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SUMMARY A new IC interconnect transmission line pa-
rameter determination methodology and a novel fast simulation
technique for non-uniform transmission lines are presented and
verified. The capacitance parameter is a strong function of a
shielding effect between the layers, while silicon substrate has
a substantial effect on inductance parameter. Thus, they are
taken into account to determine the parameters. Then the virtual
straight-line-based per unit length parameters are determined in
order to perform the fast transient simulation of the non-uniform
transmission lines. It was shown that not only the inductance
effect due to a silicon substrate but also the shielding effect be-
tween the layers are too significant to be neglected. Further,
a model order reduction technique is integrated into Berkeley
SPICE in order to demonstrate that the virtual straight-line-
based per-unit-length parameters can be efficiently employed for
the fast transient response simulation of the complicated multi-
layer interconnect structures. Since the methodology is very effi-
cient as well as accurate, it can be usefully employed for IC CAD
tools of high-performance VLSI circuit design.
key words: interconnects, substrate e�ect, shielding e�ect, sig-

nal integrity, signal delay, crosstalk noise

1. Introduction

As the minimum feature size is shrinking down to the
deep-submicron, IC interconnects play a pivotal role of
the circuit performance [1]–[5]. That is, the intercon-
nects have a substantial effect on the overall perfor-
mance of the today’s VLSI circuits. Particularly, not
only does a tighter physical spacing between the lines
cause a significant electromagnetic interference noise,
i.e., crosstalk, but also the signal delay due to a long
interconnect occupies more than 70% of the total delay
of the critical path [2]. Further, since a dominant signal
propagation mode on silicon-based IC interconnects is
not a TEM mode but a slow wave mode due to the sil-
icon substrate [6], the inductance becomes increasingly
important. Thus, regardless of the process variations
and non-ideal characteristics of IC interconnects, their
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electrical parameters can not be readily determined be-
cause of the silicon substrate effect, inter-layer shield-
ing effect, and discontinuities. As the technologies ad-
vance, their importance will be more apparent because
the dominant signal distortions and logic failures will
not be due to gates but due to the interconnect lines.
Therefore, the interconnect characterization is a kind
of important issues in the high-speed and high-density
VLSI circuit design [2], [7]–[12].

In addition to all these problems, the accurate but
fast evaluation of the signal transients of interconnect
circuits to include non-linear devices such as transis-
tors in the time domain becomes an essential part of
today’s complicated circuit design [13]–[17]. Other-
wise, the complicated circuit performance cannot be
efficiently estimated. Thus, unlike the segmented lad-
der network model for conventional SPICE simulation,
model order reduction techniques that require constant
per-unit-length parameters for all the transmission lines
are usually employed for the fast time domain signal
transient simulation of the interconnect circuits. How-
ever, such an implicit assumption cannot be accepted in
the practical circuits which have non-uniform transmis-
sion line structures. Thus, the non-uniform structure
of IC interconnect is another crucial drawback for the
fast time domain simulation.

In this work, a new transmission line parameter
determination method and a novel fast simulation tech-
nique of the silicon-based non-uniform shape of IC in-
terconnects are presented and verified. That is, the ca-
pacitance parameter is a strong function of a shielding
effect between the layers, while silicon substrate has
a substantial effect on inductance parameter. Thus,
they are taken into account to determine the param-
eters. The shielding effect of the multi-layer lines is
modeled in terms of capacitance variation between the
layers. The inductance matrix is determined by using
the capacitance matrix and an effective dielectric con-
stant which can empirically take the silicon substrate
effect into account. The non-uniform structures are
transformed into virtual straight-line-based per-unit-
length parameters in order to efficiently obtain the fast
time domain responses. A model order reduction al-
gorithm is integrated into Berkeley SPICE to demon-
strate that the accurate time domain responses for the
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Fig. 1 Multiple transmission line system configuration.

complex multilayer interconnect structures can be effi-
ciently simulated.

The paper is organized as follows. First, the math-
ematical formulation of the multi-line system is de-
scribed. Then, the transmission line parameter de-
termination methodology is presented. Next, a vir-
tual straight line parameter extraction technique for
non-uniform shapes of transmission lines is mathemat-
ically formulated, followed by the fast time domain sig-
nal transient verification with multilayer interconnect
structures. Finally, the paper is summarized and con-
cluded.

