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Abstract—Deep submicron technology makes interconnect one
of the main factors determining the circuit performance. Previous
work shows that interconnect parameters exhibit a significant
amount of spatial variation. In this work, we develop approaches
to study the influence of the interconnect variation on circuit
performance and to evaluate the circuit sensitivity to interconnect
parameters. First, an accurate interconnect modeling technique
is presented, and an interconnect model library is developed.
Then, we explore an approach using parameterized interconnect
models to study circuit sensitivity via a ring oscillator circuit.
Finally, we present an alternative approach using statistical
experimental design techniques to study the sensitivity of a large
and complicated circuit to interconnect variations.

Index Terms—Circuit analysis, interconnect, statistical analy-
sis, worst case design.

I. INTRODUCTION

T HE CONTINUOUSLY increasing scale of integration
used in the design and processing of integrated circuits

has drawn special attention toward interconnect effects. As
the minimum feature size in VLSI systems drops to 0.25m
and below, interconnect characteristics are becoming limiting
factors on performance, since the time constant associated
with interconnect is scaled by a smaller factor compared to
those of devices. Future chip complexity and speed advances
will depend on the ability to model the electrical behavior of
interconnect in an accurate and efficient fashion.

Critical path delays in circuits depend upon interconnect as
well as on device parameters. The effects of device parameter
variations have been widely studied [12]–[16]. However, these
simulations currently do not take into account the effects
of interconnect parameter variations. As a result, the yield
estimation and circuit optimization based on these studies may
not be able to provide accurate results in current and future
technologies, where more and more significant portions of path
delays will result from interconnect.

With current technology, the impact of interconnect parame-
ter variations on signal delays may already be quite significant
[2]. Thus, it becomes necessary to comprehend and anticipate
the effects of interconnect parameter variation in the design
process. Specifically, a methodology to asses the impact of
random and systematic variations in interconnect parameters
to circuit performance must be developed.
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A modeling framework to study the sensitivity of circuit
performance to interconnect parameter variations will allow
circuit designers to meet timing targets while taking into
account the random and systematic source of interconnect
parameter variations. It will also help the process designers
to design new technologies while taking the sensitivity infor-
mation into consideration. Finally, the sensitivity study results
will help make the circuit more robust against the variation.

Overall, the goal of this paper is to address the problem
of interconnect variations, look for a methodology to model
interconnect wires, and develop approaches to quantify and
investigate interconnect parameter variations on circuit per-
formance under current and future technologies. The ultimate
objective is to facilitate optimal circuit and process design,
reduce time-to-yield, and improve the final yield.

Two approaches to study the circuit sensitivity to inter-
connect parameter variations are developed in this paper.
The first approach is based on a parameterized interconnect
model library. The parameterized interconnect models allow
us to manipulate interconnect parameters, and to generate a
circuit description that is suitable for performance sensitivity
study. The second approach uses statistical experimental de-
sign techniques to analyze complicated circuits via simulation
experiments. The first approach is illustrated with the help of
a ring oscillator circuit, and the second approach is illustrated
with a large multiplier circuit.

II. I NTERCONNECT MODELING

A. Introduction

In order to understand and account for interconnect effects
in the design process, it is necessary to extract its parasitic pa-
rameters and model the interconnection. It is essential that the
electrical behavior of interconnect is modeled accurately. The
accuracy of interconnect models is the very basis of achieving
meaningful predictions of circuit behavior and obtain reliable
sensitivity evaluations. The models should also be suitable for
statistical circuit simulation and sensitivity analysis, which is
the purpose of this work.

One approach to interconnect modeling is to construct
an equivalent electrical circuit representation. The equivalent
circuits that represent the interconnections can be combined
with the equivalent circuits that describe the active devices,
and the behavior of the entire circuit can be analyzed with a
circuit simulator such as HSPICE.

There are two steps to the process of constructing an
equivalent circuit model for an interconnect wire. The first step
is to determine the nature of the equivalent circuit, that is, what
kinds of circuit elements are important, and how many degrees

0894–6507/98$10.00 1998 IEEE



558 IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL. 11, NO. 4, NOVEMBER 1998

of freedom are required for the level of accuracy desired. The
second step is to determine the value associated with each
element in the equivalent circuit.

