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Abstract 
 

Under manufacturing process variation, the circuit 
delay varies with process parameters. For delay test and 
timing verification under process variation, it is 
necessary to model the variational delay as a function of 
process variables. However, conventional methods to 
generate such functions are either slow or inaccurate. In 
this paper, we present a number of new methods for fast 
parametric delay evaluation under process variation. Our 
methods are based on explicit delay formulae or 
characterized lookup tables, and are significantly faster 
than conventional RSM method of comparable accuracy. 
Due to the efficiency of our method, we can accurately 
model any path delay as a function of multiple 
interconnect and device process variables in large 
circuits. Experimental results on ISCAS85 circuits show 
that the path delay error predicted by our methods is less 
than 3% of that computed by the RSM using SPICE, 
where the path delay variation is within ±10%. 
 
1. Introduction 
 

With the shrinking feature size in VLSI technology, 
the impact of process variation is increasingly felt. To 
address the effect, great amount of research has been 
done recently, such as the clock skew analysis under 
process variation [1, 2, 3], statistical performance analysis 
[4, 5, 6], worst case performance analysis [7, 8], 
parametric yield estimation [10], impact analysis on micro 
architecture [10] and delay fault test under process 
variation [11, 12, 13, 14]. 

In all the above research, one important task is to 
compute variational path delay under process variation, 
either as functions of process variables [1, 2, 4, 8, 9, 14] 
or as random variables of certain distribution [3, 6, 12, 
15]. However, the conventional methods to compute path 
delay are either slow or inaccurate. The response surface 
method (RSM), which performs multiple simulations and 
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curve-fittings, is used in [4, 8, 9, 15]. To achieve high 
accuracy, the RSM method must perform multiple 
parasitic extractions and delay evaluations under different 
process conditions. Due to the large number of metal 
layers in the modern technology, there are many 
interconnect process variables. For example, for a k-layer 
technology, there are 3k process variables related to 
interconnect, corresponding to the metal width, metal 
thickness and inter-layer dialectic thickness of each layer. 
As a result, the traditional RSM becomes prohibitive for 
large circuits. Orshansky et al. [7] derived delay 
sensitivity to gate length variation based on a simple 
model, and expressed delay as a function of gate length. 
Their method does not automatically apply to 
interconnect process variation due to the lack of a similar 
model for the interconnect. For methods that treat the path 
delay as a random variable, it is also necessary to extract 
parasitic RCs and compute the path delay under different 
process conditions [6, 12], resulting in too much timing 
cost. 

In this paper, we present a new method PARADE for 
fast PARAmetric Delay Evaluation using analytical 
formulae and pre-characterized lookup tables. We first 
model variational path delays as linear functions of 
process variables. By analyzing a small sample of 
parasitic capacitance extracted from any commercial 
parasitic extraction tools, we derive an efficient method to 
compute the effect due to process variation for parasitic 
capacitance. Then the variational path delay is evaluated 
efficiently, based on the lumped C delay model and based 
on the effective capacitance delay model respectively. No 
multiple parasitic extractions and multiple delay 
evaluations are needed for both methods, resulting in a 
significant speedup over the traditional RSM. The 
efficiency of our methods makes it possible to 
comprehensively analyze circuit performance on all 
interconnect and device process variables for large 
circuits. We do experiments on ISCAS85 circuits under 
TSMC 180nm 1.8V 5-metal layer technology. Circuit 
layout generation is done by Cadence Silicon EnsembleTM 
and parasitic extraction is done by Assura HyperExtract 
parasitic extractor. Experiments show that our methods 
achieve high accuracy and efficiency. Compared to the 



traditional RSM, the delay error is within 5% using 
analytical methods, and is within 3% using the table 
lookup method.  

The paper is organized as follows. In Section 2, we 
present the linear delay model and propose the method to 
compute parametric delay based on the lumped C delay 
model and based on effective capacitance delay model 
respectively. In Section 3, we compare the performance 
of the new methods with RSM. The conclusion is given in 
Section 4. 
 
2. Parametric Delay Evaluation 
 

There are many forms of process variation, see for 
example Stine et al. [16] and Nassif [17]. In this paper, 
we consider the systematic process variation, such as the 
variation on gate length, and the variation of metal width, 
metal thickness, and inter-layer-dielectric (ILD) thickness 
related to each interconnect layer. Our methods can be 
extended to include other process variation such as the 
threshold voltage, the supply voltage and the temperature, 
as long as the approximated delay can be expressed as a 
linear function of the process variables within their 
variation ranges. 

In order to calculate the path delay under process 
variation, we first compute the buffer-to-buffer delay. The 
buffer-to-buffer delay is defined as the delay from the 
input pin of a cell to the input pin of a downstream cell. 
After each buffer-to-buffer delay in the circuit is 
computed, the delay of any path can be easily obtained by 
adding up buffer-to-buffer delays along the path. 

