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Abstract – In this paper, a new geometric variation model, 
referred to as the improved continuous surface variation (ICSV) 
model, is proposed to accurately imitate the random variation of 
on-chip interconnects. In addition, a new statistical capacitance 
solver is implemented to incorporate the ICSV model, the HPC 
[5] and weighted PFA [6] techniques. The solver also employs a 
parallel computing technique to greatly improve its efficiency. 
Experiments show that on a typical 65nm-technology structure, 
ICSV model has significant advantage over other existing models, 
and the new solver is at least 10X faster than the MC simulation 
with 10000 samples. The parallel solver achieves 7X further 
speedup on an 8-core machine. We conclude this paper with 
several criteria to discuss the trade-off between different 
geometric models and statistical methods for different 
scenarios.1

I. Introduction 
As technology scales down to the nanometer era, 

interconnect parasitic extraction is now facing the new 
challenges of process variations. For capacitance extraction, 
the geometric variation of interconnect structure is of main 
concern, because it affects the shape and dimensions of 
interconnects, and thus the capacitance results. Due to 
different inherent mechanisms, the geometric variations can 
be classified into systematic variation and random variation 
[1], which are modeled with different methods respectively. 
For the random variation and complicated systematic 
variation, the stochastic modeling methodology is needed to 
generate the statistical distribution of capacitance, which can 
then be employed by the statistical circuit analysis. Therefore, 
the statistical capacitance extraction considering random 
variations has become important. 

A large number of numerical methods have been proposed 
to derive the statistical behavior of the capacitance, for which 
the mean value and standard deviation (Std) are the two main 
metrics. Of all these methods, the most straight-forward 
approach is the Monte Carlo (MC) method, which generates 
thousands of stochastic sample structures. Each sample 
structure can be solved with deterministic capacitance 
extraction algorithms. The MC method has the drawback of 
huge computational cost, but produces the golden value for 
comparison of other methods. Several fast non-MC methods 
have been proposed to generate the variational capacitance 
model for on-chip interconnects. Based on a 3-D boundary 
element method (BEM) capacitance solver, a conversion 
method was proposed in [2] to generate a quadratic model for 
the capacitance variation. Since this method is based on the 
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Taylor’s expansion, it is only suitable for variation with small 
magnitude. An efficient method, called spectral stochastic 
collocation method (SSCM), was proposed in [3] with the 
same on-chip interconnect variation model. In [4], a spectral 
stochastic method using the Hermite polynomial chaos was 
proposed to generate the quadratic capacitance model. A 
method based on Hermite polynomial collocation (HPC) 
technique that considers the window-based chip-level 
capacitance extraction was proposed in [5]. The method 
efficiently calculates statistical full-path capacitance by fast 
computation of the capacitance covariances between windows. 
In [6], the method in [5] was extended to consider a 
continuous-surface model, and a weighted principle factor 
analysis (wPFA) technique was proposed to further reduce the 
random variables. 

However, it must be noted that before applying any 
numerical solver for statistical capacitance extraction, the 
geometric variation model should be firstly established, where 
some geometric parameters are set to be random variables 
following certain kind of spatially correlated distribution. The 
geometric variation model must be carefully constructed to 
reflect the actual variation of the interconnect structures; 
otherwise any solver will not generate a realistic solution. In 
[2-4], the geometric variation was modeled as the fluctuation 
of conductor surface panels. This model, referred to as the 
discontinuous surfaces variation (DSV) model, obviously 
deviates from the actual situation. Moreover, it is shown in [6] 
that this DSV model will cause prominent Std error of total 
capacitance. A variation model with continuous surface was 
proposed in [6] to substitute the DSV model. However, this 
continuous surface variation (CSV) model is still not practical 
for depicting interconnects with large variation of wire width 
or thickness. And, the experiment setting in [6] did not reflect 
the reality of the sub-65nm technology. As a result, the error 
of the DSV model shown in experiments was not larger than 
7%, and the Std was as small as 1% of the capacitance mean 
value in [6]. Besides, another geometric model, where each 
nominal conductor surface is assumed to vary as a whole, was 
used in [7, 8] for calculation of sensitivity, or in [9] for 2-D 
structures. We refer to this model as variation as a whole 
(VAW) model in this paper. 