Reference [10] claims that the equivalent circuit for an
average length on-chip interconnection in CMOS chips can
be constructed using capacitors and resistors. In modern lossy
on-chip interconnect, the inductive voltage drop is negligible
compared to resistive voltage drop up to clock frequencies of
1–2 GHz. Thus, on-chip interconnect lines may be approxi-
mated by an RC line. So, throughout this work, all on-chip
interconnects are modeled as RC networks.

Once it has been determined what types of circuit elements
are required to model a particular class of on-chip intercon-
nections, one must then decide how many circuit elements of
each type are needed and evaluate the values of interconnect
parasitics.

There are many ways to extract the parasitics. The applica-
tions of empirical formulae to general submicron interconnect
wires are rather limited because of the complexity of inter-
connect configurations in multilevel submicron technology,
especially in extracting the coupling capacitance. These for-
mulae can not cover layout configurations having multiple
dielectric and metal layers. Furthermore, they are not accurate
enough to capture the variations of the layout and technology
parameters of interconnect. So their applicability in our work
of sensitivity study over the technology parameters is not
appropriate.

In “exact” computations of electrical circuit parameters, one
appeals to the theory of electromagnetic fields; that is, “exact”
computations involve the numerical analysis of two or three
dimensional integral or partial-differential equations for the
values of an electromagnetic field.

Since multilevel interconnect technologies use multiple con-
ductors with different thicknesses and multiple insulators with
possibly different dielectric constants, numerical simulations
are mandatory for accurate resistance and capacitance model-
ing [20]–[22]. Numerical techniques have been developed for
rigorous interconnect capacitance extraction.

B. Interconnect Model Library

We have concluded the necessity of numerically based simu-
lation to perform interconnect parasitics extraction. However,
numerical simulation is computationally intensive and real-
time simulation is too time-consuming. Furthermore, in our
approach to perform sensitivity study, all interconnect wires
are to be modeled using closed-form analytical models, which
requires parameterized interconnect models. To cope with this
problem, a realistic approach is to construct a parameterized
interconnect model library based on numerical simulations.
Then the circuit description can be generated with the help
of the model library which contains models of typical two-
dimensional interconnect structures. The circuit description
will thus become the basis of sensitivity study and statistical
circuit simulation.

Fig. 2 shows the flow of this interconnect modeling ap-
proach and model library building. The sensitivity analysis
is performed assuming that the variation of technology pa-

Fig. 1. Cross section of an interconnect structure.

Fig. 2. Interconnect modeling flow.

rameters, interlayer dielectric thickness, conductor thickness,
is within about 20%1 of its nominal value for a given tech-
nology. At the same time, the ranges of the layout parameters,
such as metal width, interwire spacing, are set according to the
design rules and their possible design ranges. Each parameter
is divided into several levels, and a full factorial design is
used to generate the simulation points for each structure. The
input file to the numerical simulator is generated to contain
all the simulation points, and two dimensional simulations are
performed in batch-mode using a numerically based extractor
[23] to evaluate the unit length capacitance and resistance
values. The numerical data are then fitted to an analytical
expression using a special curve-fitting technique which will
be discussed in more detail later.

In the following sections, we will use the structure in Fig. 1
as an example to illustrate the approach in more detail.

The interconnect structure shown in Fig. 1 is defined in
terms of four parameters: metal width , interwire distance

, metal thickness , and thickness . The three
capacitances, , and are of interest and their
models are constructed. Notice that all interwire distances are
the same in this structure.

The input file to the numerical extractor Raphael is gener-
ated as follows: each parameter, , and , is set at six,
six, seven, and seven levels, respectively. Using a full factorial
design, a total number of 1764 simulation points (combination
of different levels of the four parameters) are generated, and
the input file for Raphael is thus created based on these points.

1Based on this assumption, all the variations that are less than 20% of
their normal values will be covered by the models. Though this value may
not exactly reflect the realistic situation, it does not affect the flow of this
approach.
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Analytical models are then constructed based on the simulation
results. This is discussed in the next section.