2. Mathematical Formulation for Fast Time
Domain Simulation

The time domain system response including the trans-
mission line effects can be formulated by a convolu-
tion integral in the time domain or an inverse Laplace
(or Fourier) transform in the frequency domain with
boundary conditions [14]. In general, the signal propa-
gation on the multiple transmission lines of Fig. 1 can
be modeled as a matrix form of Telegrapher Equations
(TE) in the frequency domain

∂I (x, s)
∂x

= − (sC+G)V (x, s) (1)

∂V (x, s)
∂x

= − (sL+R) I (x, s) (2)

where R, L, G and C are the N × N matrices
of per-unit-length resistance, inductance, conductance,
and capacitance, respectively. Solutions for the port-
voltage vectors and port-current vectors in the time
domain become [14]

i1(t) = h1(t) ∗ v1(t)
−h2(t−td) ∗ v2(t)−h3(t−td) ∗ i2(t) (3)

i2(t) = h1(t) ∗ v2(t)
−h2(t−td) ∗ v1(t)−h3(t−td) ∗ i1(t). (4)

where * stands for the convolution operator and td is
the modal propagation delay which is extracted from
the modal analysis in the frequency domain. Note that
the hi(t)’s are impulse response functions which are de-
fined in terms of the voltage eigenmatrix, the current

(a)

(b)

Fig. 2 Non-uniform transmission line circuit and its virtual
straight lines.
(a) actual non-uniform lines (S1 �= S2 �= S3 �= S4, l1 �= l2 �= l3).
(b) equivalent virtual-straight lines (S1 �= S2, but l1 = l2 = l3).

eigenmatrix, and the diagonal matrix with modal func-
tions, respectively. Since they are again represented
by the transmission line parameters, the signal tran-
sients on the lines can be accurately yielded in the time
domain if these transmission line parameters are deter-
mined. Moreover, the impulse response of (3) and (4)
can be represented with a rational function which can
be decomposed of partial fractions such as [13], [14]

Hi(s) ≈ a0

(
1 +

n∑
k=1

qk

s− pk

)
(5)

where pk’s and qk’s are poles and zeros of the system,
respectively. Thus the time domain impulse responses
of the transmission lines can be directly determined
without the numerical inverse Laplace transform of the
frequency domain responses. That is,

hi(t) ≈ a0

(
δ(t) +

n∑
k=1

qke
pkt

)
. (6)

This approximation technique is computationally ex-
cellent because they do not need the time-consuming
numerical integration process. However, it can not han-
dle the non-straight-line-based asymmetrical transmis-
sion line structures which are more common in practi-
cal integrated circuits. For example, since the lengths
and spaces of the lines as shown in Fig. 2(a) are not
identical, they are non-straight asymmetrical lines. For
such lines, we cannot describe the system by using the
telegrapher equations with per-unit-length parameters,
i.e., [R] [L] [C] [G] matrices. That is, the parameters
of Fig. 2(a) cannot be directly accepted in Eqs. (1) and
(2). On the contrary, if we modify the lines into the
equivalent virtual straight-lines as shown in Fig. 2(b),
per-unit-length parameters corresponding to the origi-
nal lines can be yielded. Then the system can be readily
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modeled by using (1) and (2). Thus, in order to exploit
the cost-efficient approximation techniques of (5) and
(6), the arbitrary non-uniform transmission line param-
eters should be transformed into the virtual straight-
line parameters. Thereby, the time domain responses
of the interconnect circuits with general structures can
be readily calculated by using the above dominant pole
approximation algorithm.

3. Transmission Line Parameters on IC Inter-
connects

The digital signal is a kind of pulse with a finite rise
time and a finite fall time. The frequency components
of the pulse can be decomposed of spectrums in the fre-
quency domain. The frequency spectrums have three
different propagation modes dependent of a silicon sub-
strate resistivity and an operation frequency, i.e., a
skin-effect mode, a slow wave mode, and a quasi-TEM
mode [6]. In today’s silicon-based VLSI interconnects,
most of the frequency components of a pulse is propa-
gated with the slow wave mode due to the silicon sub-
strate effect. Thus, the effect must be taken into ac-
count to guarantee the signal integrity due to today’s
high-speed VLSI circuit interconnects.