In this paper, an improved continuous surface variation 
(ICSV) model is proposed to overcome the drawback of the 
model in [6] through the setting of random variables. 
Considering the 65nm technology and the major variation 
quantities affecting capacitance, a typical interconnect 
structure is employed to generate test cases with different 
wire spacing and surface roughness. Through the comparison 
experiments with other existing models, the advantages of 
ICSV model are demonstrated. Based it, an efficient parallel 
statistical capacitance solver is developed, employing the 
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techniques of HPC for statistical model construction and the 
wPFA for variable reduction. Numerical experiments on an 
8-core machine show 7X speedup of parallelization, and that 
the HPC based method is at least 10X faster than the MC 
method. Besides, we have also drawn six criteria regarding 
the statistical capacitance extraction for different scenarios. 

II. The Improved Continuous-Surface Variation Model 
In this section, we firstly give an overview of the existing 

geometric variation models. Then, we discuss the drawback 
of model in [6] and propose the improved model. 

A. Existing geometric variation models 

Random variations are usually modeled with a set of 
random variables . The geometric variation behavior of 
on-chip interconnects is often assumed to follow the spatially 
correlated multivariate Gaussian distribution: 
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where ( i) is the probability density function (PDF) of the 
i’th variable i, and  is the standard derivation (Std). The 
spatial correlation between two variables are reflected by the 
correlation function in (2), where  is called correlation 
length. ir  and 

jr  are the spatial locations associated with i

and j, respectively. There are other forms of correlation 
function, which may be extracted through sophisticated 
techniques using statistical data from actual chips [1]. The 
larger the correlation length, the stronger the correlation 
between variables spatially distributed. 

For variation-aware capacitance extraction, an interconnect 
structure can be modeled with the following three geometric 
models. 

Discontinuous surface variation (DSV) model: It is 
assumed that each panel on nominal conductor surface 
fluctuates along the normal direction of surface, while 
keeping its shape unchanged (see Fig. 1). Thus, discon- 
tinuous surfaces are generated. The DSV model was 
employed for statistical capacitance extraction in [2-4]. 

Continuous surface variation (CSV) model: This model 
characterizes the fluctuations of vertices of nominal 
surface panels. The variational vertices are then connected 
with triangular panels to form continuous surfaces. The 
CSV model was used for 2-D plane structure in [9, 12] 
and 3-D interconnects in [6]. In Fig. 2, we show the 
variational planes generated with the DSV and CSV 
models, for the purpose of comparison. 

Variation as a whole (VAW) model: It is assumed that the 
surface of nominal conductor fluctuates as a whole, such 
that the variational geometry keeps the same shape as the 
nominal geometry. The width and thickness of 
interconnect wire are often set to be random variables. 
This model was employed for sensitivity calculation [7, 8], 
and for statistical extraction of 2-D cross-section structure 
in [9]. 

Among the three models, the VAW model is the simplest 
one, which does not consider the detailed fluctuation of 
surface panels. The DSV model considers the detailed 
geometric variations, but generates an incomplete surface, 
that obviously deviates from the actual situation. For a 2-D 
plane, it is straightforward to improve it with a CSV model 
(see Fig. 2). However, for actual cases with two-direction 
variations of height and width, building the CSV model is not 
trivial. In [6], a CSV model was proposed, where two random 
variables are defined for each discretization vertex on 
nominal surface (as shown in Fig. 3). This model generates 
continuous surface while not increasing the number of 
variables. Experimental results in [6] reveal that the DSV 
model causes the underestimation of total capacitance 
variance. Therefore, it is necessary to adopt the CSV model 
for better accuracy. 

To build the variation model for statistical capacitance 
extraction, we also need to divide the random variables into 
groups according to the assumption of variation source and 
their correlation. In each group, variables are correlated with 
the relationship defined by (2), while different variable groups 
are independent from each other. For the on-chip variation, 
the surfaces of interconnect wire are fabricated in different 
manufacture steps, that should be considered while setting the 
variable groups. 