We approximate the buffer-to-buffer delay as a linear 
function of process variables: 

d(x, s) ≈ d0(s) + b1(s)x1 + b2(s)x2 + … + bp(s)xp,     (1) 
where d0(s) is the nominal delay, x=(x1, x2, …, xp) is the 
vector of process variables, each representing the 
deviation from the nominal value, s is the input signal 
slew, and bi(s)=∂d/∂xi is the delay sensitivity to process 
variable xi. We assume both the nominal delay and delay 
sensitivities are functions of input signal slew s. 

The validity of the linear model is supported by 
extensive simulation. We performed multiple parasitic 
extraction and SPICE simulation under different process 
conditions. It is found that for any single process 
variation variable, its effect on delay is approximately 
linear within its small variation range. In Fig. 1 we show 
the SPICE simulation result on a buffer-to-buffer segment 
in the circuit for several typical process variation 
variables. Each variable changes within its typical range 
(metal width ±5%, metal thickness ±20%, ILD thickness 
40%, and gate length ±5%). In addition, since the 
systematic process variables in our consideration are 
determined at different stages of the manufacturing 
process, we can assume they are independent of each 
other. Furthermore, within the small variation range of 

each variable, the effect of each variable is additive. For 
example, considering width variation on metal 2 and 
metal 3, we denote the delay variation under metal 2 
width variation and under metal 3 width variation as ∆dw2 
and ∆dw3 respectively, and denote delay variation under 
both variations happening as ∆dw1+w2. The width changes 
on both metal 2 and metal 3 are 5% of the nominal metal 
width. Then we use ∆dw1+∆dw2 to approximate ∆dw1+w2. In 
Fig. 2, we show the error distribution over 160 buffer-to-
buffer delays in circuit c432. From the figure, for most of 
buffer-to-buffer segments, the error is considerably small. 
Because of the effect of layer overlapping between metal 
2 and metal 3 in the layout, the error is over 20% for few 
buffer-to-buffer segments. It is interesting to study more 
complex model to compensate for such segments and 
keep the additive property. Nevertheless, for most buffer-
to-buffer segments the effect of metal 2 and metal 3 width 
variation can be considered as additive. The similar result 
is found in other process variables. 

Fig 1. Delay variations due to process variation are 
linear in SPICE simulation. The x-axis indicates 
process variation and the y-axis indicates the 
percentage deviation from the nominal delay. 
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Fig 2. The delay effect of process variation is additive, 
which is demonstrated by the error distribution of 
approximating ∆dw1+w2 with ∆dw1+∆dw2 over 160 buffer-
to-buffer segments in circuit c432. 
 

The effect of signal slew has been studied in previous 
research, for example, in variational delay evaluation [17] 
and in static timing analysis [18]. In this paper, we 
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assume the effect of process variation on output signal 
slew is small and we propagate signal slews under the 
nominal process condition. The computation of nominal 
delay and signal slew can be done by any commercial tool, 
and is not the focus of this paper. The key issue is to 
efficiently compute delay sensitivities b1, b2, …, bp. 

A buffer-to-buffer segment in a circuit is represented 
by a cell driving an RC circuit, which consists of 
distributed R1, …, Rn and distributed C1, …, Cn on 
interconnect and sink capacitance Cs for each downstream 
cell. The RC circuit can be a tree-like structure or a path-
like structure. Parasitic RCs are generated by commercial 
parasitic extraction tools, and each pair of parasitic (Ri, Ci) 
is related to one metal segment or a contact/via on 
interconnect. 

In following sections, we first present an efficient 
method to compute variations of parasitic RCs and Cs due 
to process variation in section 2.1. Then in section 2.2, we 
delay sensitivity computation method based on lumped C 
delay model and based on effective capacitance delay 
model respectively. 

 
2.1. Computation on RC Variations 

 
The sink capacitance Cs is only related to device 

parameters of the downstream cell. In this paper, we 
ignore the variation of Cs. Thus ∂Cs/∂xi is zero for all 
process variables. 

Parasitic RCs on interconnect vary in different process 
conditions. The value of ∂Rj/∂xi can be easily derived 
from the basic resistance computation formula R = 
ρL/(WT), where ρ is the resistive constant, L, W and T is 
the length, width and thickness the metal segment 
respectively.  

However, it is more difficult to compute ∂Cj/∂xi. This is 
because the parasitic capacitance of a metal wire depends 
not only on the wire itself, but also on the neighboring 
condition. Formula-based methods for parasitic extraction 
are no longer used and are replaced by more accurate 
2.5D/3D tools. For these tools, there is no explicitly 
capacitance formula we can use. To make our method 
widely applicable to different design flows, the 
computation of ∂Cj/∂xi must be independent of any 
particular parasitic extraction tools. At the same time, we 
need to avoid multiple extractions on the whole circuit for 
different process variable. 