In the slow wave mode, while the electric field can
penetrate the oxide layer, it does not penetrate the sil-
icon substrate. In contrast, the magnetic field can pen-
etrate both the oxide layer and the silicon substrate.
Therefore, the ground plane for the capacitance pa-
rameter determination of the IC interconnects can be
regarded as the silicon surface. However, it is not the
case for the inductance. That is, the interlinked mag-
netic flux must be determined considering the bottom
of silicon substrate as a ground plane. In fact, the as-
sumption that the bottom of the silicon substrate is
considered the ground plane is the worst case model
(i.e., the inductance is the largest case). Note that the
upper layer metal has more magnetic flux linkage than
that of the lower layer one since the magnetic flux of
the upper-layer line can penetrate the more cross sec-
tional area. The materials between the signal line and
the ground does not much exert the inductive effect
because µr ≈ 1 for nonmagnetic materials.

3.1 Capacitance Determination

There are numerous methods to calculate the capaci-
tances of multi-line system. However, they are basically
to obtain the electro-static potentials or charges of the
given system by solving the Poisson’s equation of the
differential or integral form. Thus, once the potentials
or the charges are determined, the capacitances can be
readily determined. That is, the capacitance parame-
ters can be readily yielded with two-terminal network
capacitance definition (called the short circuit capaci-
tance) which is analogous to the node admittance ma-

trix [19]. The short circuit capacitance and the conven-
tional capacitance have the following relationships,

Csii =
n∑

j=1

Cij (7)

Csij = −Cij . (8)

The two port network system for the short circuit ca-
pacitance determination can be mathematically pre-
sented as [7]

Vi = V if i ∈ A (9)

Vi = 0 if i /∈ A (10)

where A is an active node set. Then the two port ca-
pacitance between node set x ∈ A(one port) and node
set y /∈ A(another port) is

Cx−y =
∑
i=A

Qi

V
. (11)

Thus, n-port network capacitances can be extracted by
repeating the two port network calculation for indepen-
dent node set. That is, several independent node set ca-
pacitance calculations with some algebra can produce
the self and coupling capacitances.

In order to investigate the capacitances in silicon-
based IC interconnects, test structures are designed
and fabricated. The layout and cross-section of a pat-
tern are shown in Fig. 3. The oxide thickness (tox) is
0.8µm and metal thickness (tm) is 1.2µm. The thick-
ness of the silicon substrate is about 200µm. The sil-
icon doping concentration is the p-type of 1015cm−3.
The single lines have the dimension of 8mm long inter-
connects with 0.8µm, 1µm, and 1.2µm widths. The
cross-coupled structures for the coupling capacitance
have 0.8µm, 1.0µm, and 1.2µm metal spaces, preserv-
ing 1µm width for all the coupled structures. The pad
parasitics are deembedded with y-parameter technique
[20], [21]. The calculated capacitances and measured
capacitances are shown in Fig. 4. Their agreements are
reasonably good. Note that the calculated capacitances
are larger than the measured ones a bit. However, we
guess it is mainly due to the over-etching and void dur-
ing the processing which are not taken into account for
our numerical calculation of the capacitances.

3.2 Shielding Effect

To improve the routability of the complicated inte-
grated circuits, the IC interconnects are necessarily
multi-layered. Although lines between the layers are or-
thogonally placed, dense under-layer interconnects have
a considerable effect on the capacitances of upper-layer
lines. Thus, the shielding effect is no longer negligible.
It must be taken into account to guarantee the accurate
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(a)

(b)

Fig. 3 Test pattern for the verification of the capacitances and
inductances. (a) single line and cross-coupled lines (G-S-G means
ground-signal-ground). (b) the cross-section of the DUT (device
under test).

Fig. 4 Capacitances for the experimental test patterns.

analysis of a signal delay and a crosstalk noise.
The capacitance with the shielding effect has

the functional dependency of line width, line thick-
ness, spacing between the lines, and IMD (inter-metal-
dielectric) thickness. In fact, it is too much complicated
to model the capacitance variation due to the shielding
effect with all these variables. Thus, the upper layer ca-
pacitance is represented by introducing a filling factor
η which can be defined as the ratio of the total under-

Fig. 5 Multi-layer structure with lower layer shielding.

layer line width to upper-layer line length. Then the
effective upper-layer capacitance can be modeled as a
function like

Ce = f (C0, Cf , η) . (12)

where C0 is the upper layer capacitance without any
under-layer lines and Cf is the upper layer capacitance
that is fully filled with the under-layer lines. The η can
be approximately modeled by

