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Analysis of a transmission line on Si-based lossy structure using
Finite-Difference Time-Domain(FDTD) method
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ABSTRACT

Basically, a general characterization procedure based on the extraction of the characteristic impedance and
propagation constant for analyzing a single MIS(Metal- Insulator-Semiconductor) transmission line is used. In this
paper, an analysis for a new substrate shielding MIS structure consisting of grounded cross-bars at the interface
between Si and SiO2 layer using the Finite-Difference Time-Domain (FDTD) method is presénted. In order to
reduce the substrate effects on the transmission line characteristics, a shielding structure consisting of grounded
cross bar lines over time-domain signal has been examined. The extracted distributed frequency-dependent
transmission line parameters and corresponding equivalent circuit parameters as well as quality factor have been
examined as functions of cross-bar spacing and frequency. It is shown that the quality factor of the transmission
line can be improved without significant change in the characteristic impedance and effective dielectric constant.

silicon-based ICs can be classified as Metal-

1. INTRODUCTION Insulator-Semiconductor (MIS) transmission lines,

which consist of metal lines on semiconducting

Silicon-based technology is increasingly used for substrates, isolated by a thin S50, oxide layer.

RF and microwave integrated circuits because of The semiconducting substrate is characterized by
the distinct advantages of low cost and well its dielectric constant and conductivity.

developed fabrication techniques. Interconnects in In previous work Guckel et al. investigated the
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transmission properties of such structures including
the analysis based on a parallel-plate waveguide
approach of MIS microstrip lines’. In the early
1970s, Hasegawa™ analyzed theoretically the
transmission properties of microstrip lines using a
parallel-plate waveguide model with a perfectly
conducting line of infinite width for the MIS
structure and compared them with experimental
results, These works introduced the existence of
three fundamental propagation modes caused by
the finite resistivity of the semiconducting
substrates. These modes are classified as
slow-wave mode, dielectric quasi-TEM mode, and
skin-effect mode. The mode that dominates
depends mainly on the line geometry, the substrate
resistivity, and the signal frequency.

More recently efficient and versatile methods for
the characterization of low-loss MIS structures
have evolved®. In 1984, Scki and Hasegawa
analyzed the crosstalk and interconnection delay in
the interconnection system of high-speed LSI/VLSI
ts[5‘6], and G. Ghione studied a lossy
quasi-TEM model for multiconductor bus lines on

circui

semi-insulating GaAs substrates and analyzed
crosstalk, propagation signal delay and pulse
distortion in high-speed circuits"”. J. Gilb presented
the pulse distortion and coupling of multilayer
symmetric and asymmetric coupled microstrip lines
using a full-wave spectral domain technique™'”,

Microstrip structures realized on a Si-Si02
substrate are known to be quite sensitive to the
conductive properties of Si because of the
particular field configuration. Goel reported a
crosstalk analysis for a multi-layer multi-conductor
system in the same dielectric'".

Multi-layer multi-conductor configurations form
a part of most of the high-speed circuits. Tripathi
et al. reported analytical and numerical techniques
for the pulse propagation characteristics such as
delay, distortion, and crosstalk in multilevel
interconnections associated with high-speed digital
ICs including VLSI chips"®. Chan et al. presented
the propagation characteristics of waves along a
periodic array of parallel signal lines in a
multi-layered structure in the presence of a
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periodically perforated ground plane and the
characterization of the discontinuities made of two
orthogonally crossed strip lines on a suspended

substrate!™",
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Fig. 1 (a) Single microstrip line MIS structure, and
(b) its distributed equivalent circuit model

In this paper, a single MIS transmission line
structure on Si-SiQ02 substrates as shown in Fig.
1(a) is analyzed using the FDTD method. Then, a
new substrate shielding structure consisting of
grounded cross-bars is examined, and microstrip
characteristics for single line over the cross-bar
shielding structure is presented. The substrate-
shielded microstrip structure is essentially a
two-layered microstrip line with a series of
cross-bar conductors at the interface between Si
and SiO2 layer. The cross-bar conductors are
perpendicular to the main transmission line strip
conductor and are assumed to be at ground
potential. A full-wave analysis of the cross-bar
structure is carried out using FDTD. Equivalent
circuit parameters are extracted for substrate-
shielded microstrip structures from FDTD
simulations, and a comparison is made with the
two-layered microstrip structure without substrate
shield.
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I. ANALYSIS OF A SINGLE
MICROSTRIP MIS STRUCTURE