Besides, the width and thickness of interconnect wire, and 
the dielectric thickness are three major variable quantities 
[10-11]. In existing DSV and CSV models, the relationship 
between these quantities and surface random variables is not 
well taken care of. As we will show in the next subsection, the 
CSV model in [6] can cause very large surface fluctuation 
when describing a moderate width variation. Also, the 
variation of dielectric thickness is seldom considered in 

Fig. 2 A variational plane generated with: (a) the DSV model, 
and (b) the CSV model.

(a)                           (b)

Panel fluctuation with 
spatial correlation 

Fig. 1 The DSV model for statistical capacitance extraction [2]. Fig. 3 The variable setting of the CSV model in [6]. 
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existing works. 

B. The drawback of the CSV model 

The CSV model in [6] sets two random variables for each 
vertex. The variables along the tangential direction of surface 
include some redundant information. Moreover, to make 
natural transition of surfaces along an arris, the variables on 
the opposite surfaces of the same wire are set to correlated 
and have the same positive direction. This setting is illustrated 
by Fig. 4(a). 

For illustration, we consider the distance between two 
surface vertices at the same horizontal level, i.e. points A and 
B in Fig. 4(a). Suppose the corresponding variables y,A and

y,B follow the Gaussian distribution with Std of y, and the 
correlation length for the y-direction variables is y. So, the 
wire width at this position is: 

, ,W y B y Awid   ,                         (3) 

where wid is the nominal wire width. Eq. (3) suggests that W
also follows the Gaussian distribution, whose Std is: 
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With the property of Gaussian random variable and (2), we 
have 
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The last approximation is due to the fact that 2 2 1ywid
since the correlation length is usually much larger than wire 
width. Suppose y/wid=8, with (5) we can derive that 

5.66 std( )y W
. This means, in order to make the Std of 

width being 10% of its nominal value, y should be as large as 
56.6% of the width. The large variance of surface fluctuation 
is obviously unrealistic. The analysis with this example shows 
that the model in [6] can hardly depict large variation of wire 
width or thickness. 

C. The improved CSV model 

To overcome the drawback of the existing CSV model, we 
firstly change the variation direction to the outer normal 
direction of nominal surface, as shown in Fig. 4(b). With this 
modification, the width of wire in the example becomes: 

, ,W y B y Awid   ,                         (6) 
whose Std is: 

2 2
, , , ,std( ) ( ) ( ) 2cov( , )W y B y A y B y AE E  .      (7) 

Eq. (7) suggests that the Std of width approximates to 2X of 
y. This is reasonable and enables generation of realistic 

interconnects with large width variance. 
Under the assumption of variation directions, the two 

sides of top surface tend to move towards opposite directions. 
Therefore, how to make the natural surface transition at the 
arris becomes a problem. In this paper, we propose a new 
scheme for the variable setting, illustrated by Fig. 5(a). In this 
scheme, only one random variable is set for each vertex, 
representing the normal-direction variation. Then, to avoid the 
distortion and singularity of surface near the arris, a tangential 
displacement is generated for each nominal vertex, which is 
regarded as a derived variable (denoted by * in Fig. 5(a)). 
The value of derived variable is interpolated with two random 
variables. For example, at point E in Fig. 5(a), 

*
, , , ,( ) E D

y E y D y C y D
C D

r r
r r

  .                (8) 

So, the value of derived variable reflects the propagation of 
the variations of points C and D. This scheme preserves the 
relative spatial relationship of two vertices after geometry 
variation, and thus generates a normal shape with continuous 
surfaces.

The variational surfaces of an interconnect wire can be 
classified as top, bottom, left-side, and right-side surfaces. So, 
we assume that the random variables form four groups, each 
of which obeys a Gaussian distribution with spatial 
correlation. With this assumption, (7) becomes: 
std( ) 2W y

.                                (9) 
Now, we can set a reasonable y or z to model the 

variations of wire width or thickness. Fig. 5(b) shows an 
example structure generated with the proposed model, which 
includes three parallel wires with surface variations. Besides, 
to consider the variation of dielectric thickness, we can 
simply include additional variables, one for an interlayer 
dielectric (ILD) thickness. 