η =

n∑
j=1

wj +
m∑

k=1

sk + (n−m) t

l
(13)

where l is an interesting upper-layer line length, wj is
the j-th line width of the under-layer lines, t is the
thickness of the under-layer lines, sk is the space be-
tween the under-layer lines, and m is the number of
spaces between under-layer lines smaller than t. Note
that metal layers will be similar to a solid conduc-
tor over a ground plane if spaces are smaller than
a wavelength of the signal transmitted [9]. In re-
ality, if the under-layer line spaces are uniform and(
l −
∑n

j=1 wj

)
< nt, the upper-layer line capacitances

are close to those of the fully filled case. Therefore, Ce

can be readily modeled by assuming the lower layer as
a conductor plate. That is, the upper layer capacitance
can be represented as

Ce ≈ C0 (1− η) + ηCf for 0 < η < 1. (14)

In order to investigate the shielding phenomena, the
metal structure as shown in Fig. 5 is examined. The
self capacitance in Fig. 5 is the capacitance between an
upper layer line (line1, line2, or line3) and ground. The
coupling capacitance is the capacitance between the up-
per layer lines. The self and coupling capacitances for
the structure of Fig. 5 were extracted by varying the
number of the under layer lines up to 50 lines. Then
they were compared in Fig. 6 with both 3D-field-solver-
based capacitances and model (14). As shown in Fig. 6,
the capacitance variations with η are fairly well agreed
with 3-dimensional numerical simulation [21].
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(a)

(b)

Fig. 6 Upper layer capacitance variations with lower layer
shielding. (a) the self capacitance of the upper lines. (b) the
coupling capacitance of the upper lines.

3.3 Inductance Determination

Unlike the capacitance matrix determination, since the
magnetic fields penetrate the silicon substrate, the sili-
con substrate effect must be taken into account to cal-
culate inductance matrix. The inductance matrix for
lossless (or low lossy) lines is commonly determined by
using [18]

[L] = µ0ε0 [C]−1 . (15)

Therefore, (15) is not accurate enough to be employed
for lossy lines. Further, (15) did not consider the silicon
substrate effect. Thus, in this work, the inductance ma-
trix is determined by introducing an effective dielectric
constant (a kind of fitting parameter) which can em-
pirically take both the silicon substrate effect and the
lossy effect into account. The effective dielectric con-
stant is determined from a single transmission line as
shown in Fig. 3. Then the value is applied to the multi-
line inductance matrix determination. The inductance
model of a single interconnect line on silicon substrate
is given by [9]

Fig. 7 Inductance for the experimental test patterns.

Ls = µ0
1
2π

ln
[(

h

0.59w
+ 1.1

)
− 0.5

+

√(
h

0.59w
+ 1.1

)2
− 1.05


 . (16)

where the “h” is approximately equal to the thickness
defined as h = tsi+tox in Fig. 3. The s-parameter-based
experimental inductance data for the same structures
as the capacitance measurement patterns (see Fig. 3)
are shown in Fig. 7. As shown in Fig. 7, (16) shows
good agreements with measurements within 10% error.
Once the single line capacitance (Cs) and inductance
(Ls) are determined, the effective dielectric constant,
εreff , can be easily calculated as follows

εreff =
CsLs

µ0ε0
. (17)

where Cs is a single line capacitance which is yielded by
considering h = tsi + tox in Fig. 3. Since the magnetic
field penetration depth of the multi-line system in the
same chip as in the single line is equal to that of the
single line, the effective dielectric constant can be used
for the multi-line system. Thus, the inductance matrix
for the multiple lines can be yielded by

[L] = µ0ε0εreff [C]−1 . (18)

The calculated inductances with and without the sil-
icon substrate effect are compared in the Fig. 8. The
inductances which consider the silicon substrate effect
show much larger values than those without the effect
because of the magnetic flux penetrating into the sili-
con.

4. Virtual Straight Line Parameters for Non-
uniform Lines

The signal integrity of today’s silicon-based IC inter-
connects can not be accurately estimated with the con-
ventional RC model which can not reflect both the sil-
icon substrate effect and the shielding effect. Further,
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Fig. 8 Inductances for the multilines. The inductances
without considering the silicon substrate effect are too low.

