
Abstract
The performance of VLSI/ULSI chip is becoming less predictable 
as device dimensions shrinks below the sub-100-nm scale. 
Process variation is considered to be a major concern in the 
design of circuits including interconnect pipelines in current deep 
submicron regime. Process variation results in uncertainties of 
circuit performances such as propagation delay. The reduced 
predictability can be attributed to poor control of the physical 
features of devices and interconnects during the manufacturing 
process. Variations in these quantities maps to variations in the 
electrical behavior of circuits. The channel width of MOSFET 
varies due to changes in drain/source thickness; substrate, 
polysilicon and implant impurity level; and surface charge. 
This paper provides a comprehensive analysis of the effect of 
channel width variation on the propagation delay through driver-
interconnect-load (DIL) system. The impact of process induced 
driver width variations on propagation delay of the cicuit is 
discussed for three different technologies i.e 130nm, 70nm 
and 45nm. The comparison of results between these three 
technologies shows that as device size shrinks, the process 
variation issues becomes dominant during design cycle and 
subsequently increases the uncertainty of the delays.
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I. Introduction
The feature size of integrated circuits has been aggressively 
reduced in the pursuit of improved speed, power, silicon area 
and cost characteristics [1]. Semiconductor technologies with 
feature sizes of several tens of nanometers are currently in 
development. As per, International Technology Roadmap for 
Semiconductors (ITRS), the future nanometer scale circuits 
will contain more than a billion transistors and will operate at 
clock speeds well over 10GHz. 
Variability in modern nanometer sized circuits has not scaled 
down in proportion to the scaling down of their feature sizes. 
Manufacturing process variations (e.g. driver width, effective 
channel length), environmental variations (e.g., supply voltage, 
temperature), and device fatigue phenomenon contribute to 
uncertainties. Uncertainty due to parametric variations deeply 
impacts the timing characteristics of a circuit and makes 
timing verification extremely difficult. This necessitates the 
consideration of the parametric variations in timing analysis 
for accurate timing estimation.
The performance of a high-speed chip is highly dependent on 
the interconnects, which connect different macro cells within a 
VLSI/ULSI chip. With ever-growing length of interconnects and 
clock frequency on a chip, the effects of interconnects cannot 
be restricted to RC models [2, 3]. The importance of on-chip 
inductance is continuously increasing with faster on-chip rise 
times, wider wires, and the introduction of new materials for 
low resistance interconnects. It has become well accepted that 
interconnect delay dominates gate delay in current deep sub 
micrometer VLSI circuits [1-3]. With the continuous scaling of 

technology and increased die area, this behavior is expected 
to continue. 
The propagation delay induced by word lines, bit lines, clock 
lines, and bus lines in memory or logic VLSI will remain the key 
concerns while designing the interconnects. The performance 
of VLSI/ULSI chip is becoming less predictable as device 
dimensions shrink below the sub-100-nm scale [4-6]. The 
reduced predictability is due to poor control of the physical 
features of devices and interconnects during the manufacturing 
process. Variations in these quantities result in variations in the 
electrical behavior of circuits. These variations have interdie and 
intradie components, as well as layout pattern dependencies. 
The device material variations in geometry (tox, Leff, W), and 
variations in doping levels and profiles have a direct impact 
on the behavior of a MOSFET. Variations in the linewidth affect 
the resistance and the interlayer capacitance. Variations in the 
interwire spacing may cause a significant degradation in the 
signal integrity. Layout pattern dependent variations within 
the interlayer oxide and the chip multiprocessing process also 
have a significant impact on the interconnect parasitics. The 
dissimilar sources of variations in the IC fabrication process lead 
to both random and systematic effects on circuit performance. 
All of these make it increasingly difficult to accurately predict the 
performance of a circuit at the design stage, which ultimately 
translates to a parametric yield loss. The recent trends in VLSI 
chip exhibit significant variations within a chip and between 
chips, due to the high complexity of design and the presence 
of large number of correlated parameters. Therefore, fast 
and efficient methods are required to compute an accurate 
statistical description of the response.
Process variations are not completely random. It can be 
divided into deterministic part and nondeterministic part [6, 
7]. Random variations are intrinsic fluctuations in process 
parameters such as dopant fluctuations from wafer to wafer, lot 
to lot.  On the other hand, systematic variations depend on the 
layout pattern and are therefore predictable for the systematic 
part, the variations need to be experimentally modeled and 
calibrated, in order to either compensate hiring the design 
phase or captured in the analysis phase. These effects, which 
include optical proximity correction (OPC), residual error and 
chemical mechanical planarization (CMP) dishing [8, 9], have 
a substantial but deterministic impact on the critical dimension 
(CD) of a transistor gate or the width and thickness of an 
interconnect wire. By accounting for systematic part of process 
variation in timing analysis, uncertainty can be reduced, thereby 
achieving closer bound for circuit performance. 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 [4-10], statistical performance 
analysis [9, 10], worst case performance analysis [11, 12], 
parametric yield estimation [12, 13], impact analysis on micro 
architecture [12, 13] and delay fault [14, 15] test under process 
variation [14-17]. As the technology reaches deep submicron 
or nanometer regime, the errors due to process variations 
becomes prominent [17-19]. Driver width of a MOSFET varies 
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due to (1) Changes in oxide thickness; (2) Substrate, polysilicon 
and implant impurity level; (3) Surface charge. 
This paper analyzes the effect of channel width variation of 
MOSFET due to process variation on the propagation delay of 
Driver-Interconnect-Load (DIL) system as shown in Fig. 1. The 
propagation delay variations through DIL system are observed 
due to process variations in driver individually for different 
technologies i.e 130nm, 70nm and 45nm.