C. Curve-Fitting Technique

The objective is to create a model that maps
the relationship between the set of parameters defining the
physical interconnect and the values of the parasitics of the
interconnect. Here is the dimensional vector representing
the capacitance and resistance to be modeled, andis the

dimensional input vector containing all the interconnect
parameters. This is implemented using simple polynomial
expressions and linear regression [24].

The capacitance models can include quadratic and higher
order terms of the parameters, together with their interaction
terms. In order to achieve an accurate model, the first step
is to determine the terms to be included in the final model.
After the model terms have been determined, the coefficient
of each term can be estimated using the least square technique.
However, choosing the terms of the model is a difficult task.
In this section, we present a systematic way to address this
problem. This efficient and systematic solution is guided by
the simple physical relationships between the input variables
and the resulting capacitance.

First, we select the data points that are obtained by varying
one parameter with the other parameters fixed. Then these data
points are fitted over this parameter using step-wise regression.
This is easy since only one variable or parameter is involved.
In this way, one will get a separate model related to each of
the parameters. These models are simple polynomial functions.
In some cases, nonlinear data transformations are necessary
in order to apply a linear model. Combining these separate
models, the final model terms are easy to identify. This is
illustrated as follows:

Suppose that capacitance is an unknown polynomial
function of two variables, and . That is, .
The goal is to choose the proper model terms based on discrete
data points.

Let us assume that by curve-fitting over with fixed,
one finds that is a linear function of , that is,

(1)

In the above equation, bothand are constants. They will
take different values when is fixed at different points. So
and are only functions of , i.e.,

and (2)

then (1) can be rewritten as

(3)

Suppose that is fitted over with fixed, and the fitting
result shows is a second order polynomial function of.
Following the same argument as above, one can conclude that

can also be expressed as

(4)

Note that (3) and (4) are equivalent expressions. Since both
equations represent capacitance, which must be a continuous

function of both and , we can take the derivative of
these two equations over , which leads to the following
expression:

(5)
Thus, the model terms of can be decided. Given

the fact that the left-hand side (LHS) of (5) does not depend
on , the right-hand side (RHS) should also be independent
of . Then we can conclude that , and
are linear functions of , i.e.,

(6)

(7)

(8)

Here, to are constants. By substituting (6)–(8)
into (4), the model terms can be easily identified and the
equation can be rewritten as

(9)

To simplify the situation, the above illustration assumes that
is a linear function of when is fixed. If is a second

or higher order function of , the above explanation still
applies on taking higher order derivatives, which will lead to
similar results.

In practice, the above technique is used to choose the terms
of the model, while the coefficients of the terms are determined
using least squares fitting.

Though only two variables are discussed in the above
technique, the approach can be easily generalized to three
and more variables. Also, note that even though the above
discussion is not a strict mathematical proof, it does provide
us with some insight and guidance on data fitting in order to
get an accurate capacitance model.

D. Example

We apply this technique to model the and as
depicted in Fig. 1. Table I summarizes the modeling results
of . It indicates that multiple is 0.9999, which means
99.99% of the variation can be explained by the model. F-
ratio is the ratio of the mean square of the regression to the
estimated variance, and the zero p-value means the ratio is very
significant. However, one can not conclude that the model fits
the data well just by looking at this table. Further analysis is
necessary to assess the model.

The simplest and most informative method for assessing
the fit is to plot the response against the fitted values, and
also examine the residuals. Fig. 3 shows the predicted values
versus the simulation data. The straight line indicates good
fitting. Fig. 4 is the normal plot of the residual, and it gives
no reason to doubt that the residuals are normally distributed.
Since the minimum value of is 0.33 (scaled by 1E-16),
the ratio of the residual standard error over the minimum of
simulation data is just 0.5% (0.0017/0.33).

The above analysis shows that the model fits the data very
well, the regression is significant, and the residuals appear
normally distributed. This underscores the usefulness of the



560 IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL. 11, NO. 4, NOVEMBER 1998

TABLE I
STATISTICS OF MODELING RESULT OF C22 MODEL IN FIG. 1

Fig. 3. Fitted values against simulated data ofC22 of Fig. 1.

