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Circuit Sensitivity to Interconnect Variation
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Abstract—Deep submicron technology makes interconnect one A modeling framework to study the sensitivity of circuit
of the main factors determining the circuit performance. Previous performance to interconnect parameter variations will allow
work shows that interconnect parameters exhibit a significant circuit designers to meet timing targets while taking into

amount of spatial variation. In this work, we develop approaches t th d d t fi fint ¢
to study the influence of the interconnect variation on circuit accoun € random and sysiematic source ol Inierconnec

performance and to evaluate the circuit sensitivity to interconnect Parameter variations. It will also help the process designers
parameters. First, an accurate interconnect modeling technique to design new technologies while taking the sensitivity infor-

is presented, and an interconnect model library is developed. mation into consideration. Finally, the sensitivity study results

Then, we explore an approach using parameterized interconnect \yij| heln make the circuit more robust against the variation.

models to study circuit sensitivity via a ring oscillator circuit. . .
Finally, we present an alternative approach using statistical Overall, the goal of this paper is to address the problem

experimental design techniques to study the sensitivity of a large Of interconnect variations, look for a methodology to model

and complicated circuit to interconnect variations. interconnect wires, and develop approaches to quantify and
Index Terms—Circuit analysis, interconnect, statistical analy- investigate interconnect parameter variations on circuit per-
sis, worst case design. 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-
HE CONTINUOUSLY increasing scale of integrationconnect parameter variations are developed in this paper.
used in the design and processing of integrated circuifse first approach is based on a parameterized interconnect

has drawn special attention toward interconnect effects. Awdel library. The parameterized interconnect models allow
the minimum feature size in VLSI systems drops to 0.8 us to manipulate interconnect parameters, and to generate a
and below, interconnect characteristics are becoming limitiegrcuit description that is suitable for performance sensitivity
factors on performance, since the time constant associasdddy. The second approach uses statistical experimental de-
with interconnect is scaled by a smaller factor compared $ign techniques to analyze complicated circuits via simulation
those of devices. Future chip complexity and speed advaneaperiments. The first approach is illustrated with the help of
will depend on the ability to model the electrical behavior od ring oscillator circuit, and the second approach is illustrated

I. INTRODUCTION

interconnect in an accurate and efficient fashion. with a large multiplier circuit.
Critical path delays in circuits depend upon interconnect as
well as on device parameters. The effects of device parameter Il. INTERCONNECT MODELING

variations have been widely studied [12]-[16]. However, these

S|m_ulat|0ns currently do not t_ak_e into account the effe_cﬁ' Introduction

of interconnect parameter variations. As a result, the yield )

estimation and circuit optimization based on these studies may" order to understand and account for interconnect effects

not be able to provide accurate results in current and futdfethe design process, it is necessary to extract its parasitic pa-

technologies, where more and more significant portions of pafimeters and model the interconnection. It is essential that the

delays will result from interconnect. electrical behavior of interconnect is modeled accurately. The

With current technology, the impact of interconnect param@¢curacy of interconnect models is the very basis of achieving

ter variations on signal delays may already be quite significdﬁ?a”'”gfm predictions of circuit behavior and obtain reliable

[2]. Thus, it becomes necessary to comprehend and amicip%g@sitivity evaluations. The models should also be suitable for

the effects of interconnect parameter variation in the desi [ptistical circuit sqmulation and sensitivity analysis, which is

process. Specifically, a methodology to asses the impactt@f Purpose of this work. o

random and systematic variations in interconnect parameter©N€ approach to interconnect modeling is to construct