III. Experiments for Comparing the Three Geometric 
Variation Models 

A. Experimental settings 

Fig. 6 shows a typical on-chip interconnect structure for 
building the capacitance library. Investigating the statistical 
capacitance of this structure is very important for on-chip 
interconnect modeling. We consider the 65nm technology, 
and set the nominal values of the wire width (w), wire 
thickness (t) and dielectric thickness (h1, h2) for this structure: 
w=0.1 m, t=h1=h2=0.2 m. These values are obtained from 
[13], and are similar with those in International Roadmap for 
Semiconductors prediction [14]. We assume the length of the 

A B

y

z

Fig. 4 The cross section of an interconnect wire, and the positive
variation directions affecting the calculation of wire width and 
thickness. (a) the model in [6], (b) the proposed model.  
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Fig. 5 The variable setting of the ICSV model (a), and the
variational geometry of 3-D interconnects generated with it (b).
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parallel wires to be L=1 m. 
Because the top and bottom planes are the approximation 

of the densely-routed environment, and the coupling 
capacitance is becoming prominent, we ignore the variations 
on the surfaces of both planes, but set the dielectric thickness 
(h1 and h2) to be random variable. Both wire width and 
thickness variations are considered, with the same correlation 
length for simplicity. In this work, we only consider the 
random variation, and set the variation Std ( ) of width and 
thickness to be 10% of the nominal value (this makes the 3
range to be 30% of the nominal dimension). 

With different value of the correlation length ( ), the test 
structure will exhibit different magnitude of surface 
roughness. In Fig. 7, we show the variational geometry of the 
test structure with different value of . These pictures are 
generated with the ICSV model, and are selected from 10000 
samples for MC simulation to obtain the maximum top 
surface fluctuation. The variations of their top-surface 
z-coordinates are 0.082 m, 0.065 m, and 0.035 m, 
respectively. In the following experiments, we assume the 
value of  varies from 0.5 m to 2 m, to reflect the actual 
surface roughness of interconnects at sub-65nm technology 
nodes. Changing the value of  also generates test cases with 
different ratios of structure dimension to correlation length 
(the L/  ratio). With them, we investigate the validity of the 
geometric models in this section, and compare the efficiency 
of different statistical extraction methods in Section IV. In 
experiments, the MC simulations with 10000 samples are 
performed. For each deterministic sample structure, the 
capacitance is extracted with FastCap 2.0 [15]. 

B. Experimental results 

For the test cases, we use the VAW, DSV and ICSV models 
to describe the variational geometry, and then compare the 
MC simulation results of statistical capacitance. For the VAW 
model, there are only five random variables, while the Std of 
surface variables in DSV and ICSV is set to 7.07% to 
generate 10% Std of width and thickness (see (9)). 

Firstly, we look at the case with  =1 m, which 

corresponds to the L/  ratio of 1. The simulation errors of the 
DSV and VAW are listed in Table I, where the results of ICSV 
are regarded as golden value. Then, other cases with different 

 and s (wire spacing) are simulated, and the errors of the two 
models are shown in Fig. 8. 

TABLE I 
The comparison of the three models (s=0.2 m,  =1 m)

 C11 / Error of C11 C12 / Error of C12 C1,gnd / Error of C1,gnd
mean Std mean Std mean Std 

ICSV+ 51.54 2.798 -11.19 1.184 -13.39 1.163 
DSV -0.1% -25.8% -0.1% -20.7% -0.0% -0.1%
VAW -0.6% 9.0% -0.6% 8.6% -0.5% -1.6%

+: The capacitance values are listed, in unit of 10-18 F.

From Table I, we can see that the three models have little 
discrepancy in the mean value of extracted capacitances. 
However, the Std errors of total capacitance C11 and coupling 
capacitance C12 from the both models are prominent. The 
DSV largely underestimates the capacitance variation, with 
more than 20% error. The VAW overestimates the capacitance 
variation, since it is equivalent to an infinite correlation length. 
Fig. 8 shows the trends of error varying with the ratio of L/ .
Experiments with different value of L (wire length) are also 
performed, which show similar trend as that in Fig. 8, and 
suggest the L/  ratio is a key factor. The results reveal that the 
error of VAW is nearly proportional to the value of L/ . If the 

ratio equals to 2, the error can be as large as 30%. If the ratio 
is less than 2/3, the error becomes less than 3%. 