Fig. 4. Normal plot for residuals of the fitting model ofC22 of Fig. 1.

technique. The modeling of using the same technique
shows similar results.

To summarize this section, we discussed the issues of
interconnect modeling for the purpose of the sensitivity study.

An efficient technique of curve fitting is discussed in detail,
and a specific fitting problem is solved as an example. We also
presented a methodology to build a parameterized interconnect
model library.
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Fig. 5. Overview of sensitivity study based on interconnect model library.

Based on the interconnect model library built, we are ready
to develop an approach to study the circuit sensitivity to
interconnect variations. This is discussed in Section III.

III. SENSITIVITY STUDY

The models developed in last section, and the established
range values for interconnect parameters are the essential
ingredients for the evaluation of the impact on circuit per-
formance. In this section, an approach to accomplish this
evaluation will be explored, and the relationships between
interconnect parameter variations and circuit performance will
be developed.

The goal of statistical circuit design is to model and improve
parametric yield [15]. The underlying concept is that variations
in the manufacturing process change the performance of the
integrated circuit and therefore cause the performance yield
fluctuations seen in the final test. As stated in Section I, a
new approach needs to be developed since active devices and
interconnect wires are different in many aspects. To incorpo-
rate interconnections into the framework, the manufacturing
line variations must be mapped into the variations of both
devices and interconnect parameters, and then be mapped into
the performance variations of circuits.

A. Methodology

An overview of the methodology to perform circuit sensi-
tivity to interconnect variations is shown in Fig. 5. The basic
idea is to model each interconnect wire of a circuit using the
parameterized interconnect models developed in Section II,
and then generate the circuit description based on a SPICE
file. The generated circuit description contains closed-form
analytical expressions for each interconnect capacitance and
resistance elements, and it is the basis of the statistical circuit
simulation.

To simulate the effect of process variations on a circuit,
the connection between the process parameters and the input
file to circuit simulator must be established. So the RC
model for each interconnect wire should be expressed in
terms of the interconnect parameters. With the help of the
interconnect model library developed in the last section, the

Fig. 6. Circuit diagram of a ring oscillator.

total capacitance and resistance of each interconnect wire can
be easily described given the length of each wire, thus an RC
model of each wire is built. The resulting description of the
interconnect wires in a circuit usually takes the form of an RC
mesh because of the coupling capacitance among neighboring
wires.

We use the HSPICE circuit simulator to estimate circuit
performance. Our work does not use formal optimization
techniques to improve yield as the focus of this work is on the
sensitivity analysis. More specifically, our goal is to determine
the impact of interconnect related process parameters on
performance.

The variation ranges of interconnect parameters form a mul-
tidimensional region which is referred to as aparameter space.
This parameter space will be mapped to the variation ranges of
the performance which is referred to as theperformance space.

B. Case Study: Ring Oscillator Circuit

A ring oscillator was used to explore the sensitivity analysis
approach. Fig. 6 shows part of the circuit diagram of the ring
oscillator, which emphasizes the interconnect wires between
stages. The loading of the circuit is dominated by interconnect
wires, as indicated in Fig. 6. The interconnection length for
each stage is 180m, and is divided into six fingers. Three of
the fingers are next to previous stage fingers and the other three
are next to next stage fingers, so there is a heavy capacitive
coupling effect between neighboring stages.

The ring oscillator circuit used in this study has nine stages,
with fan-out of 2. However, the design is such that significant
loading is contributed by interconnect wires. In this way, the
signal delay between each stage is mainly determined by
the interconnect capacitance and resistance.

First, the SPICE netlist is generated based on its layout using
the extraction tool. Then, it is modified so that interconnect
wires of the circuit are modeled in terms of the interconnect
parameters. For example, coupling capacitance is modeled
explicitly in terms of the length and distance of the wires.
The regularity of this relatively simple ring oscillator circuit
makes it easier to accomplish this modification. The fingers are
parallel and have the same width and the same interwire space.
By generating the circuit description in this way, a direct link
between the circuit performance and interconnect parameters
is established.
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Fig. 7. Ring oscillator delay versus metal width.

Fig. 8. Ring oscillator delay versus interwire spacing.