to circuit performance must be developed. an equivalent electrical circuit representation. The equivalent
circuits that represent the interconnections can be combined
with the equivalent circuits that describe the active devices,
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of freedom are required for the level of accuracy desired. The
second step is to determine the value associated with each - y.
element in the equivalent circuit. [ x S ~ :
Reference [10] claims that the equivalent circuit for an Lc 1 Cyy ILD
average length on-chip interconnection in CMOS chips can 1 ! H
be constructed using capacitors and resistors. In modern lossy
on-chip interconpept, the inductive voltage drop is negli.gibllx_eI 1 Cross section of an interconnect structure.
compared to resistive voltage drop up to clock frequencies o?
1-2 GHz. Thus, on-chip interconnect lines may be approxi-
mated by an RC line. So, throughout this work, all on-chip Y
interconnects are modeled as RC networks. Batch
Once it has been determined what types of circuit elements Identify Typical lel;?;T;fjrll
are required to model a particular class of on-chip intercon- Structures P
nections, one must then decide how many circuit elements of
each type are needed and evaluate the values of interconnect + Curve fitting
parasitics. Define the
There are many ways to extract the parasitics. The applica- Structure
tions of empirical formulae to general submicron interconnect (W, H, D, Tetc)
wires are rather limited because of the complexity of inter- y
connect configurations in multilevel submicron technology, Design
especially in extracting the coupling capacitance. These for- ( Parameter \ | Simulation
mulae can not cover layout configurations having multiple Experiments Model
dielectric and metal layers. Furthermore, they are not accurate L Verification
enough to capture the variations of the layout and technololgI )
parameters of interconnect. So their applicability in our work™ ™
of sensitivity study over the technology parameters is not
appropriate. rameters, interlayer dielectric thickness, conductor thickness,
In “exact” computations of electrical circuit parameters, onie within about+20%" of its nominal value for a given tech-
appeals to the theory of electromagnetic fields; that is, “exadtology. At the same time, the ranges of the layout parameters,
computations involve the numerical analysis of two or thregich as metal width, interwire spacing, are set according to the
dimensional integral or partial-differential equations for thdesign rules and their possible design ranges. Each parameter
values of an electromagnetic field. is divided into several levels, and a full factorial design is
Since multilevel interconnect technologies use multiple consed to generate the simulation points for each structure. The
ductors with different thicknesses and multiple insulators withput file to the numerical simulator is generated to contain
possibly different dielectric constants, numerical simulatioral the simulation points, and two dimensional simulations are
are mandatory for accurate resistance and capacitance mogetformed in batch-mode using a numerically based extractor
ing [20]-[22]. Numerical techniques have been developed ff#3] to evaluate the unit length capacitance and resistance
rigorous interconnect capacitance extraction. 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.
B. Interconnect Model Library In the following sections, we will use the structure in Fig. 1

We have concluded the necessity of numerically based sinff an example to illustrate the approach in more detail.
lation to perform interconnect parasitics extraction. However, The interconnect structure shown in Fig. 1 is defined in
numerical simulation is computationally intensive and realerms of four parameters: metal widi, interwire distance
time simulation is too time-consuming. Furthermore, in ouf» metal thicknessr’, and ILD thickness H. The three
approach to perform sensitivity study, all interconnect wirgpacitancesCs;, C11, and €y, are of interest and their
are to be modeled using closed-form analytical models, whigredels are constructed. Notice that all interwire distances are
requires parameterized interconnect models. To cope with tHi§ same in this structure.
problem, a realistic approach is to construct a parameterized! he input file to the numerical extractor Raphael is gener-
interconnect model library based on numerical simulationdted as follows: each paramet®, D, T', andH, is set at six,
Then the circuit description can be generated with the he¥p: seven, and seven levels, respectively. Using a full factorial
of the model library which contains models of typical twod€sign, a total number of 1764 simulation points (combination
dimensional interconnect structures. The circuit descriptiéif different levels of the four parameters) are generated, and
will thus become the basis of sensitivity study and statisticie input file for Raphael is thus created based on these points.
circuit simulation.

Fig. 2 shows the flow of this interconnect modeling ap- Based on this assumption, all the variations that are less than 20% of
h d del lib building. The sensitivity anal S.the|r normal values will be covered by the models. Though this value may
proach and model library building. vity YSIRot exactly reflect the realistic situation, it does not affect the flow of this

is performed assuming that the variation of technology papproach.