To get ∂Cj/∂xi for any process variable xi efficiently and 
accurately under any complex neighboring condition, we 
introduce the concept of unit capacitance variation uik, 
which is an estimate of the percentage variation of 
parasitic capacitance on metal k, with respect to process 
variable xi. In practice, we randomly choose n parasitic 
capacitance on metal k in a circuit, and calculate uik by: 

∑
∆∆

=
j jk

ijk
ik C

xC
n

u
/1 ,                            (3) 

where ∆xi is a small change of process variable xi, Cjk 
indicates a parasitic capacitance on metal k under the 
nominal condition, and ∆Cjk is the variation of Cjk due to 
∆xi. 

For a given process technology, the value of 
(∆Cjk/∆xi)/Cjk is in a considerable small range. In Fig. 3 
we show the distribution of (∆Cjk/∆xi)/Cjk due to the wire 
width variation on metal 2 in ISCAS85 circuit c432 for 
406 sample capacitance. From the figure, we can see that 
for most parasitic capacitance Cjk, the value of 
(∆Cjk/∆xi)/Cjk is around 0.61 with small deviations. 
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Fig 3. The distribution of (∆Cjk/∆xi)/Cjk due to metal 2 
width variation on 406 samples in ISCAS85 circuit 
c432. The x-axis indicates values of (∆Cjk/∆xi)/Cjk. 

 
The unit capacitance variation uik is pre-computed for 

each metal layer with respect to each interconnect process 
variable, and is used to estimate the variation for any 
parasitic capacitance on metal k under a small change of 
xi.  For any Cj is on metal k, we have: 

∂Cj/∂xi = uik·Cj.       (4) 
 
2.2. Computation on Delay Sensitivity  
 

We assume a k-factor table of delay with respect to 
input slew s and load CL is given. If such a table is not 
available, we construct one using existing technology. 
The delay table under the nominal gate length is named as 
nominal table. We then build another k-factor table with 
the same indices of the first table, where each entry is the 
delay under a small change of gate length. The change of 
gate length ∆Lg is 3% of the nominal gate length in our 
experiments. This table is named as variational table. 

We apply two delay models in delay sensitivity 
computation. One is lumped C delay model, and the other 
is effective capacitance delay model. 

 
Lumped C delay model 

 
In lumped C delay model, all parasitic resistance on 



interconnect are removed, and all parasitic capacitance 
and the sink capacitance are lumped into one single load 
capacitance CL.  Then we have CL=∑Cj. Then we refer to 
the nominal table and generate delay d according to s and 
CL.  

For delay sensitivity to gate length variation, we refer 
to the variational table according to s and CL, and 
generate delay d′. Then we calculate ∂d/∂xi = ∂d/∂Lg = (d 
–d′)/∆Lg.  

For delay sensitivity to interconnect process variable xi, 
we first calculate variation of CL under a small change of 
xi as ∆CL=∆xi·∑ (uik·Cj), where ∆xi is 5% of the nominal 
value of xi. Then we refer to the variational table and 
calculate delay d′ according to CL+∆CL. Therefore, we 
calculate ∂d/∂xi = (d –d′)/∆xi. 

  
Effective capacitance delay model 

 
For each buffer-to-buffer segment in the circuit, 

effective capacitance Ceff rather than lumped capacitance 
CL is used to refer to the table. Thus we can consider the 
interconnect resistance shielding effect more accurately. 
There are several effective capacitance methods can be 
used, such as iterative method [19] and non-iterative 
method [20][21]. For the speed concern, we use non-
iterative method here. The method proposed in [21] is 
used for RC interconnect and is difficult to be applied in 
buffer-to-buffer segment. Thus we apply the method 
proposed in [20], which evaluates effective capacitance 
by matching the delay of a cell with a Π load and the 
delay of a cell with a single effective capacitance load. 
The delay under s and Ceff is named as d. 

For delay sensitivity to gate length variation, we first 
compute the effective capacitance under the variational 
gate length. Under the gate length change ∆Lg, effective 
capacitance C′eff is recalculated using the method 
proposed in [20]. Note here the Π load does not change 
with ∆Lg. Then we use C′eff and s to refer to the 
variational table, and generate delay d′. Then the delay 
sensitivity to gate length variation is calculated by ∂d/∂xi 
= ∂d/∂Lg = (d – d′)/∆Lg. 