the IC interconnect lines are not straight lines in prac-
tical circuits. That is, they are layouted with the non-
uniform structures of multiple layers in which the spac-
ing between the lines is not equal and the lines have
many discontinuities. The inherent non-uniform lay-
outs and the shielding effect of IC interconnects are
other practical limitations for the signal integrity anal-
yses of the interconnect circuits. In conventional ladder
network model, they should be divided into a section
whenever the lines encounter the discontinuity such as
bend or via. Then the line parameters in the section
are determined by using 3D (or 2D) simulation. These
section parameters are used for SPICE circuit file de-
scription. However, it is not only very inefficient but
also not suitable for the fast simulation of intercon-
nect circuits. Therefore, such non-uniform lines must
be represented in terms of virtual straight lines. In
virtual straight-line model, although they are divided
into a section whenever the lines encounter the discon-
tinuity such as bend or via, only 2D simulation for the
section is performed by using MOM (method of mo-
ment)[22]. Then the discontinuity effects such as bend,
via, or shielding effect are modeled in order to take the
3D effects into account. Thereby, the line parameters
are readily determined. Finally, all the section param-
eters for a line are summed up and normalized with a
virtual line length. They can be formulated as follows.
The total transmission line parameter value is the sum
of the individual section parameters as follow

Cij =
n∑

k=1

Ck
ij (19)

Lij =
n∑

k=1

Lk
ij (20)

where superscript ‘k’ means k-th line segment when
the structures are divided into n-segments. Then the
virtual-straight transmission line parameters can be

Fig. 9 Structure for the calculation of the per-unit-length
parameter.

yielded by using

Cstraight
ij =

Cij

lvirtual
=

1
lvirtual

n∑
k=1

Ck
ij (21)

Lstraight
ij =

Lij

lvirtual
=

1
lvirtual

n∑
k=1

Lk
ij (22)

where lvirtual is the virtual line length which means the
shortest line length between the test points in which we
want to investigate the response. As an example, vir-
tual transmission line parameters for the structures of
Fig. 9 which is the part of a dotted box in Fig. 11 are
shown in Table 1 and Table 2. Similarly, the virtual-
straight line parameters for multi-layer lines can be ex-
tracted.

5. Signal Transient Simulation and Signal In-
tegrity Verification

In this section, it is demonstrated that the complicated
interconnect circuits with such non-uniform lines can
be accurately as well as efficiently simulated with the
proposed methodology. In order to investigate intercon-
nect circuit performances, a test circuit is defined which
is composed of 5 transmission line structure which is
cascaded with 10 transmission line cells as shown in
Fig. 10(a). The signal transient responses and crosstalk
noises are detected at the output node of the center line
(test node) under the switching conditions of Fig. 10(b).

First, the silicon substrate effect and the discon-
tinuities of lines of the sing le layer are investigated
with the transmission line cells of Fig. 11. The param
eters are determined by the same method as in previous
section and the total transmission line parameters are
shown in Table 3. The HSPICE simulation was per-
formed with the ladder-network-based lumped model
of the transmission lines. The signal transients and
crosstalk noises for the wide lines (low resistance lines
with 10µm metal width) and the narrow ones (high re-
sistance lines with 1µm metal width) at the test output
node are shown in Fig. 12 and Fig. 13, respectively. It is
clearly shown that the conventional RC model underes-
timates the signal distortions and crosstalk noises too
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Table 1 Per-unit-length capacitance of the virtual length (l) of 500µm for Fig. 9.

Cij k=1 k=2 k=3 k=4 k=5 k=6 k=7 k=8 k=9
∑9

k=1
Ck

ij

(∑9

k=1
Ck

ij

)
l

[fF]
[

pF
cm

]
C10 10.5 20 52.5 33.6 20.7 20.7 20.7 49.6 25.3 253.6 5.072
C20 13.9 24.3 32.7 30.9 19.1 19 19.1 30.1 23.2 212.3 4.246
C30 7.98 20.8 30.9 30.1 19.8 18.2 19.8 30.8 21.4 199.78 3.996
C40 13.9 24.3 33.5 43 30.2 30.1 30.2 33.5 23.2 261.9 5.238
C50 10.5 20 36.5 35.7 20 21.7 20 36.5 25.3 226.2 4.524
C12 0.833 3.85 0.974 4.96 3.05 3.05 3.05 5.73 0.142 25.639 0.513
C13 0.024 0.054 0.079 0.223 0.149 0.137 0.149 0.223 0.055 1.093 0.022
C14 0.016 0.016 0.053 0.104 0.03 0.064 0.03 0.104 0.037 0.453 0.009
C15 0.008 0.012 0.026 0.036 0.019 0.022 0.019 0.036 0.018 0.194 0.004
C23 2.3 0.896 4.96 4.91 3.05 3.02 3.05 4.91 3.43 30.526 0.611
C24 0.074 0.025 0.241 0.223 0.045 0.137 0.045 0.223 0.167 1.179 0.024
C25 0.016 0.016 0.053 0.048 0.025 0.029 0.025 0.048 0.037 0.296 0.006
C34 2.3 0.896 4.96 5.73 0.887 3.82 0.887 4.96 3.43 27.87 0.557
C35 0.024 0.054 0.079 0.079 0.05 0.049 0.05 0.079 0.055 0.519 0.01
C45 0.833 3.85 0.205 0.974 3.85 0.896 3.85 0.204 0.142 14.804 0.296

