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Highly Accurate Quasi-Static Modeling of Microstrip Lines Over Lossy
Substrates
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Abstract - A highly accuratequasi-static model of a microstrip // \\

over a semiconductor layer has been developed. The ageéels < W Zoemi J

with full-wave calculations inall three modes of propagation 7\*&%\\\1\_&“‘@@%@9@\ t Sio,
(skin-effect,slow wave,anddielectric quasi-TEM)for both the x=a / \

attenuation constant and the propagation constgnover avery 4 Y .
wide range ofdimension, substrate conductivitgind frequency. // \\ h Si
To achievethis level ofagreement, a non-uniform cross-section, / \

transverse resonance technidpasbeen applied to finthe series x=D

impedance per unit length of the microstrip transmission line.
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X

. Fig. 1. Cross section of a microstripver a semiconducting substratek
I. Introduction represents the effective spreading distanc¢heffields between thstrip and

For the last twenty-fivgrears therdhasbeen a greadeal of the gﬂt)l_md Iljlaln?'; bﬂ@féﬁfﬂéﬂé ﬂgetvgﬁimis}z model (5) and conventional
interest in modeling microstrip transmission lines of'¢"Os!P caicUiAlions IS achieved for S + Wi,
semiconducting substratesinterconnectsfabricated onmulti-

layered semiconductorsubstrates (such as silicodioxide on d the groungblane, as well as inducing significainss due to
silicon) produce behavior that is more difficult to predict than thfC 9ro ' g sig
series resistancg3, 5]. In contrast, if thefrequency or

of lines made on lossless substrates [1, 2]. In 19ddegawaet o X X
. o : - ; ; onductivity is low enough that the skdepth is largethan the
al. [3] experimentally verified this behavior for a microstrip on ?&{'ckness of the semiconductor, the magnéitds (and thus

SiO2-Si substrate. The purpose of this letter is to show t : . L X
: : . . , inductancel) will be determinedorimarily by the separation of
quasi-staticanalysiscan accurately prediche behavior ofsuch 4 microstrip and the true ground plane.
transmission lines, wittexcellent agreement between full-wave
andstatic model over a veryvide range ofdimension, substrate

conductivity, and frequency. Il. Quasi-Static Model

To evaluatethe impact of asemiconductor layer of  yhe g6 of quasi-static models foansmission lines isvell

conductivityo on the transmission linehanges irboth electric  ggiapished, and has great utility when computational efficiency is
andmagnetic fieldsmust bedetermined. For a microstrip-like o4 jired [6]. In addition, for cases where iteissential tdnclude

geometry (Figure 1) the changes in glectric fieldarerelatively  cqnqycior josses, full-wavanalysiscan become arduous. Many
straightforward. lfthe frequency ofthe appliedsignal is below g agj-static models have been proposed rfocrostrips over

the dielectricrelaxationfrequency ofthe semiconductom/esemi  semiconducting layers that adequately describe the impact of finite
the electric fields behave astife semiconductomere ametallic  conductivity on the shunadmittance peunit lengthY of the
sheet. Conversely, if thieequency is increased @onductivity transmission line [7]. Thequivalentcircuit usedconsists of a
decreasedintil w > 0/&em; the electric fields behave as if thecapacitorCins,, representing theéop dielectric layer, in series

semiconductorvere alossy dielectric layer.  In thecrossover with a parallel capacitanceCsemi and conductanceGsemi

region where w ~ 0/esem; the impact of thesemiconductor en esenting the semiconducting layer. For simplicity we assume

conductivity on propagation loss can be very large [4].  that the topdielectric layerthicknesst is much less than the
The proper value of serigaductancefor the transmission microstrip widthw, so

line must also bedetermined. Wherthe thickness of the £

semiconducting substrate becomes greater than the skin depth, &g, = —>W (@)

so-called "skin-effect" mode gbropagation isencountered3]. t . ) ) . i
Several previougapers haveaecognizedthat this leads to a wheregjnsy is thedielectricconstant of the top insulatingyer.
reduction in the effective separation betweenthe signal For the semiconducting layer, the shunt conduct@iggscales

identically with its capacitance. Here, we use Wheeggpigtions
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and then the conductance is
g

GSEmi —0C

'semi

o)

semi

whereggemiis the dielectric constant of the semiconductor. The

use of Wheeler's equations efficiently accounts for thickne
variations of thesemiconductor layeth with respect to the
microstrip width. Thus, the totaldmittance peunit length for

the interconnect is given by

R 2
\/ - J‘kX:%nsu(Bsaﬁ w (: (:

