss coefficient, ¢, decreases linearly
with increasing tan 6; or ¢y, reaches a minimum point,
and then begins to increase linearly again. The minimum
point can be predicted using the parallel plate waveguide
approximation {2] and occurs for a conductivity of

} 3€gE,n
Olmin = A7 1 1. (5)
1 tottr2hihy
or for a loss tangent of
/ 3
We, Mr2h1h2

If either the dielectric loss or the frequency is very high,
the structure is said to be in the skin-effect region. In this
region, the fields only penetrate a small distance into the
lower substrate. With increasing frequency or dielectric
loss, the dielectric loss coefficient tends to decrease as
more of the fields are contained in the lossless, upper sub-
strate rather than in the lossy, lower substrate. In this re-
gion, the lower substrate behaves like a conductor with
finite loss. The dielectric loss coefficient, or alternately
the conduction loss coefficient, should decrease in pro-
portion to 1/ \/;1 in the skin effect region.

tan 8y pmm
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Fig. 2. Geometry of a two-layer parallel plate waveguide.

Connecting the low-loss and slow-wave regions and
slow-wave and skin-effect regions are the transition re-
gions where e/ is changing rapidly and e, achieves its
maximum value. The transition from low-loss to slow-
wave for the parallel plate waveguide structure can be de-
scribed using the following approximations [2]

€rs 7 €roo
Ereff = €0 T T+ Ko?/o] (7

(ers - 6roo)k(")/gl
n — 8
€ reff 1+ kzwz/a% 3

where
h + h

1 2 ©)

free hi/eq + hy/en
k = eohi(e,1 /by + €2/h). (10)

The minima of €, occur at the end points of the interval
0 < 0, < oo, i.e. when the substrate is lossless, g; = 0,
and when it is a perfect conductor, ¢; = o. The maxi-
mum € occurs for o; = kw or when tan 6, = k/(epe, ).

In the transition regions, €/ is changing rapidly and
so we are interested in the behavior of its derivative with
respect to the dielectric loss. The minima of de/.4/d0,
occur at the endpoints of the interval 0 = g, < oo, which
coincides with the minima of ¢/ The maximum of the
first derivative, however, does not coincide with the max-
imum value of €, instead it occurs for o, = kw/ V3 or
when tan 8, = k/(ege,; v/3). On the other hand, when
de s/ 9(In o)) is computed, the maximum occurs for o,
= kw or when tan 8, = k/(eye,;), which is the same as
the maximum of €.

In the transition from the slow-wave region to the skin-
effect region, the complex e,.5 can be given approxi-
mately as [2]

s _ he + hy |: h < tanh ('Yylhl)>}
Cresf = € —— | 1 — 1 -
) hy hy + hy Yyl
(1D
where
Yo = (1 + )V formpoht. (12)

In (11) p,.r and €. from [2] have been combined since
it is not possible to distinguish between the two parame-
ters in a full-wave analysis. Setting the real and imaginary
parts of the derivatives of (11) to zero results in compli-
cated transcendental equations which do not have closed
form solutions. Solving these equations numerically gives
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the following values of the frequency-conductivity prod-
uct;

maximum e’y = fo, = 1.27/(wpoh?)  (13)
maximum :ff - fo, = 0.71/(wuehd)  (14)
1
maximum —C2 fo, = 1.24/(zuohd)  (15)
3(n o7) i . Rofl

In this region, the maximum €/; and maximum
d€ o/ 0(In 07) are close to each other, but are not exactly
equal as are the maxima in the low-loss to slow-wave
transition region.