Table 2 Per-unit-length inductance of the virtual length (l) of 500µm for Fig. 9.

Lij k=1 k=2 k=3 k=4 k=5 k=6 k=7 k=8 k=9
∑9

k=1
Lk

ij

(∑9

k=1
Lk

ij

)
l

[fH]
[

pH
cm

]
L10 19.1 36.3 99.6 57.4 35.6 35.3 35.6 85.5 42.9 4473 946
L20 46 64.5 67.1 55.6 34.8 34.2 34.8 55.6 40.3 432.9 8.658
L30 17.4 38.3 65.3 55.7 35.7 34.3 35.7 55.7 39.2 377.3 7.546
L40 46 64.5 67.1 85.9 64.4 63.7 64.4 57.7 40.3 554 11.08
L50 19.1 36.3 71.5 61.8 36.2 38 36.2 61.8 42.9 403.8 8.076
L12 9.48 29.6 35.6 45.7 28.5 28.1 28.5 45.7 21.3 272.48 5.45
L13 8.7 17.7 32.6 39.1 24.7 24 24.7 39.1 19.6 230.2 4.604
L14 8.04 12.8 30.2 34.8 15.8 21.4 15.8 34.8 18.1 191.74 3.835
L15 5.9 12.1 22.1 23.7 14.7 14.6 14.7 23.7 13.3 144.8 2.896
L23 14.3 19.2 53.6 44.9 28.6 27.6 28.6 44.9 32.2 293.9 5.878
L24 12.4 13.6 46.4 38.9 17 24 17 38.9 27.8 236 4.72
L25 8.04 12.8 30.2 25.7 15.9 15.8 15.9 25.7 18.1 168.14 3.363
L34 14.3 19 53.6 45.8 18.5 28.2 18.5 45.8 32.2 275.9 5.518
L35 8.7 17.7 32.6 28 17.2 17.2 17.2 28 19.6 186.2 3.724
L45 9.48 29.6 35.6 30.7 29.5 18.9 29.5 30.7 21.3 235.28 4.706

(a)

(b)

Fig. 10 5 Transmission line circuit. The circuit is cascaded
with 10 cells. (a) circuit configuration. (b) switching conditions.

much because it does not consider the line inductances
due to the silicon substrate effect. The inductance ef-
fect due to the silicon substrate has a substantial effect
on both the signal transients and crosstalk noises. Par-
ticularly, note that the inductive effect is much more
severe in the low resistive lines as shown in Fig. 12 and

(a) (b)

Fig. 11 First layer non-uniform transmission line cell. (a) cell.
(b) cell layout. s1 and s2 present the spacing between the lines
(s1 =1µm, s2=2µm for width=1µm and s1=1µm, s2=20µm
for width=10µm).

Fig. 13. In general, R is proportional to 1
w while L is

proportional to “ln 1w” as shown in Eq. (16). There-
fore, if the line width is increased, R is much more re-
duced than that of inductance. Moreover, if the silicon
substrate is taken into account, the inter-linked mag-
netic flux is increased. Thus if the inductance is in-
creased, the inductive time constant, τL(=L/R), dom-
inates the capacitive time constant, τC(=RC) for low
resistive line. That is, the circuit becomes RLC oscilla-
tion circuit. For example, τC= 0.12 ns and τL= 0.31 ns
for the lines of Fig. 12 while τC = 0.55 ns and τL = 61ps
for the lines of Fig. 13. Thus τL � τC for the lines of
Fig. 12 and τL � τC for the ones of Fig. 13. From the
RC delay point of view, the low resistive line results in
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Table 3 Transmission line parameters of one cell with lines of
width of 10µm for Fig. 11(b).