Fig. 1: Driver Interconnect Load (DIL) System

II. Monte Carlo Analysis
The analysis carried out in this work takes into account a 
Driver-Interconnect-Load (DIL) system as shown in Fig. 1. 
The driver is an inverter gate driving the interconnect. The 
propagation delay of a DIL system is dependent on various 
physical parameters which are prone to process variation. In 
this analysis, the driver is subjected to process variations in 
reference to driver width for three different technologies of 
130nm, 70nm and 45nm. To obtain statistical information on 
how much the characteristics of a circuit can be expected to 
scatter over the process, Monte Carlo analysis is applied. Monte 
Carlo analysis performs numerous simulations with different 
boundary conditions. It chooses randomly different process 
parameters within the worst case deviations from the nominal 
conditions for each run and allows statistical interpretation of 
the results. In addition to the process parameter variations, 
mismatch can be taken into account as well, providing a 
more sophisticated estimation of the overall stability of the 
performance with respect to variations in the processing steps. 
In most cases the parameters on which the assumptions for the 
mismatch are based are worst case parameters. A proper layout 
and choice of devices can significantly improve scatter due to 
mismatch. In order to obtain reasonable statistical results, a 
large number of simulations are needed, leading to quite long 
simulation times.

III. Effect of Driver Width Variation on Delay of 
Driver-Interconnect-Load System
Monte Carlo simulations are run for driver width variations 
in 130nm, 70nm and 45nm fabrication technology.  Fig. 2 
shows the SPICE input and output voltage for a variation of 
20% in driver width in NMOS and PMOS transistors in 130nm 
technology. It is observed that the output varies significantly 
due to the process variation parameter. Table I accounts for the 
percentage variation in NMOS and PMOS driver width; delay 
due to driver and interconnect line; and percentage variation 
in delay of driver and line. It is observed that the variation in 
delay ranges from -2.39% to 4.60% for 130nm technology. 

Fig. 2 : SPICE input and output waveform through DIL for 130nm 
technology Driver

Table 1 : Variation in delay due to change in driver width of 
NMOS & PMOS for 130nm fabrication process technology
Variation in 
Wn (%)

Variation in 
Wp (%)

Driver and 
Line Delay 
(ps)

Variation 
in Delay of 
Driver and 
line (%)

-34.15 2.39 59.88 -2.39
-26.11 -5.68 60.36 -2.23
-4.06 -3.89 61.60 -0.47
-0.48 41.53 61.64 -0.62
0.00 0.00 61.82 0.00
4.33 1.99 62.08 0.61
6.21 -19.00 62.28 1.30
8.81 -10.14 62.40 1.54
10.54 -31.83 62.61 2.31
12.72 9.22 62.56 1.87
26.69 7.98 63.43 4.60

Similarly, Monte Carlo simulations are run for driver width 
variations in 70nm fabrication technology also.  Fig. 3 shows the 
SPICE input and output voltage variations for variation in driver 
width for NMOS and PMOS transistors of the driver in 70nm 
technology. It is observed that the output varies appreciably 
higher than the results observed for 130nm technology due 
to the process variation parameter.

Fig. 3 : SPICE input and output waveform through DIL for 70nm 
technology Driver
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Table 2 : Variation in delay due to change in driver width of 
NMOS & PMOS for 70nm fabrication process technology
Variation in 
Wn (%)

Variation in 
Wp (%)

Driver and 
Line Delay 
(ps)

Variation 
in Delay of 
Driver and 
line (%)

-34.15 2.39 44.907 -9.13
-26.11 -5.68 45.974 -6.97
-4.06 -3.89 48.879 -1.10
-0.48 41.53 49.051 0.75
0.00 0.00 49.421 0
4.33 1.99 50.014 1.20
6.21 -19.00 50.456 2.09
8.81 -10.14 50.738 2.66
10.54 -31.83 51.186 3.57
12.72 9.22 51.137 3.47
26.69 7.98 53.124 7.49

Fig. 4 : SPICE input and output waveform through DIL for 45nm 
technology Driver

Fig. 4 demonstrates the Monte Carlo SPICE simulation input 
and output voltage variations due to variation in driver width of 
NMOS and PMOS transistors of the driver in 45nm technology. It 
is observed that the output varies drastically due to the process 
variation parameter in 45nm technology compared to 130nm 
and 70nm technologies.