For delay sensitivity to interconnect process variables, 
we need variational effective capacitance to refer to the 
nominal table. Thus we have to compute the new 
effective capacitance C′eff under process variation ∆xi. 
However, it costs too much to derive a new Π load and 
compute C′eff accordingly. Instead we use ∆Ceff = Ceff 
·∆CL/CL to approximate the change of Ceff due to ∆xi, 
where CL is the lumped capacitance, and ∆CL is variation 
of CL and is calculated by ∆CL =∆xi·∑ (uik·Cj). Therefore 
C′eff = Ceff + ∆Ceff is used to refer to the nominal table and 
generate delay d′, then the delay sensitivity to xi is 
calculated by ∂d/∂xi = (d – d′)/∆xi. 

 

3. Experiment Results 
 

We apply our methods to ISCAS85 circuits using a 
UNIX server running on Solaris 2.7. The systematic 
process variation variables considered in our paper are 
variations of the transistor gate length, the width of 5 
metal layers, the thickness of 5 metal layers and the 
thickness of 5 inter-layer-dielectrics (ILD). We apply the 
following manufacturing ranges of these variables: gate 
length ±6%, metal width ±5%, metal thickness ±20%, and 
ILD thickness ±40%. The range of delay variation is 
about ±10% of the nominal delay. 

We first show the running time comparison between 
the traditional RSM and new method in Table 1. For each 
circuit we perform RSM and our new method respectively 
to generate the parasitic delay model for all buffer-to-
buffer segments in the circuit. RSM is implemented by 
SPICE simulation with its running time listed in the third 
column. The path delay is computed by summing buffer-
to-buffer delays. The running time of our method is listed 
in followed columns. Compared to RSM, our method 
achieves significant speedup. The running time of the 
method based on lumped C delay model is faster than the 
method based on effective capacitance delay model by 2-
5 times. The reason is that the method based on effective 
capacitance method spends more cost on Ceff computation. 

 
Table 1. Running time comparison between the 
traditional RSM and new methods for ISCAS85 

circuits. 
Running time 

New Methods (s) Circuit

# of  
buffer-

to-buffer 
delays 

RSM 
(hh:mm) Lumped C Effective C 

c432 343 0:41 0.014 0.020 
c499 440 1:03 0.017 0.026 
c880 755 1:30 0.014 0.053 
c1355 1096 2:13 0.044 0.084 
c1908 1523 2:48 0.075 0.304 
c2670 2292 4:19 0.108 0.456 
c3540 2961 5:39 0.143 0.466 
c5315 4509 >8 hr 0.196 0.785 
c6288 4832 >9 hr 0.200 0.846 
c7552 6253 >10 hr 0.308 1.600 

 
To evaluate the accuracy of our method, we perform 

RSM and our method on the longest path of each circuit. 
Results are compared under the corner condition. In our 
experiments, the path delay under the nominal process 
condition d0 is computed by SPICE simulation. Under the 
corner condition, the parametric variational delay 
computed by the traditional RSM is denoted as d′ and the 
parametric variational delay calculated by our method is 
denoted as d′′ using function (1). Then the delay error 
under the corner condition is computed by (d′′−d′)/(d0 + 



d′). This value indicates the result of our method is how 
close to the result of RSM. 

The results are shown in Table 2, where the number of 
cells in the longest path is listed in the second column, the 
path delay computed by RSM is listed in the third column 
and the delay variation under the worst case corner 
condition is listed in the fourth column. From the table, 
we can conclude that the method based on effective 
capacitance delay model is more accurate. Its delay error 
is less than 3% and for most circuits the error is around 
1% of the path delay, where the delay error of the method 
based on lumped C model is less than 5%. 

 
Table 2. Accuracy comparison between the traditional 

RSM and new methods for ISCAS85 circuits. 
Delay error under 

worst case corner (%)Circuit 
# of 

cells in 
path 

Worst case 
delay 

computed by 
RSM (ps) 

Delay 
Var. 
(%) Lumped C Effective C

c432 17 698.5 10.80 -4.38 -0.01 
c499 11 464.6 9.83 -2.09 -0.60 
c880 24 530.3 9.54 -2.00 -0.36 
c1355 24 609.1 10.37 -3.64 -2.98 
c1908 40 724.5 11.02 -2.46 -1.55 
c2670 32 947.6 10.83 -2.84 -0.65 
c3540 47 1103.1 9.97 -0.33 -1.24 
c5315 49 994.5 10.02 -2.50 -1.15 
c6288 124 2853.4 9.53 -0.11 -1.71 
c7552 41 690.9 10.28 -2.86 -1.32 

 
4. Conclusions 

 
In this paper, we present fast parametric delay evaluation 
under process variation by PARADE. Our method avoids 
multiple parasitic extractions and multiple delay 
evaluations as did in the traditional RSM, and result in 
significant speedup. The method based on effective 
capacitance delay model achieves higher accuracy. 
Experiments on ISCAS85 circuits show that our methods 
are effective and accurate for the parametric delay 
evaluation under process variation. And our new 
estimation method for capacitance sensitivity computation 
is applicable for any commercial parasitic extraction tools. 
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