Capacitance[fF] Inductance[nH]
Field Exp. Error Field Exp. Error
solver (19) (%) solver (20) (%)

C10 465 457 1.72 L10 0.797 0.786 1.38
C20 452 457 -1.11 L20 0.808 0.795 1.61
C30 395 402 -1.77 L30 0.734 0.731 0.41
C40 658 679 -3.19 L40 1.18 1.12 5.08
C50 422 430 -1.9 L50 0.756 0.758 -0.26
C12 56.7 53.9 4.94 L12 0.565 0.547 3.19
C13 1.75 1.6 8.57 L13 0.422 0.397 5.92
C14 0.493 0.671 -36.11 L14 0.345 0.329 4.64
C15 0.156 0.318 -103.85 L15 0.29 0.259 10.69
C23 39.8 35.1 11.81 L23 0.502 0.48 4.38
C24 1.8 1.6 11.11 L24 0.386 0.386 0
C25 0.331 0.477 -44.11 L25 0.319 0.291 8.78
C34 54.1 51.5 4.81 L34 0.491 0.506 -3.05
C35 1.07 1.04 2.8 L35 0.378 0.354 6.35
C45 42.5 37.8 11.06 L45 0.522 0.467 10.54

(a)

(b)

Fig. 12 Signal transients for the low resistive lines at the center
line output node (test node). (a) the signal transients. (b) the
crosstalk noises. Note that the signal delay and overshoot due
to the large inductances are significant. The crosstalk due to
inductance is aoso significant.

a short RC charging delay. However, it may result in
erroneous timing and noise estimation since the induc-
tive effect dominates in the critical paths such as clock
line. Therefore, the inductive effect due to the silicon
substrate cannot be neglected any more in today’s high-
speed and high-density integrated circuit design.

Next, in order to investigate the signal transients

(a)

(b)

Fig. 13 Signal transients for the high resistive lines at the cen-
ter line output node. (a) the signal transients. (b) the crosstalk
noises.

on non-uniform multi-layered lines, a multi-layer trans-
mission line cell circuit is defined as shown in Fig. 14
and parameters are shown in Table 4 which are de-
termined by using (21) and (22). The test circuit of
Fig. 10(a) is cascaded with the multi-layered 10-cell
transmission line blocks of Fig. 14. In such circuits, the
ladder-network-based HSPICE simulation is not cost-
efficient because not only is its input deck very com-
plicated but also it has too many nodes. The time do-
main responses with the virtual straight lines of the
multi-layered structures are compared with those of
the conventional ladder-network-based HSPICE simu-
lation. As shown in Fig. 15, the virtual straight-line-
based simulation fairly well agrees with the conven-
tional ladder-network-based HSPICE simulation. How-
ever, note that the virtual straight-line-based simula-
tion is very cost-efficient.

In addition, since the shielding effect between the
layers considerably affects on the circuit performance,
a shielded multi-layer circuit is defined as shown in
Fig. 16. Note that the shielding effect is dependent of
the under layer switching conditions. Thus two extreme
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(a) (b)

Fig. 14 Non-uniform multi-layered transmission line cell. (a) Cell. (b) Cell layouts.

Table 4 Transmission line parameters of one cell for Fig. 14.

Capacitance[fF] Inductance[nH]
Field Exp. Error Field Exp. Error
solver (19) (%) solver (20) (%)

C10 110 113 -2.73 L10 0.825 0.831 -0.73
C20 203 204 -0.49 L20 0.903 0.921 -1.99
C30 73 78 -5.99 L30 0.788 0.824 -4.57
C40 189 191 -1.06 L40 0.82 0.838 -2.2
C50 112 115 -2.68 L50 0.82 0.826 -0.73
C12 76 73.1 3.82 L12 0.65 0.623 4.15
C13 7.05 6.69 5.11 L13 0.558 0.521 6.63
C14 1.4 1.66 -18.57 L14 0.498 0.454 8.84
C15 0.924 1.51 -63.42 L15 0.457 0.41 10.28
C23 75.2 72.3 3.86 L23 0.634 0.626 1.26
C24 2.01 1.91 4.98 L24 0.552 0.531 3.8
C25 1.09 1.32 -21.1 L25 0.5 0.473 5.4
C34 84.6 81.1 4.14 L34 0.641 0.644 -0.47
C35 6.09 5.8 4.76 L35 0.566 0.555 1.94
C45 85.2 81.9 3.87 L45 0.654 0.645 1.38

cases are investigated. That is, the under layer met-
als are assumed as a ground lines or as a Vdd (power
lines). The under layer shielding effect is modeled as
a s-network (see Fig. 16(c)). Then the signal transients
and crosstalk noises are investigated by varying the fill-
ing factor η. If the node x in Fig. 16(c) is floating,
C = CijCj0