C. Results and Analysis

The ring oscillator circuit is simulated using HSPICE. The
sensitivity of the delay to a particular parameter is evaluated
by varying it over a reasonable range with the other parameters
fixed. For example, the delay sensitivity to metal thickness is
obtained by fixing the ILD thickness, metal width and metal
spacing and varying the metal thickness over20% variation
range.

Figs. 7–10 show the simulation results of the delay sensi-
tivity to the wire width, interwire spacing, ILD thickness and
metal thickness, respectively. The roughness of the curves is
caused by numerical discretization within HSPICE. Table II

summarizes these results. It indicates that interwire spacing is
the most sensitive parameter. Twenty percent variation of the
interwire spacing from its nominal value will lead to 8.8%
deviation of the delay. On the other hand, the circuit is not
sensitive to the variation of the ILD thickness in the range of
the simulation.

The lack of sensitivity to ILD thickness is because the delay
is not sensitive to the plate capacitance. In fact, for this circuit,
the delay is mostly sensitive to interwire coupling capacitance
as can be seen in Fig. 12. Actually, this is original intention
of the ring oscillator layout.

To get further insight and generalize the methodology,
Monte Carlo simulations are also set up to perform statistical
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Fig. 9. Ring oscillator delay versus ILD thickness. The layout of the ring oscillator is designed such that the delay is mainly determined by the coupling
capacitance between neighboring wires instead of plate capacitance.

Fig. 10. Ring oscillator delay versus metal thickness.

TABLE II
RESULTS OF SENSITIVITY STUDY OF RING OSCILLATOR

analysis. These statistical simulations closely reflect what
happens in the real world. The simulation results establish
a connection between performance spread and the variation of
parameters.

The Monte Carlo simulation is performed based on the
assumption that all interconnect parameters (there are four
parameters in this study) are normally distributed with
equal to 20% of their nominal values. These results are con-
sistent with the previous deterministic analysis. Particularly,
Fig. 11 shows the significant sensitivity of interwire spacing
with respect to the delay.



564 IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL. 11, NO. 4, NOVEMBER 1998

Fig. 11. Monte Carlo simulation result: delay sensitivity to interwire spacing of ring oscillator.

Fig. 12. Monte Carlo simulation result: delay sensitivity to unit-length interwire coupling capacitance of ring oscillator.

Interconnect variations lead to the change of interconnect
resistance and capacitance, including both plate capacitance
and coupling capacitance, and affect the delay of the cir-
cuit. Particularly, Fig. 12 demonstrates the importance of the
coupling capacitance with regard to the delay.

D. Summary and Discussion

In this section, the issues related to statistical circuit design
are discussed, and an approach to study circuit sensitivity
to interconnect parameter variations is developed using pa-
rameterized interconnect model library. The circuit netlist
is modified to include explicit parameterized expressions of
interconnect parasitics as a function of layout and technology
parameters. The results from the study of a ring oscillator

circuit reveal that the delay of this ring oscillator is the most
sensitive to interwire spacing while least sensitive to ILD
thickness.

There were several advantages to this approach. First, it
made the sensitivity study much easier without going through
the time-consuming and error-prone process of on-line whole
chip circuit extraction. Second, when studying the effect of the
spatially distributed variations, this approach will be a good
candidate since interconnect wires can be modeled separately
using different models at different positions. Third, the sensi-
tivity to circuit design or layout parameters can be evaluated
easily via this approach. Finally, when studying a complicated
large circuit such as a microprocessor, some simple circuits
that closely resemble the statistics of a microprocessor circuit
can be analyzed using the above approach. In such a way, we
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Fig. 13. The methodology of sensitivity study using statistical experiment
design.

can evaluate and forecast the performance spread of the mi-
croprocessor resulting from interconnect parameter variations
before the manufacturing of the product die.

However, there are some limitations to this approach. It
requires manual construction of an RC model for each in-
terconnect wire, so it is not very suitable for studying a
complicated and irregular, circuit directly. It is inefficient to
manually model the whole circuit. So, an alternative approach
is developed in next section to study the impact of process
variations of interconnect technology parameters on circuit
performance.