The simulation results also show that the Std of capacitance 
is larger than 5% of the mean value for C11, and larger than 
10% for C12. Fig. 9 gives the PDF of statistical capacitances 
for the case with  =1 m, which shows skewed probability 
distributions. It suggests that the quadratic model is need for 

Fig. 7 The variational geometry of 1 m-length wires with the maximum top surface fluctuation.
(a)  =0.5 m                        (b)  =1 m                               (c)  =2 m

Fig. 6 The cross-section view of an interconnect structure with 
three parallel wires sandwiched by two ground planes
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Fig. 8 The relative errors of the VAW model and DSV model in
the capacitance Std.
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statistical capacitance, and the case with smaller wire spacing 
has more profound quadratic effect. 

Based on the experimental results, we give the following 
criteria regarding statistical capacitance extraction. 

CR1. The DSV model always underestimates the Std of 
both total and coupling capacitances, with at least 20% error. 

CR2. The VAW model overestimates the Std of 
capacitances, with the error proportional to the L/  ratio of 
extracted structure. For small-size structures with L/ <2/3, 
the variational geometry can be simplified with VAW model. 

CR3. If the Std of the geometric variation is 10% of 
nominal value, the variational capacitances have skewed 
distribution requiring quadratic stochastic modeling. But for 
structure with large wire spacing, the skewness will become 
minor and the linear model may be sufficient. 

IV. Parallel Statistical Capacitance Extraction 
We have implemented a new statistical capacitance solver 

based on the proposed IVCS variation model. The solver 
employs the techniques of HPC [5] with quadratic model as 
an efficient non-MC method, and wPFA [6] for variable 
reduction. For the both of this solver and the MC method, the 
parallel computing is used for acceleration. The programs are 
written in MATLAB, which generates the deterministic 
sample structures and calculates the statistical capacitances. 
Experiments are carried out to compare the accuracy and 
efficiency of MC and HPC-based methods with different test 
cases. All experiments are performed on a Linux server with 8 
Xeon CPU cores with 2.13GHz. 

A. Implementation details 
Incorporating the ICSV model, the weighted PFA and HPC 

techniques, our solver follows the following algorithm. 
Algorithm 1: The HPC-based statistical capacitance solver 

1. Analyze the nominal geometry to generate covariance 
matrices of random variables; 

2. Factorize the covariance matrices with the weighted PFA 
technique; 

3. Generate the integral points { (i)} of sparse-grid 
integration, and then covert it to random geometric 
variables { (i)} for the sample structures; 

4. Generate the values of derived variables { *(i)}, and write 
down the description files of sample structures; 

5. For each sample structure, extract capacitances with 
deterministic 3-D capacitance solvers; 

6. Process the results of the deterministic extractions, and 
calculate key metrics of statistical capacitance. 

In Step 1 of the above algorithm, the nominal geometry of 

extracted structure is firstly discretized into panels. Then, the 
covariance matrices are generated according to the locations 
of the panel vertices. For each covariance matrix n, the 
weighted PFA is employed to express the random variables 
with a small set of independent variables, with little loss of 
accuracy. The result of wPFA is an n t matrix U, where n and 
t are the numbers of random variables and independent 
variables, respectively. 

In Step 3 of the algorithm, superscript (i) stands for the ith
sample structure. The matrix U is used to obtain the value of 
random geometric variables through (i)=W-1U (i), where W is 
a diagonal matrix of weights. We define the weight for 
variable i according to the charge around its position. With 
the capacitance extraction for the nominal structure 
performed in advance, the charges of panels are assigned to 
corresponding vertices. So, the diagonal entry of W is: 

3
j

i
i jr panel

q
w  ,                              (10) 

where qj is the charge of panel j, and ir  stands for the vertex 
corresponding to variable i. Note the formula of weight (10) 
is different from that in [6]. 