IV. REsuULTS

Fig. 3 shows €,.4 and o, for single and coupled mi-
crostrips on two substrates as a function of the loss tan-
gent of the lowest substrate computed using the lossy SDA
approach. Since the frequency is held constant at 1 GHz,
varying the loss tangent is equivalent to varying the con-
ductivity (for this configuration, o, (Q@m)~! = 0.540 tan
61). For tan §; << 1, the structure is in the low-loss re-
gion and «, increases linearly with increasing tan 6, as
expected. In this region, the lower substrate has the char-
acteristics of a ‘‘good’’ dielectric. When tan 8, is very
large, o, decreases with a slope of —1 on the log-log scale,
indicating a 1/+/tan §; behavior. This is consistent with
the skin effect which has a 1/+/o, behavior for the loss
coefficient. In this region, the lower substrate has the
characteristics of a *‘good’’ conductor. In the slow-wave
region, the dielectric attenuation constant decreases lin-
early until it reaches a minimum and then begins to in-
crease linearly. Using (5) to predict the minimum atten-
uation gives tan 6., = 102, which is close to the loca-
tion of the actual minimum. The largest values of o, occur
in the middle of the transitions from low-loss to slow-
wave regions and from slow-wave to skin effect regions.

Within each of the three regions (low-loss, slow-wave,
and skin-effect) ¢, is relatively constant with changing
loss tangent. In the low-loss region, the €/.4’s for both
modes and the isolated case are approximately the same
as the corresponding values of €/.4 of the lossless, two-
substrate structure. For each of the three cases, in the skin-
effect region, e/ is larger than in the low-loss region
since the lower substrate acts as a lossy ground plane,
thereby reducing the height that the center conductor is
above the ground plane. In the slow-wave region, € for
both modes and the isolated case rise to large values, as
expected. The even mode e ..z increases to a higher value
than that of the odd mode since the fields of the even mode
are concentrated more in the lower substrate. The odd
mode, on the other hand, has most of its fields concen-
trated in the air and in the lossless, upper substrate. Thus,
changes in the dielectric loss do not affect the odd mode
as much as they do the even mode.

Since € % is an analytic function it is possible to relate
the real and imaginary parts via the Kramers-Kronig re-
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Fig. 3. €/« and «, for single and coupled microstrips as a function of the
loss tangent of the lower substrate at a frequency of 1 GHz.

lations [14], [15]. Thus the behavior of € * i as a function
of tan 6, is similar to the behavior of € * as a function of
frequency. The connection between the real and imagi-
nary parts of €. is discussed in more detail later in the
paper.

A four line, symmetric microstrip structure on an Si-
SiO, substrate is analyzed in Fig. 4 and Fig. 5 as a func-
tion of the loss tangent of the lower substrate, the Silayer,
at a frequency of 1 GHz. The ¢,.4’s of the four indepen-
dent modes are given in Fig. 4 with the corresponding
ay’s presented in Fig. 5. 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. The
slowest mode, mode 3, has even/even symmetry which
concentrates most of the fields in the substrates. Thus the
€, for this mode is affected the most by changes in the
conductivity of the Si layer. 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. Thus-the €/ .4 of mode 2 changes much less than
that of mode 3 with changes in the conductivity of the Sl
layer.

The dielectric loss coefficient is plotted in Fig. 5 for the
four modes versus the loss tangent of the Si substrate. As

‘with the symmetric coupled microstrip structure, the
modal attenuation coefficients increase linearly in the low-
loss region and decrease with a 1/+tan §; dependence in
the skin effect region. Also, the attenuation coefficients of
each of the four modes reach a minimum in the slow-wave
region for loss tangents between 100 and 300. The pre-
dicted minimum for a single strip on this substrate using
(6) is 138. As with the €/, the variations of «y for the
modes can be related to the symmetry of the modes. Mode
3, which has the most electric field concentrated in the
lower substrate, has higher losses and enters the skin ef-
fect region sooner than the other modes. Mode 2, on the
other hand, has its electric field concentrated in the ‘air
and so it has the lowest losses and enters the skin effect
region last.

To 111ustrate how frequency and dielectric losses affect
the complex ¢ %, contour plots of €osr and 10g o (€ /y¢) are
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"Fig. 4. €/ of four symmetric coupled microstrips as a function of the loss

tangent of the lower substrate, tan é;, at a frequency of 1 GHz.
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Fig. 5. a, of four symmetric coupled microstrips as a function of the loss
tangent of the lower substrate, tan 8, at a frequency of 1 GHz, with the
same dimensions as in Fig. 4.

presented in Figs. 6-9. Figs. 6 and 8 were computed as-
suming that tan ; i$ constant with frequency, while Figs.
7 and 9 used the assumption of constant conductivity with
frequency. Figs. 6 and 7 show the value of €/ wh11e
Figs. 8 and 9 give the value of log;q (€.