Go AN

M1

Silicon

Interconnect modeling flow.
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Analytical models are then constructed based on the simulatiommction of both D and W, we can take the derivative of

results. This is discussed in the next section. these two equations ovél’, which leads to the following
expression:
C. Curve-Fitting Technique 7] 5 7] 7]
D)= ——=gW) - D"+ — g2(W)-D 4+ — g3(W).
The objective is to create a modgl= F(z) that maps Ji(D) aw a1(W) ow 92() ow 93( (23)

the relationship between the set of parameters defining thel_hus the model terms aF(W, D) can be decided. Given

physical interconnept and th_e valges of the parasitics O.f tn1ee fact that the left-hand side (LHS) of (5) does not depend
interconnect. Herg is then dimensional vector representmgOn W, the right-hand side (RHS) should also be independent

the capacitance and resistance to t_)e modeledgarnjthe of W Then we can conclude that (W), go(W), andgs (W)
m dimensional input vector containing all the interconnect _ . : .

o ] . are linear functions o#¥, i.e.,
parameters. This is implemented using simple polynomial

expressions and linear regression [24]. g (W) =k W + ks (6)
The capacitance models can include quadratic and higher G2(W) = ksW + ky @)
order terms of the parameters, together with their interaction g3(W) = ksW + k. 8)

terms. In order to achieve an accurate model, the first step ] o
is to determine the terms to be included in the final model, Here,%i(i = 1 to 6) are constants. By substituting (6)—(8)

After the model terms have been determined, the coefficidRi® (4), the model terms can be easily identified and the

of each term can be estimated using the least square techni§@&/ation can be rewritten as
However, choosing the terms of the model is a difficult task. ~ C(W, D) = (kW + ko) - D* + (kaW + ky) - D
In this section, we present a systematic way to address this + (ksW + ke). 9)

problem. This efficient and systematic solution is guided by To simplify the situation, the above illustration assumes that
the simple physical relationships between the input variables. . i ’ o .
pie phy P P %ﬂs a linear function o whenD is fixed. If C is a second

and the resulting capacitance. hiah der functi W the ab lanati il
First, we select the data points that are obtained by varyiﬂ 'gher orger Tunction ob:, the -above explanation St
lies on taking higher order derivatives, which will lead to

one parameter with the other parameters fixed. Then these
imilar results.

points are fitted over this parameter using step-wise regressi%r[{.] ) he ab hni . d h h
This is easy since only one variable or parameter is involved n practice, t € above tec. NQue 1S use to choose the t.erms
In this way, one will get a separate model related to each o] the model, while the coefficients of the terms are determined

the parameters. These models are simple polynomial functioH&NY least squares fitting.

In some cases, nonlinear data transformations are necessa@‘?ugh o;:ly two va;:ables bare d|§|cussed 'T, thde abcr)]ve
in order to apply a linear model. Combining these separ&?ec nique, the approach can be easily generalized to three

models, the final model terms are easy to identify. This gnd more variables. Also, note that even though the above
illustrated as follows: Iscussion is not a strict mathematical proof, it does provide

Suppose that capacitan@@ is an unknown polynomial us with some insight and guidance on data fitting in order to

function of two variablesi and D. That is,C = f(W, p). €t an accurate capacitance model.
The goal is to choose the proper model terms based on discrﬁteExample
data points. '

Let us assume that by curve-fitting ovf with D fixed, We apply this technique to model th€; and Ci, as

one finds that” is a linear function ofi¥’, that is, depicted i_n I_:ig. 1. Table | s_umma_rizes the moqleling results
of Cy. It indicates that multiple?? is 0.9999, which means
C=aW+b. (1) 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
a=fi(D) and b= fy(D) (2) 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
C = f1(D)W + fo(D). (3) also examine the residuals. Fig. 3 shows the predicted values
versus the simulation data. The straight line indicates good
Suppose that’ is fitted overD with W fixed, and the fitting fitting. Fig. 4 is the normal plot of the residual, and it gives
result showsC' is a second order polynomial function &f.  no reason to doubt that the residuals are normally distributed.
Following the same argument as above, one can conclude t8fce the minimum value of’», is 0.33 (scaled by 1E-16),
C can also be expressed as the ratio of the residual standard error over the minimum of
_ N2 ) simulation dataCs- is just 0.5% (0.0017/0.33).
C=g(W)-D"+g2(W) D+ g3(W). @ The above analysis shows that the model fits the data very
Note that (3) and (4) are equivalent expressions. Since betkll, the regression is significant, and the residuals appear
equations represent capacitance, which must be a continunasmally distributed. This underscores the usefulness of the