A single microstrip MIS structure and the
distributed equivalent circuit model are shown in
Fig. 1. It is assumed that the oxide layer is
lossless and the silicon layer is lossy. The
conductor loss is assumed to be zero. The
impedance Z,(w) and the
propagation constant ) of the signal line are
obtained from the ratio of the Fourier-transformed
voltage and current and the ratio of the voltages
taken at two different locations. Once W(w) and

Z)(w) are obtained, the distributed transmission

characteristic

line parameters for a single line R(w), L(w), {w),
and ((») can be calculated in a similar manner as
for a lossless transmission line, using the
procedure described in Y. The equations for
obtaining the distributed series impedance and

shunt admittance are

Ao) - Zo(@)=Ra) +jol(a) W
—Zs =G +jeC(o) @

The equivalent circuit for a small length of the
structure is Fig. 1(b) which consists of series
resistance R(w) inductance L(w), shunt capacitances

Cu(w) for the oxide layer and capacitance

C.(w) and conductance G (w) for the silicon
layer. It is assumed that the capacitance and the
conductance for the silicon layer are related as

Ca -

G = (3)

si O

where &, and ¢; are the dielectric constant and
conductivity of Si layer, respectively. As
mentioned above, the overall admittance ¥(w) is
given by

Y(w) = G(w) + jol(w) @

Using equations (3) and (4), the equivalent

circuit parameters C,(w), Ggq(w), and Cg(e)

for the oxide and silicon layer can be calculated
as

2

. [ed
Gul0) =T oo+ o? D) ©)
— g
€= Rz o7+ aF &) ©
Cola)=— Gyt o Cy )

wIm(Z())(G 4+ @” C L)+ w® Cy

where Z(w) = 1/Y(w).

As an example, a single microstrip MIS
structure is simulated using FDTD. The metal
strips and the ground plane are assumed to be
perfectly conducting and infinitely thin, and are
defined by setting the tangential component of the
electric field to zero. The conductor line is
simulated on an N_4dx by N,dy by N, 4z
computational domain with Ax=10 pm, Ay=12.5 gm
and 42=20 um. This corresponds to a conductor
width W=54x of the signal line and substrate
heights H1=16 4y and H2=2 4y. The width, N,
and height, N,, of the simulation box are chosen
to be large enough to not disturb the field
distributions near the strips. In all, the entire
computational domain including the PML boundary
of 8 cells is divided into 58 by 50 by 280 grid
cells,

A time step of 4¢=0.0218 ps is used and the
total number of time steps is 2500. The input is
excited with a Gaussian pulse with T=2.33 ps and

t,=6.98 ps.

. SINGLE MIS LINE WITH
SUBSTRATE SHIELDING

A single line MIS structure with an embedded
grounded cross bar structure for substrate shiclding
is shown in Fig. 4. The width and spacing of the
cross bars are considered to be much smaller than
the wavelength so that uniform signal propagation
can be assumed along the line.

As in the case without substrate shielding, the
characteristic impedance Z,(w) and the

1529

www.dbpia.co.kr



E-2-BA1 88 =T 2] '00-9 Vol.25 No.9B

propagation constant y(e) of the signal line are
obtained from the ratio of Fourier-transformed
voltage and curtent and the ratio of the voltages
taken at two different locations, respectively.

MICROSTRIP
CONDUCTOR

CROSS BAR
CONDUCTOR

GROUND PLANE
@

------------------------ rphptioghnbyvistmpulimpu it

(b)

Fig. 4 (a) Side view and (b) top view of single
microstrip MIS structure with embedded grounded
cross bars for substrate shielding.

In the FDTD method, the entire computational
domain is discretized into a number of cells of
size Ax, 4y and 4z in x, y and z directions,
respectively. Fig. 5 shows the total computational
domain of the proposed cross bar structure
including the Perfectly Matched Layer (PML)
absorbing boundary condition.

During the FDTD simulation, the potential is set
to be zero for the grid cells containing the cross
bar conductors so that all cross bars behave like
perfect grounded conductors. The input port of the
signal line is excited with a Gaussian pulse and
the voltages and currents are recorded at two
different locations. The characteristic impedance of
the structure is obtained from the ratio of
Fourier-transformed voltage and current.