In Figs. 6 and 7, the large open space in the lower,
center part of the contour plots is the slow-wave region.
In this area, €/, is @ maximum and changes very little
with either frequency or dielectric loss,  maintaining a
value of around 26.5. The low-loss region is located on
the left side of Fig. 6 and in the upper left of Fig. 7. In
Fig. 6, €. is constant for low frequencies and then be-
gins to increase slowly around 30 GHz because of the dis-
persive properties of the structure. For the constant con-
ductivity assumption, Fig. 7, €/ decreases rapidly from
its slow-wave value, approaching the low-loss, quasi-
static value. It then begins to increase with increasing fre-

"quency, again due to dispersion. The skin effect region is

in the upper right of the contour plots. The transition for
the slow-wave value of ¢/ to its skin-effect value is fairly
rapid. The value of €, in the skin-effect region (¢ /. =
3.7) is lower than that of the low-loss region (¢, = 6.1)
because the low-loss region is a two-substrate structure
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Fig. 7. Contour plot of €, as a function of the frequency and the con-
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6.
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Fig. 8. Contour plot of log, (€, as a function of the frequency and the

loss tangent of the lower substrate, tan ,, with the same dimensions as in
Fig. 6.

dominated by the Si layef (¢, = 12) while in the skin-
effect region it is essentially a one-substrate structure of
Si0, (¢, = 4.0). ‘
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In Figs. 8 and 9 the logarithm of e, is plotted since
e ¢ varies over a very wide range of values with changing
frequency and dielectric loss. The slow-wave, low-loss,
and skin-effect regions in Figs. 8 and 9 are located in the
same areas as in Figs. 6 and 7, respectively. One differ-
ence in the behavior of the real and imaginary parts of
e X4 is that within each of the three regions, the value of
e/ is relatively constant with changing frequency and
dielectric loss, while the value of €. is always changing
within the regions. The only exception to this occurs in
the low-loss region of Fig. 8 where the value of €,y is
relatively constant with respect to frequency when tan 6,
is constant with frequency. Another point to note is that
when €/ is a maximum (in the center of the slow-wave

“region), e/, and hence the dielectric losses, are at a min-

imum. Using (5), the value of ¢ which gives minimum
dielectric 1oss is 01 mi, = 0.092(Q mm) ™', which is close
to actual value for this structure. v

While the maximum €/ occurs when e/ is at a min-
imum, the location of the maximum e /. does not occur
with minimum €5 Instead, e/ is greatest in the tran-
sition regions when ¢, is changing most rapidly, i.e.
when the derivative of ¢, with respect to either fre-
quency or the dielectric loss parameter is greatest, just as
in case of the parallel plate waveguide. In Fig. 10, the
maximum €z, and maximum of the partial derivatives of
€ et Computed with the SDA are plotted for the same
structure in Fig. 7 over the same range of conductivity
and frequency. Also included are the curves representing
the maximum e /¢, and the maximum of the partial deriv-
atives of e, computed using the parallel plate waveguide
model. The maxima predicted by the parallel plate wave-
guide model are shifted slightly to the right in the transi-
tion from low-loss to slow-wave and in the opposite di-
rection in the transition from slow-wave to skin-effect.
This shift occurs because the parallel plate waveguide
model is only valid for very wide strips, whereas the width
used for the full-wave analysis is relatively small.