In the above equation, bothandb are constants. They will
take different values wheb is fixed at different points. Sa
and b are only functions ofD, i.e.,

then (1) can be rewritten as
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TABLE |
SrATISTICS OF MODELING RESULT OF Co5 MODEL IN FiG. 1
Source Sum of Degrec of Mean Squares | F-ratio Prob>F
Squares Freedom
Model 91.1037 47 1.938376 613700 0
Error 0.00542 1716 3.158¢E-6 R?=0.9999
Total 91.109 1763 o =0.00177

Fitted vs Real data

1.210M16

10M16

fitted value

41007 61107 8HIoM1T
1

4*10~-17 610717 810717 10n-16 1.2*10~-16 1.4*10~16

real value

Fig. 3. Fitted values against simulated data@f, of Fig. 1.
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Fig. 4. Normal plot for residuals of the fitting model &f2> of Fig. 1.

technique. The modeling of’;» using the same techniqueAn efficient technique of curve fitting is discussed in detail,
shows similar results. and a specific fitting problem is solved as an example. We also

To summarize this section, we discussed the issues présented a methodology to build a parameterized interconnect
interconnect modeling for the purpose of the sensitivity studsnodel library.
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Statistical Statistical Modeling Fig. 6. Circuit diagram of a ring oscillator.
> Interconnect — of Circuit
Impact on Circuit Performance

total capacitance and resistance of each interconnect wire can
Fig. 5. Overview of sensitivity study based on interconnect model librarype easily described given the length of each wire, thus an RC
model of each wire is built. The resulting description of the
Based on the interconnect model library built, we are readlyterconnect wires in a circuit usually takes the form of an RC
to develop an approach to study the circuit sensitivity tmesh because of the coupling capacitance among neighboring

interconnect variations. This is discussed in Section 1ll.  wires.
We use the HSPICE circuit simulator to estimate circuit
IIl. SENSITIVITY STUDY performance. Our work does not use formal optimization

The models developed in last section, and the establisﬁgahm.qyes to improve yield as_t_he focus of th|s_ work is on _the
itivity analysis. More specifically, our goal is to determine

range values for interconnect parameters are the esserﬁ%?sim act of interconnect related process parameters on
ingredients for the evaluation of the impact on circuit pe 'grforr‘r?ance P P

formance. In this section, an approach to accomplish tH The variation ran f interconnect parameters form a mul
evaluation will be explored, and the relationships betwe?n. € vanation ranges of Interconnect parameters form a mul-
idimensional region which is referred to aparameter space.

interconnect parameter variations and circuit performance V\Llfﬁl ) .
is parameter space will be mapped to the variation ranges of

be developed. o
The goal of statistical circuit design is to model and improvttl?e performance which is referred to as frexformance space.

parametric yield [15]. The underlying concept is that variations
in the manufacturing process change the performance of ®eCase Study: Ring Oscillator Circuit

integrated circuit and therefore cause the performance yieldA ring oscillator was used to explore the sensitivity analysis

fluctuations seen in the final test. As _stated in Sectic_Jn "a?)proach. Fig. 6 shows part of the circuit diagram of the ring
new approach needs to be developed since active devices aojiator, which emphasizes the interconnect wires between
interconnect wires are different in many aspects. To iNCOrPG, yas The loading of the circuit is dominated by interconnect
r_ate mtgrc_onnectlons into the framework, the_ manufacturlwres, as indicated in Fig. 6. The interconnection length for
Ime_varlatloqs must be mapped into the variations of bo@ach stage is 180m, and is divided into six fingers. Three of
devices and interconnect parameters, and then be mapped {pifingers are next to previous stage fingers and the other three