In the ICSV model, the whole geometry cannot be 
constructed with only the sample of random variables. So, in 
Step 4, the values of derived variables are calculated with 
interpolation as that in (8). In Step 6, the statistical expression 
of capacitance is firstly calculated [6], and then the values of 
mean and Std, or the PDF can be obtained. 

It should be pointed out that the main flow in Algorithm 1 
is also suitable for the statistical extraction using the MC 
method. In that scenario, the standard Cholesky factorization, 
i.e. n=LLT, is employed in Step 2. Then, in Step 3, (i) is the 
ith sample of random variables with N(0,1) distribution, and 
(i)=L (i).

In Algorithm 1, the 5th step includes solving capacitances 
with 3-D field solver. And, the number of samples N 2d2 for 
a quadratic statistical model, where d is the number of 
independent variables [5, 6]. Therefore, Step 5 consumes 
most of the computing time of the statistical capacitance 
extraction. Because the sample structures are independent 
from each other, the work can be distributed to multiple 
processors easily. In this work, we parallelize the Step 4 and 5 
in Algorithm 1, with the help of the Parallel Computing 
Toolbox of MATLAB. 

B. Experimental results 
According to the CR2 and CR3 in last section, we consider 

the test cases with correlation length =0.5 m, 0.8 m, 1 m, 
1.5 m, and fix the wire spacing s=0.1 m. For the wPFA or 
the normal PFA, the criterion for truncation error of 
eigenvalues is set to 0.05. 

Table II shows the capacitance errors of the HPC-based 
method with the wPFA technique, to the results of MC 
simulation. It validates the good accuracy of wPFA. 

TABLE II 
The errors of the “HPC+wPFA” method for the four test cases

 ( m) 0.5 0.8 1 1.5 
Error

for C11

mean 0.2% 0.3% 0.0% 0.2%
Std -0.6% 1.1% -0.9% 0.4%

Error
for C12

mean 0.1% 0.4% 0.0% 0.4%
Std -1.6% 0.5% -1.6% 0.0%

      (a) C11                     (b) C12

Fig. 9 The PDF of statistical capacitances. 
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In Table III, the number of variables after reduction by the 
wPFA and normal PFA are compared. The numbers of sample 
structures they correspond to are also listed, which is the 
times of invoking the deterministic capacitance solver. This 
table shows that wPFA can reduce the computing time for 
22% or more for the first three cases. For the last case, wPFA 
cannot make further reduction, since there are only 10 
variables. 

TABLE III 
The computational results of “HPC+wPFA” and MC simulation

 ( m) 0.5 0.8 1 1.5 
The L/  ratio 2 1.25 1 0.67 

PFA #variable 26 16 14 10 
#sample 1431 561 435 231 

wPFA #variable 22 14 10 10 
#sample 1036 436 232 232 

Reduction by wPFA 28% 22% 47% 0% 
Time of MC 

simulation (s) 
serial 14501 14500 14477 14518

parallel 1966 1966 1958 1962
Time of 

HPC+wPFA(s) 
serial 1473.7 610.9 333.2 331 

parallel 200.4 88.4 47.6 46.8 
Sp. of “HPC+wPFA” to MC 9.8 22 41 42 

In Table III, the serial and parallel computational times of 
the both methods are also listed. From it we can see that both 
methods achieve about 7X speedup with the parallelization on 
an 8-core machine. And, the speedup of non-MC method to 
MC simulation decreases with the increase of the L/  ratio. If 
L/ =2, the non-MC method is 9.8 times faster than MC 
method, while the speedup ratio is 42 for the case with 
L/ =0.67.

We conclude with the following criteria. 
CR4. The weighted PFA for statistical capacitance 

extraction can achieve up to 47% efficiency improvement 
over the normal PFA, without loss of accuracy. 

CR5. The HPC-based method can be easily parallelized, 
and achieves 7X speedup on an 8-core machine. 

CR6. The HPC-based method is tens of times faster than 
the MC method for the test structures. For larger structures 
whose dimension is larger than 2X of correlation length , its 
speedup to MC method will be lost, and the MC method or 
other better method (such as [9]) may be the best choice. 