Since the transitions are shifted in toward the slow-wave
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SDA and the parallel plate waveguide approximation as a function of the
frequency and conductivity of the lower substrate, ¢,, with the same di-
mensions as in Fig. 6.

region in Fig. 10, the parallel plate waveguide model pre-
dicts a slightly smaller slow-wave region than is com-
puted using the SDA. The SDA predicts a larger slow-
wave region because it uses a smaller center conductor
width. The smaller center conductor width causes more
of the fields to be contained in the air and in the upper
substrate which are lossless, than in the lossy lower sub-
strate, reducing the value of €. that is achieved in the
slow-wave region. Thus, a structure with a smaller center
conductor width enters the slow-wave region earlier and

transitions to the skin effect region later since it needs to

reach a smaller value of /.. This behavior is also ob-
served in the odd mode in Fig. 3 or in mode 2 in Fig. 4.
This has the effect of increasing the size of the slow-wave
region as the width of the center conductor decreases.
The maxima obtained using the SDA show behavior that
closely parallels the results of the parallel plate wave-
guide model in the transition region from low-loss to skin-
effect. Using the full-wave approach, the ratio of the con-

ductivities which give maximum e/, and the maximum

d¢ | oir/ day is approximately 1.73, i.e. a constant offset of
logio(o;) = 0.239. This is in close agreement with the
results of the parallel plate waveguide model which pre-
dicts the ratio of the maxima of de ./ 901 and €/t to be
V3. = 1.7321. Likewise, the parallel plate waveguide
model predicts that the maximum of ¢/, will correspond
to the maximum of 3¢ /;/d (In o)) and the results from
the SDA also show this behavior. In fact, in Fig. 10 it is
not possible to distinguish between the graphs of the max-
ima of ¢ /. and the maxima of e,/ (In 07) for either
of the two methods. :

In the transition region from slow-wave to skin-effect,
the agreement bétween the parallel plate waveguide model

and the SDA is not as good. From the parallel plate -

waveguide model, the ratio of the maxima of e,.q, (13),
to the maxima of de/./9 (In 07), (15), is 1.023, while the
same ratio using the SDA is about 1.17. Likewise, the
"ratio of the maxima of e "¢ to the maxima of de /¢ /o is
predicted to be 1.78 using the parallel plate waveguide
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um, by = 5 um, €,; = ¢,, = 12.9, tan §, = 0.0004, w = 100 pm).
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Fig. 12. Contour plot of log,o(e /s as a function of frequency and the
conductivity of the lower substrate, o,, for a GaAs slow-wave structure
with the same dimensions as in Fig. 11.

and it is about 2.2 using the SDA. These discrepancies.
are most likely due to the approximations that were made
in arriving at (11). ‘

MIS slow-wave structures can also be constructed us-
ing a thin layer of semi-insulating GaAs on a doped GaAs
substrate. The real and imaginary parts of the complex
effective dielectric constant for this structure are shown
as contour plots in Figs. 11 and 12 as a function of fre-
quency and the conductivity of the doped GaAs. A 100
pm layer of doped GaAs is used for the lower substrate
with a 5 um layer of semi-insulating GaAs for the upper
substrate and a 100 pm center conductor width. A con-
ductivity of 1073 (Q mm) ' corresponds to p-GaAs doped
at 10" c¢cm™ and a conductivity of 10*(Q mm)~' to
n-GaAs doped at 10*° cm ™. The upper substrate is very
thin and so e,.4 is very large in the slow-wave region,
around 89. Since the real part of the relative dielectric
constants of the substrates are the same, the €, in the
low-loss region is lower than in the skin-effect region as
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in Fig. 3. The imaginary part of e %, in Fig. 12, shows
the same general behavior as the Si-Si0O, structure.

V. CONCLUSION
The presence of high dielectric losses or a conductivity

that is constant with frequency requires the use of a full-

wave analysis. The SDA was used to accurately analyze
multi-layer, multi-conductor structures over a wide range
of frequency 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
imaginary parts of the effective dielectric constant. MIS
slow-wave structures were analyzed using both Si-SiO,
and GaAs configurations. Contour plots of the complex
effective dielectric constant showed the locations and
characteristics of three regions -of operation, slow-wave,
low-loss, and skin-effect. The maximum and minimum
€ foir Were computed with the SDA as a function of fre-
quency.and conductivity showing how they are related to
the extrema of the derivative of e/ .
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