Table 3 accounts for the percentage variation in NMOS and 
PMOS driver width; delay due to driver and interconnect line; and 
percentage variation in delay of driver and line. It is observed 
that the variation in delay ranges from -13.9% to 12.5% for 
45nm technology.

Table 2 accounts for the percentage variation in NMOS and 
PMOS driver width; delay due to driver and interconnect 
line; and percentage variation in delay of driver and line. It 
is observed that the variation in delay ranges from -9.13% to 
7.49% for 70nm technology.

Table 3 : Variation in delay due to change in driver width of 
NMOS & PMOS for 45nm fabrication process technology
Variation in 
Wn (%)

Variation in 
Wp (%)

Driver and 
Line Delay 
(ps)

Variation 
in Delay of 
Driver and 
line

(%)
-34.15 2.39 63.055 -13.90
-26.11 -5.68 65.425 -10.60
-4.06 -3.89 71.976 -1.70
-0.48 41.53 72.613 -0.83
0.00 0.00 73.22 0
4.33 1.99 74.656 1.96
6.21 -19.00 75.603 3.25
8.81 -10.14 76.337 4.26
10.54 -31.83 77.263 5.52
12.72 9.22 77.414 5.73
26.69 7.98 82.393 12.5

Fig. 5 : Comparison of percentage change in delay due 
to variations in driver width for 130nm, 70nm and 45nm 
technologies

The comparison between three technologies shows that as 
device size shrinks, the process variation becomes dominant 
and subsequently gives rise in variation of delays. Fig. 5 
demonstrates this claim by comparing the percentage change 
in delay due to variations in driver width for 130nm, 70nm and 
45nm technologies. It is observed that as feature reduces the 
variation in delay performance increases due to change in 
driver width. Thus these simulation results reveals that process 
variation has large effect on the driver delay due to variation 
in driver width. 

IV. Conclusion
Process variation represents a major challenge to design 
system-on-chip using nanometer technologies. In this paper, 
we have evaluated process variation effects on the delay of 
Driver-interconnect-load system due to driver width variations. 
Variations in the driver and interconnect geometry of nanoscale 
chips deciphers to variations in their performance. The resulting 
diminished accuracy in the estimates of performance at 
the design stage can lead to a significant reduction in the 
parametric yield. Thus, determining an accurate statistical 
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description of the DIL response is critical for designers. The 
random or systematic part of variations plays an important 
role in deviating electrical parameter. In the presence of 
significant variations of device model parameters the variations 
in performance parameter such as delay is severely affected. 
The comparison between three technologies shows that as 
device size shrinks the process variation becomes a dominant 
factor and subsequently raises the variation in delays. 

References
[1] Sai-Halasz G.A., “Performance trends in high-end 

processors”, Proceed. of  IEEE, vol.83, issue 1, pp. 20-
36, Jan.1995.

[2] Sylvester D., Wu C., “Analytical modeling and characterization 
of deep-submicrometer interconnect,” Proceed. of  IEEE, 
vol.89, issue 5, pp. 634-664, May 2001.

[3] Kaushik B.K., Sarkar S., “Crosstalk Analysis for a CMOS-
Gate-Driven Coupled Interconnects” IEEE Trans. on 
Computer-Aided Design of Integrated Circuits and Systems, 
vol. 27, no. 6, pp. 1150-1154, June, 2008. 

[4] Orshansky, M.  Milor, L., Chen, P., Keutzer K., Hu, C., 
(2000) “Impact of systematic spatial intra-chip gate length 
variability on performance of high-speed digital circuits,” 
ICCAD 2000, pp.62–67.

[5] Liu, Y., Nassif, S. R., Pileggi L. T., Strojwas, A. J. (2000) 
“Impact of interconnect variations on the clock skew of a 
gigahertz microprocessor,” DAC 2000, pp. 168–171.

[6] Mehrotra, V., Sam, S., Boning, L. D., Chandrakasan, A., 
Vallishayee, R., Nassif, S. (2000) “A methodology for 
modeling the effects of systematic within-die interconnect 
and device variation on circuit performance,” DAC 2000, 
pp. 172–175.