the performance variations of circuits. are next to next stage fingers, so there is a heavy capacitive
coupling effect between neighboring stages.
A. Methodology The ring oscillator circuit used in this study has nine stages,
An overview of the methodology to perform circuit sensiwith fan-out of 2. However, the design is such that significant
tivity to interconnect variations is shown in Fig. 5. The basiwading is contributed by interconnect wires. In this way, the
idea is to model each interconnect wire of a circuit using tregnal delayt, between each stage is mainly determined by
parameterized interconnect models developed in SectiontHe interconnect capacitance and resistance.
and then generate the circuit description based on a SPICHirst, the SPICE netlist is generated based on its layout using
file. The generated circuit description contains closed-forthe extraction tool. Then, it is modified so that interconnect
analytical expressions for each interconnect capacitance avices of the circuit are modeled in terms of the interconnect
resistance elements, and it is the basis of the statistical cirquétrameters. For example, coupling capacitance is modeled
simulation. explicitly in terms of the length and distance of the wires.
To simulate the effect of process variations on a circuithe regularity of this relatively simple ring oscillator circuit
the connection between the process parameters and the inpakes it easier to accomplish this modification. The fingers are
file to circuit simulator must be established. So the Rgarallel and have the same width and the same interwire space.
model for each interconnect wire should be expressed By generating the circuit description in this way, a direct link
terms of the interconnect parameters. With the help of tthetween the circuit performance and interconnect parameters
interconnect model library developed in the last section, tliee established.
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Fig. 7. Ring oscillator delay versus metal width.

DELAY VS SPACING
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Fig. 8. Ring oscillator delay versus interwire spacing.

C. Results and Analysis summarizes these results. It indicates that interwire spacing is

The ring oscillator circuit is simulated using HSPICE. Théhe most sensitive parameter. Twenty percent variation of the

i i i i i 0
sensitivity of the delay to a particular parameter is evaluat(%?éterw're spacing from its nominal value will lead to 8.8%

T . viation of the delay. On the other hand, the circuit is not
by varying it over a reasonable range with the other parameters

: o . sensitive to the variation of the ILD thickness in the range of
fixed. For example, the delay sensitivity to metal thickness {8 simulation

obtained by fixing the ILD thickness, metal Wigth and metal e 50k of sensitivity to ILD thickness is because the delay
spacing and varying the metal thickness 0#0% variation s ot sensitive to the plate capacitance. In fact, for this circuit,
range. the delay is mostly sensitive to interwire coupling capacitance

Figs. 7-10 show the simulation results of the delay sensis can be seen in Fig. 12. Actually, this is original intention
tivity to the wire width, interwire spacing, ILD thickness andbf the ring oscillator layout.

metal thickness, respectively. The roughness of the curves iSo get further insight and generalize the methodology,
caused by numerical discretization within HSPICE. Table 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 byrnge coupli
capacitance between neighboring wires instead of plate capacitance.
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Fig. 10. Ring oscillator delay versus metal thickness.

analysis. These statistical simulations closely reflect what

TABLE I happens in the real world. The simulation results establish
RESULTS OF SENSITIVITY STUDY OF RING OSCILLATOR a connection between performance spread and the variation of
parameters.
Parameter f;(;;me‘e.”".mge () Impact on Delay The Monte Carlo simulation is performed based on the
b variadon) assumption that all interconnect parameters (there are four
Metal width 0-810-0.990 2.6% parameters in this study) are normally distributed wih
ILD thickness 0.842-1.029 0.0% equal to 20% of their nominal values. These results are con-
Metal thickness 0.572-0.699 4.6% sistent with the previous deterministic analysis. Particularly,
Tnter-wire spacing 0.450-0.550 3 8% Fig. 11 shows the significant sensitivity of interwire spacing

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

Interconnect variations lead to the change of interconnetgtcuit reveal that the delay of this ring oscillator is the most
resistance and capacitance, including both plate capacitaseasitive to interwire spacing while least sensitive to ILD
and coupling capacitance, and affect the delay of the cthickness.
cuit. Particularly, Fig. 12 demonstrates the importance of theThere were several advantages to this approach. First, it
coupling capacitance with regard to the delay. 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

In this section, the issues related to statistical circuit desigandidate since interconnect wires can be modeled separately
are discussed, and an approach to study circuit sensitivitging different models at different positions. Third, the sensi-
to interconnect parameter variations is developed using pity to circuit design or layout parameters can be evaluated
rameterized interconnect model library. The circuit netligasily via this approach. Finally, when studying a complicated
is modified to include explicit parameterized expressions t#rge circuit such as a microprocessor, some simple circuits
interconnect parasitics as a function of layout and technolotfyat closely resemble the statistics of a microprocessor circuit
parameters. The results from the study of a ring oscillatoan be analyzed using the above approach. In such a way, we