V. Conclusions 
In this work, an improved continuous surface variation 

(ICSV) model is proposed to accurately imitate the random 
geometric variation of on-chip interconnects. Based on the 
ICSV model, the weighted PFA [6] and HPC [5] techniques, 
an efficient parallel statistical capacitance solver is then 
presented. Numerical results validate the advantages of 
proposed techniques. And with a series of experiments on a 
typical 65nm-technology structure, six criteria are drawn 
regarding the statistical capacitance extraction for different 
scenarios. In the future work, we will further improve the 
solver using the technique of incremental extraction for the 
deterministic samples, and combine the proposed model and 
the efficient technique in [16] to handle the problem of 
variation-aware resistance extraction. 

References 
[1] J. Xiong, V. Zolotov and L. He, “Robust extraction of spatial 

correlation,” IEEE Trans. CAD, Vol. 26, pp. 619-631, 2007. 
[2] R. Jiang, W. Fu, J. M. Wang, V. Lin, and C. C.-P. Chen, 

“Efficient statistical capacitance variability modeling with 
orthogonal principle factor analysis,” in Proc. ICCAD, pp. 
683-690, 2005. 

[3] H. Zhu, X. Zeng, W. Cai, J. Xue, and D. Zhou, “A sparse grid 
based spectral stochastic collocation method for 
variations-aware capacitance extraction of interconnects under 
nanometer process technology,” in Proc. DATE, pp.1514-1519, 
2007.

[4] J. Cui, G. Chen, R. Shen, S. X.-D. Tan, W. Yu, and J. Tong, 
“Variational capacitance modeling using orthogonal polynomial 
method,” in Proc. GLS-VLSI, pp. 23-28, 2008 

[5] W. Zhang, W. Yu, Z. Wang, Z. Yu, R. Jiang, and J. Xiong, “An 
efficient method for chip-level statistical capacitance extraction 
considering process variations with spatial correlation,” in Proc. 
DATE, pp. 580-585, Mar. 2008. 

[6] W. Yu, C. Hu, and W. Zhang, “Variational capacitance 
extraction of on-chip interconnects based on continuous surface 
model,” in Proc. DAC, pp. 758-763, July 2009. 

[7] A. Labun, “Rapid method to account for process variation in 
full-chip capacitance extraction,” IEEE Trans. CAD, Vol. 23, 
pp. 941-951, 2004. 

[8] Y. Bi, K. van der Kolk, D. Ioan, and N. P. van der Meijs, 
“Sensitivity computation of interconnect capacitances with 
respect to geometric parameters,” in Proc. EPEP, pp. 209-212, 
2008.

[9] T. El-Moselhy and L. Daniel, “Stochastic dominant singular 
vectors method for variation-aware extraction,” in Proc. DAC,
pp. 667-672, June 2010. 

[10] J.-F. Huang, V. C. Y. Chang, S. Liu, K. Y. Y. Doong, and K.-J. 
Chang, “Modeling sub-90nm on-chip variation using Monte 
Carlo method for DFM,” in Proc. ASP-DAC, pp. 221-225, Jan. 
2007.

[11] K. G. Verma, B. K. Kaushik, and R. Singh, "Effects of process 
variation in VLSI interconnects - a technical review," 
Microelectronics International, Vol. 26, No.3, pp. 49-55, 2009. 

[12] T. El-Moselhy and L. Daniel, “Stochastic integral equation 
solver for efficient variation-aware interconnect extraction,” in 
Proc. DAC, pp. 415-420, June 2008. 

[13] Y. Cao et al., Predictive Technology Model, available at 
http://www.eas.asu.edu/~ptm/ 

[14] The International Technology Roadmap for Semiconductors 
(ITRS), 2007. 

[15] K. Nabors and J. White, “FastCap: A multipole accelerated 3-D 
capacitance extraction program,” IEEE Trans. CAD, Vol. 10, 
pp. 1447–1459, Nov. 1991. 

[16] X. Wang, W. Yu, D. Liu, Z. Wang, “Fast extraction of 3-D 
interconnect resistance: numerical-analytical coupling method,” 
in Proc. 5th International Conference on ASIC, pp. 315-318, 
Oct. 2003. 

1C-4

72



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
    /JPN <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