IV. SENSITIVITY STUDY USING

STATISTICAL EXPERIMENTAL DESIGN

In this section, we will show how a sensitivity analysis could
be carried out for a complex circuit that does not have the
regularity.

As technology advances, the number of interconnect layers
increases, and the configuration of interconnect becomes more
and more complicated. Since there are many parameters of
interest in multilayer interconnect technology, and the cost of
full-chip simulation is very high, statistical experiment design
techniques become very useful in carrying out the computer
simulations that explore the sensitivities of interest.

A. Methodology

The basic idea of this approach is that given the variation
ranges of the technology parameters, the technology file which
contains all the technology parameters is revised according
to the experimental design. Then, different circuit description
files are generated from each revised technology files. The
circuit description files are HSPICE decks. They are fed into
the circuit simulator to evaluate the performance of the circuit.
Specifically, the flow of this approach is shown in Fig. 13 and
is listed as follows.

1) Design experiments with interconnect parameter vari-
ables, and construct the design matrix.

2) Revise the technology file based on the design matrix
for each designed experiment.

3) Extract the parasitics of the circuit from the layout given
each revised technology file, and generate an HSPICE
deck.

4) Convert the HSPICE deck to Epic compatible input file.
Run Pathmill2 to identify the critical paths and evaluate
the delay of each critical path.

5) Perform statistical analysis based on the simulation
results of the extracted critical paths. Model the delay
of the critical path.

A 32-bit shift-and-add multiplier circuit is used as a study
case. This circuit has three metal layers and one poly layer,
as shown in Fig. 14. The variables of interest are listed as
follows.

Thickness of poly, metal1, metal2, and
metal3, respectively.
Field oxide thickness.
ILD thickness between poly and metal1
ILD thickness between metal1 and metal2.
ILD thickness between metal2 and metal3.

B. Screening Experiment

The purpose of the screening experiment is to investigate
the most sensitive and important factors among the eight
parameters listed above, with respect to the performance
variation. The range of each parameter was chosen to effec-
tively encompass its possible variation range during regular
production. A full factorial experiment to determine all effects
and interactions for the eight factors would require 2, or 256
experiments. In order to reduce the experimental budget and
simulation cost, the effects of higher order interactions were
neglected and a 2 fractional factorial design requiring only
16 runs was performed.

The analysis of screening experiment results revealed that
only two of the eight variables have large effects3 on the circuit
performance: ILD thickness between poly and metal 1 and ILD
thickness between metal1 and metal2, i.e.,and .

The result also shows that interconnect wires play an
important role in determining the critical path delay of this
multiplier. This will be further analyzed in the subsequent
subsections.

Since variation of circuit performance is mainly due to the
variation of capacitance, the results show thatand can
explain most of the variations of the capacitance.

It should be noted that the above result is much circuit
dependent, and even layout dependent to some extent. So
different categories of circuits will exhibit different sensitiv-
ities to interconnect parameters. Even for the same circuit,
the sensitivity analysis results may be different with different
technologies, or with the same technology but different lay-
outs. This is because the routing layers and length of each
layer may be much different. So the results from the analysis

2Pathmill is a CAD tool from Epic Inc., used to identify the critical paths
of a circuit.

3Since this is a computer simulated experiment, lacking experimental error,
it is meaningless to talk aboutstatistical significance. We used traditional
ANOVA techniques for the analysis with the understanding that the residuals
are the result of under modeling. The ANOVA was used to help us identify
the important factors.
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Fig. 14. Illustration of multilayer interconnect structure of the multiplier circuit.

TABLE III
CAPACITANCE LOADING DISTRIBUTION OF THE MULTIPLIER CIRCUIT

of one circuit can not be simply generalized for even the same
style of circuits without further analysis of the statistics of
the circuit. The results of the sensitivity study will be more
helpful and useful when linked to a detailed analysis of the
circuit loading distribution, such as gate capacitance, diffusion
capacitance, capacitance contributed by interconnect, and even
the capacitance associated with different metal layers.

To compute the total gate capacitance, diffusion capaci-
tance (includes junction capacitance and side-wall capacitance)
and interconnect capacitance, we started from the HSPICE
deck, evaluated the relevant geometry to calculate the various
loading capacitances. Table III shows the loading distribution
of this circuit in the nominal case, and it indicates that
interconnect wires dominates the loading of the circuit. This
is in agreement with the screening experimental results.