'semi ~insu
. ®3)
G + J(Ci + Cirg)

The semiconductor layer canlso significantly affect the
seriesimpedanceper unit length Z of the microstrip. For the
high frequencyand/orhigh conductivity casethis effecthas not
been adequately treated jmevious quasi-static modeldlere we
use the transverse resonance technique to fithet surface
impedance of the ground plane as seen througlsehmconductor
layer, similar to that previouslysed by[5]. Previouswork
assumedhat theequivalent transvers&ransmission line is of
uniform cross section with a short circiibundary condition
representing theerfect grouncplane. A uniform cross section
approximation, however, is invalid for microstrxcept forvery
wide strips (i.e.,w >> h). If the effective cross section is
assumed to vary linearly with deptl{Fig. 1), approximating the
spreading ofthe fields betweernthe microstrip and the ground
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Fig. 2. Surface of attenuation constaniersus conductivity anéfequency for
microstrip geometry in [5]; dotted lines: new quasi-static modet foBh + wi;
solid lines: full-wave results.

The first example is thecase considered originally by
Hasegawa, which has frequently been used by otherstasdard
for comparison [5, 10]. The structure consists of a @0 wide
microstrip, on a lum thick silicondioxide layer, on a 25@m
thick silicon substrate. Using thguasi-static modetliscussed
above, thesurfaces ofattenuation constanty, andslow wave

plane, the input impedance of this non-uniform transmission lifector, B/Bg, as a function of botti ando areshown in Figs. 2

is the desired surface impedance, and is given by (4) belbere
H® and H® are Hankel functions of the firsind seconckind,
. . hw
B =iy (jweey +0), az5 =
The distancd is a measure of how much tfields spread before

reachingthe groundplane. The totaimpedanceper unit length
for the microstrip is then

, and b=a+h.

_7 Z . +Ztanh(yt)
' Z +Z tanh(yt)

where Z; = /Uy | &,q, /W and Y, = jw/UpEing, - In the

limit of zero conductivity in the semiconductor, thepedance
calculated using eg. 5 should reduce toitigeictance of a&imple
microstrip line. Fork = 3h + wf, theinductance calculated
using eq. 5matches thabbtainedfrom Wheeler's equations [8]
very closely (within 3 %) over a wide rangehdfv (height-width

ratio range of at least 1®to 102).

®)

[1l.  Results
The complex propagation constants of two microstrip li
structures have beearalculatedusing bothfull-wave andthe new
guasi-static model. The spectral domapproach is usefbr the
full-wave calculations [9]. Théull-wave results showrhere are
essentially identical to the results of Megaal.[10].

[&nge of conductivityfrom 0.01 to 10 S/cm.

and 3. Also shown ineachfigure are specific contourdound
using the full-wave calculations. For the attenuation constant,
(Fig. 2), theagreement betweethe quasi-staticand full-wave
calculations is excellent over the full foarders ofmagnitude of
frequency andtonductivity showncovering allthree domains of
skin-effect, slow wave, and dielectric quasi-TEMpropagation.
For the slow wave factor, B/Bg, only at the very highest

frequency anatonductivity is there a noticeabtifference(which
is still less than 20 %). In contrast, Mextaal.[10], whoused a
more conventional quasi-static model which did not fatypsider
the impact of thesemiconductor onZ, showed significant
disagreement between full-wave and their quasi-static resutts,
at low frequency andconductivity. Ouragreementhas been
achievedonly by assuring that thejuasi-statics account for
changes in botly andZ.

We have also verified thgw and conductivitydependence of
the model, keeping thé&equency fixed at 1GHz. For this
example the linewidth is held constant a0, the thickness of
the silicon dioxide layer is fim, and the thickness of the silicon
layer is varied from 10 pm to 1000 pm. For both the
attenuation constantt and phase constang, the quasi-static
calculation was typically within 5 % of the full-wave result, for a
Again, the
agreement betweehe full wave and quasi-static calculations is
due to the use of egs. 4 and 5 to find $heface impedance of the
lossy semiconductor layer.

_L e,

HPGBLHY (iBa) -H (iBa)HY (i8.b)

semi

W\ jweg +0 HP(1BOYH P (iB.2)-HP(iB2)HY (iBb)

(4)
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and interconnect dimensiorgquiresapproximately 0.25sec of
CPU time; in contrast, thé&ull-wave calculationrequired over
1000 sec of CPU time to obtain the same curve.
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