The metal strips and the ground plane are
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Fig. 5 Computational domain for FDTD simulation of
a single MIS line with a cross bar substrate
shielding structure. ’

assumed to be petfectly conducting and infinitely
thin, and are defined by setting the tangential
component of the electric field to zero. The
conductor lines are simulated on an N,4x by
N,4y by N,dz computational domain with gx
Ay=125 m and  Jz=20 ym, This
corresponds to conductor width W=5 4r of the

=10 pm,

signal line, a cross bar conductor width of Wc=2
4z, a gap size between the cross bars of $=2 4z,
34z, 44z, 54z, and 6 4z respectively, and
substrate heights H1=16 4y and H2=2 4y. The
width, »N,, and height, &, of the simulation box
are chosen to be large enough to not disturb the
field distributions near the strips. The entire
computational domain including the PML boundary
of B cells is divided into 58 by 50 by 280 grid
cells.

A time step of 4t=0.0218 ps is used and the
total number of time steps is 2500. The input is
excited with a Gaussian pulse with T=2.33 ps and

t9=6.98 ps. Figures 6 to 13 show the results of
the MIS line with the cross bar structure for
different spacing of the cross bar conductors for
substrate conductivity ¢=10 (siemens/m). Figures 6
and 7 show the frequency-dependent effective
diclectric  constant £.,(w) and  characteristic
impedance Z,(w) for various gap sizes between
the cross bars as well as without cross bars,
respectively.
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It can be seen that the effective dielectric
constant and characteristic impedance are changed
only slightly by the presence of the cross bar
structure. The overall inductance, conductance,
capacitance and attenuation constant are shown in
Figures 8 to 11, respectively. It is observed that
the overall conductance ({w) is reduced with the
inttoduction of the cross bar conductors, and the
smallest conductance is achieved for the smallest
gap size ($=40 um).

Fig. 12 shows the quality factor Q= 8/2¢ as a
function of frequency and Fig. 13 gives a
variation in Q as a function of nomnalized
spacing (cross’ bar width/spacing) for different
frequencies. It is observed that the quality factor
Q improves for decreasing cross bar spacing and

75 S=40um
£ $=60um
2 $=80um
H S=100um
s S=120um |
§ No Crossing
265
w

5.5

o 5 20

10 '
Frequency(GHz)
Fig. 6 Effective dielectric constant of a single MIS line

with cross bats substrate shielding structure for ¢
=10(S/m).

Characteristic impedance {Ohm}

5 10 20
Frequency(GHz)

Fig. 7 Characteristic impedance of a single MIS line
with cross bars substrate shielding strocture for ¢

=10(S/m).

that the improvement is more pronounced at

lower frequencies.
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Fig. 8 Total inductance of a single MIS line with cross
bars substrate shielding structure for @=10(S/m).
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Fig. 9 Total conductance of a single MIS line with cross

bars substrate shielding structure for @=10(5/m).
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Fig. 10 Total capacitance of a single MIS line with cross
bars substrate shielding structure for ¢=10(S/m).
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Fig. 11 Attenuation constant of a single MIS line with
cross bars substrate shielding structure for ¢
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Fig. 12 Quality factor(Q) as a function of frequency of
a single MIS line with cross bars substrate

shielding structure for g=10(S/m).
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Fig. 13 Quality factor(Q) of a single MIS line with
cross bars substrate shielding structure with the

normalized spacing for ¢=10(S/m).
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V. CONCLUDING REMARKS

In this paper, the Finite Difference Time
Domain (FDTD) method has been applied to
compute  the  propagation  constants  and
characteristic impedances of Si-based multilayer
single microstrip line MIS structures. The results
show that the transmission line characteristics are
strongly influenced by the lossy nature of the
silicon substrate. In order to reduce the substrate
effects on the transmission line characteristics, a
shielding structure consisting of grounded cross bar
conductor lines has been examined.

The extracted distributed transmission line
parameters and corresponding equivalent circuit
parameters as well as quality factor have been
examined as a function of spacing of the crossbar
lines. It was found that the quality factor of the
transmission lines can be improved without
significant change in the characteristic impdance
and effective dielectric constant.
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