C. Second-Phase Experiment Design

Based on the results of the screening experiment, a second
experiment is designed which takes both device and intercon-
nect variations into consideration. There are four variables in
the design: , , , and . is the sum-
mation of unit area bottom junction capacitance and side-wall
capacitance and is the unit area gate capacitance. The
junction capacitance and side-wall capacitance were treated as
a single factor since they are highly correlated. A full factorial

TABLE IV
CRITICAL PATH DELAY SENSITIVITY OF

MULTIPLIER CIRCUIT TO THE MAIN FACTORS

design would need 16 runs, so a 2 fractional factorial
design with only eight runs was used.

The experiment result reveals the significant effect of
, and on circuit performance, among which the

effect of is the most prominent.

D. Central Composite Design and Model Building

Recall that the goal is to understand the impact of the
variations of interconnect related technology parameters on
circuit performance. We are interested to investigate how these
parameters will affect the interconnect capacitance, and how
the interconnect capacitance relates to circuit performance. So
in the next section, we will build models to link the parameter
variations with circuit performance.

In order to obtain the model, it is necessary to augment the
data gathered with seven additional runs which employed a
central composite design. In this design, the two-level factorial
“box” was enhanced by further experiments at the center as
well as symmetrically located “star” points [24].

Combining the results of 15 runs (second phase experiment
and central composite design), the regression model is fitted:

Delay

micron F/M

(10)
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TABLE V
ANOVA TABLE OF THE CRITICAL PATH DELAY REGRESSIONMODEL OF THE MULTIPLIER CIRCUIT

Based on the above regression model, the sensitivity of
delay to each parameter is calculated and listed in Table IV.

The data transformation of and in the above model
is suggested by physical intuition. The ANOVA table for the
model is shown in Table V, which reveals the goodness of fit
of the model. It also shows that the model can explain up to
99% of the variations of the delay.

E. Conclusion

In this section, we developed an approach using statistical
design techniques to study the effects of interconnect param-
eter variations on the performance of a large, complicated
circuit. With two experiments, the most significant factors
are isolated, and the model is fitted via a central composite
design. The results from the case study of a shift-and-add
multiplier revealed the significance of ILD thickness. The
loading distribution of the circuit was also analyzed and
correlated with the results.

V. SUMMARY AND CONCLUSION

A. Summary

The main goal of this work is to present interconnect
modeling techniques and develop approaches to study the
circuit sensitivity to interconnect parameter variations. In this
work, two different approaches are developed and are explored
with a ring oscillator and a multiplier circuit, respectively.

In Section II, we discussed interconnect modeling issues in
detail and presented a methodology to build an interconnect
model library.

The first approach presented in Section III is based on the
parameterized interconnect model library. This approach can
capture the effects of both layout and technology parameter
variations. This approach is suitable for studying spatially
distributed variation effects. A ring oscillator circuit was
studied using this approach. The limitation of this approach
is its inefficiency to study a complicated real circuit unless an
automated method can be found to pick up the right model
for each interconnect wire.

In Section IV, we developed another approach which uses
statistical design techniques. This approach is suitable for the
sensitivity study of a large and complicated circuit. A multi-
plier circuit is studied using this approach. The disadvantage
of this approach is that it requires multiple time-consuming
circuit extraction steps.

An important point is that in order to make a general
conclusion for one category of circuits, a reasonably large

number of circuits must be studied. Since these circuits must
have similar characteristics, one must attempt a meaningful
taxonomy of like circuits. The conclusion from the result of
one circuit will be meaningful for the same family of circuits
only if one is able to define such a family.

B. Future Work

A possible direction of future work would be to make the
process of sensitivity study automatic without much manual
work. This can be extended from the first approach discussed
in Section III. The main challenge is to generate the circuit de-
scription more efficiently, or even automatically, and describe
the interconnect in a way suitable for sensitivity study.

Also, integration with variation models in the study will
make the sensitivity study results more convincing.

Another direction of this work would be to study the
problem from a higher level of the design flow, such as the
logic level.
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