[7] Malavasi, E., Zanella, S., Min J. Uschersohn, C., Misheloff 
M., Guardiani, C. (2002) “Impact analysis of process 
variability on clock skew,” ISQED 2002, pp. 129–132.

[8] Brawhear, R. B., Menezes, N., Oh, C., Pillage, L. T., Mercer, 
M. R., (1994) “Predicting circuit performance using circuit-
level statistical timing analysis,” DATE 1994, pp. 332–
337.

[9] Chang, H., Sapatnekar, S. S., (2003) “Statistical timing 
analysis considering spatial correlations using a single 
PERT-like traversal,” ICCAD 2003, pp. 621–625.

[10] Agarwal, A., Blaauw, D., Zolotov, V., (2003) “Statistical 
timing analysis for intra-die process variations with spatial 
correlations,” ICCAD 2003, pp. 271–276.

[11] Acar, E., Nassif, S. N., Ying, L.,Pileggi, L. T., (2001) 
“Assessment of true worst case circuit performance 
under interconnect parameter variations,” ISQED 2001, 
pp. 431–436.

[12] Borkar, S., Kamik, T., Narendra, S., Tschanz, J., Keshavarzi, 
A., De, V., (2003) “Parameter variations and impact on 
circuits and microarchitecture,” DAC 2003, pp. 338–
342.

[13] Gattiker, A., Nassif, S., Dinakar, R., Long, C. (2001) “Timing 
yield estimation from static timing analysis,” ISQED 2001, 
pp. 437–442.

[14] Luong, G. M., Walker, D. M. H., “Test generation for global 
delay faults,” ITC 1996, pp. 433–442.

[15] Liou, J. J., Krstic, A., Wang, L. C., Cheng, K. T., (2002) 
“False path-aware statistical timing analysis and efficient 
path selection for delay testing and timing validation,” DAC 
2002, pp. 566–569.

[16] Krstic, A., Wang, L. C., Cheng, K. T., Liou, J. J., (2003) 
“Diagnosis of delay defects using statistical timing 

models,” VTS 2003, pp. 339–344.
[17] Lu, X., Li, Z., Qiu, W., Walker, D. M. H., Shi, W. (2004) 

“Longest path selection for delay test under process 
variation,” ASP-DAC 2004, pp 99-103.

[18] Fabbro, A.D., Franzini, B., Croce, L., Guardiani, C., (1995) 
“An assigned probability technique to derive realistic worst-
case timing models of digital standard cells,” DAC 1995, 
pp. 702–706.

[19] Vrudhula, S., Wang, J. M., Ghanta, P., (2006) “Hermite 
Polynomial Based Interconnect Analysis in the Presence 
of Process Variations” IEEE Trans. on CAD of Integrated 
Circuits And Systems, vol. 25, No. 10, October 2006, pp. 
2001-2011.

Dr. Raghuvir Singh is a man of vast 
experience in Research, Development, 
Teaching and Administration for 
more than 40 years. He obtained his 
B.Sc., B.E. (Telecommunication), M.E. 
(Electronics) and Ph.D. (Electronics and 
communication Engineering) Degrees 
in 1958, 1962 & 1970 respectively. 
He started his career from CEERI, 
Pilani and then joined the University of 

Roorkee (now IIT, Roorkee) to retire as Head of Electronics & 
Communication Engineering Department. He has worked on 
various Research & Development projects sponsored by the 
Ministry of Defence, Department of Science & Technology, 
University Grants Commission etc. He has also served on 
various Academic Committees, Board of Studies and Subject 
Expert Committees of many engineering institutes of repute, 
in addition to Expert Committees set by AICTE and Ministries 
like Education and Railways. He was awarded the IETE 
award in 1965, Khosla Research Award in 1970 and Anna 
University National Award for his outstanding career and 
contribution to Engineering and Technology in 1994. His name 
was recommended by IETE Award Committee for the FICCI 
Award in 1999. He has supervised 5 Ph.D. theses, 45 M.E. 
dissertations and has more than 50 publications in National 
and International Journals and conferences to his credit. Year 
for 2008, IBC Foremost Scientists of the World-2008, Leading 
Educators of the World 2008, IBC Foremost Educators of the 
World 2008, IBC International Educator of the Year 2008. His 
name has been listed in Marquis Who’s Who in Science and 
Engineering® and Marquis Who’s Who in the World®.

106 InternatIonal Journal of electronIcs & communIcatIon technology

IJECT Vol. 2, IssuE 1, MarCh 2011 I S S N  :  2 2 3 0 - 7 1 0 9 ( O n l i n e )   |   I S S N  :  2 2 3 0 - 9 5 4 3 ( P r i n t )

w w w . i j e c t . o r g