Cij+Cj0
. If the node x is Vdd, Cij ≈ ∞ . Thus,

C ≈ Cj0. However, If the node x is ground, Cj0 ≈ ∞.
Thus, C ≈ Cij . Therefore, without the under-layer
shielding, the capacitance (C) has the smaller capaci-
tance than that of the shielded case. As we can see,
the capacitance (C) has one of the extreme values, ei-
ther Cij or Cj0 according to the under layer switch-
ing conditions. Therefore, the line delay (RC delay)
becomes increased with under-layer shielding but cou-
pling capacitance (i.e., crosstalk) becomes reduced. It
is clearly shown in Fig. 17 that the shielding effect plays
a substantial role of the circuit performance.

Finally, we demonstrate that the proposed method
can be directly employed for the model order reduction
technique. In order to verify the efficiency of the pro-
posed methodology, a well-known model order reduc-
tion algorithm [13]–[17] was implemented into Berke-
ley SPICE. The model order reduction technique is a
new immerging technology although it has some conver-
gence problem for RLC lines. In more detail, since (5)
fails to represent the lossy transmissions, the approxi-
mation technology cannot be used. Thus we modified
the original algorithm [13], [14] by introducing “least-
square-fitting algorithm.” Thereby, we could improve

(a)

(b)

Fig. 15 Comparison of signal transients and crosstalk noises
with the virtual-straight line parameters. (a) the signal tran-
sients. (b) the crosstalk noises.

the convergence problem up to about [50Ω/cm] lines.
It is good because it can be used in most of the on-
chip interconnects for global routing. The proposed
virtual straight-line-based model of the non-uniform IC
interconnects (i.e., per-unit-length parameters) for the
same multi-layer circuit as Fig. 14 shows good agree-
ment with the ladder-network-based HSPICE simula-
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(a)

(b)

(c)

Fig. 16 Multi-layer transmission line circuit to investigate the
shielding effect. (a) circuit configuration. (b) equivalent circuit.
(c) equivalent circuit for shielding effect Cij is the overlap ca-
pacitance between the i-th line of upper-layer and the j-th line
of under-layer, and Cj0 is the self capacitance of the under-layer
line of the overlapped part).

tion as shown in Fig. 18. However, note that the model
order reduction technique can provide a much faster
simulation time than that of the conventional ladder-
network-based circuit simulation.

6. Conclusion

A new IC interconnect transmission line parameter de-
termination methodology and a novel fast simulation
methodology were presented and verified. The silicon
substrate effect and shielding effect were taken into ac-
count for the calculation of the interconnect transmis-
sion line parameters. The inductances were determined
by introducing the effective dielectric constant and the
single line inductance model. The shielding effect of
the multi-layer lines is modeled in terms of the filling
factor η. Then it was verified that both the induc-
tive effect and the shielding effect is very significant
and may dominate the system performance in silicon-
based IC interconnect lines. Therefore, the inductive
effect due to the silicon substrate and the shielding ef-

(a)

(b)

Fig. 17 Signal transients at the center line output node. (a)
the signal transient at the center line with and without the shield-
ing effect. (b) the crosstalk noises at the center line with and
without the shielding effect. Note that both the signal delay and
the crosstalk due to the shielding effect is significant.

fect cannot be neglected any more in today’s high-speed
and high-density integrated circuit design. The non-
uniform transmission line parameters of the compli-
cated interconnects were transformed into the virtual-
straight transmission line parameters. It is very cost-
efficient as well as accurate to simulate the compli-
cated multi-layered interconnect circuits with the vir-
tual straight-lines. In order to verify the efficiency of
the methodology, a model order reduction algorithm
was implemented into the Berkeley SPICE. Thereby it
is demonstrated that the methodology is much more
cost-efficient than the ladder-network-based HSPICE
simulation. The proposed methodology can be effi-
ciently used in the industry for the high-speed and high-
density IC signal integrity verification.
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(a)

(b)

Fig. 18 The model order reduction technique with the vir-
tual straight-line parameters. (a) signal transients. (b) crosstalk
noises.
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