D. Summary and Discussion
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I | 3) Extract the parasitics of the circuit from the layout given
Convert HSPICE each revised technology file, and generate an HSPICE
deck to Pathmill deck.
Design Experiments Compatible File 4) Convert the HSPICE deck to Epic compatible input file.
* Run Pathmiff to identify the critical paths and evaluate
+ . the delay of each critical path.
» IdR“T‘fPaC‘PfT‘l to 5) Perform statistical analysis based on the simulation
Revise Technology identify Critical Paths results of the extracted critical paths. Model the delay
Files and Evaluate the .
Delay of each Path of the critical path.
Y A 32-bit shift-and-add multiplier circuit is used as a study
Extact Ciromit * case. This circuit has three metal layers and one poly layer,
and Generate as shown in Fig. 14. The variables of interest are listed as
HSPICE deck Analyze follows.
Simulation Results .
(I t1, to, ta, t4 Thickness of poly, metall, metal2, and

metal3, respectively.

Fig. 13. The methodology of sensitivity study using statistical experiment h Field oxide thickness
1 .

design.

ho ILD thickness between poly and metall
hs ILD thickness between metall and metal2.
can evaluate and forecast the performance spread of the miy, ILD thickness between metal2 and metal3.

croprocessor resulting from interconnect parameter variations
before the manufacturing of th_e prqduct die. _ B. Screening Experiment

However, there are some limitations to this approach. It
requires manual construction of an RC model for each in- The purpose of the screening experiment is to investigate
terconnect wire, so it is not very suitable for studying e most sensitive and important factors among the eight
complicated and irregular, circuit directly. It is inefficient tgParameters listed above, with respect to the performance
manually model the whole circuit. So, an alternative approa¥ifiation. The range of each parameter was chosen to effec-
is developed in next section to study the impact of procet¥ely encompass its possible variation range during regular

variations of interconnect technology parameters on circiafoduction. A full factorial experiment to determine all effects
performance. and interactions for the eight factors would requife @& 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.

In this section, we will show how a sensitivity analysis could The analysis of screening experiment results revealed that
be carried out for a complex circuit that does not have thgy two of the eight variables have large efféas the circuit
regularity. performance: ILD thickness between poly and metal 1 and ILD

As technology advances, the number of interconnect laygfsckness between metall and metal2, ie. and hs.
increases, and the configuration of interconnect becomes morgne result also shows that interconnect wires play an
and more complicated. Since there are many parametersiffortant role in determining the critical path delay of this
interest in multilayer interconnect technology, and the cost ﬁfultiplier. This will be further analyzed in the subsequent
full-chip simulation is very high, statistical experiment desiggpsections.

techniques become very useful in carrying out the computergince variation of circuit performance is mainly due to the

IV. SENSITIVITY STUDY USING
STATISTICAL EXPERIMENTAL DESIGN

simulations that explore the sensitivities of interest. variation of capacitance, the results show thatand k5 can
explain most of the variations of the capacitance.
A. Methodology It should be noted that the above result is much circuit

The basic idea of this approach is that given the variatiélependent, and even layout dependent to some extent. So
ranges of the technology parameters, the technology file whidfiferent categories of circuits will exhibit different sensitiv-
contains all the technology parameters is revised accordifi§s to interconnect parameters. Even for the same circuit,
to the experimental design. Then, different circuit descriptidR€ sensitivity analysis results may be different with different
files are generated from each revised technology files. Ttgghnologies, or with the same technology but different lay-
circuit description files are HSPICE decks. They are fed in@ts. This is because the routing layers and length of each
the circuit simulator to evaluate the performance of the circulgyer may be much different. So the results from the analysis

Specifically, the flow of this approach is shown in Fig. 13 and
. p_ y PP 9 2pathmill is a CAD tool from Epic Inc., used to identify the critical paths
is listed as follows. of a circuit.

1) Design experiments with interconnect parameter vari-3Since this is a computer simulated experiment, lacking experimental error,
ables, and construct the design matrix. it is meaningless to talk aboutatistical significance. We used traditional

. . . ANOVA techniques for the analysis with the understanding that the residuals

2) Revise the tEChnomgy file based on the deS|gn matra{?% the result of under modeling. The ANOVA was used to help us identify

for each designed experiment. the important factors.
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~ Field Oxide

Silicon Substrate

Fig. 14. lllustration of multilayer interconnect structure of the multiplier circuit.

TABLE Il TABLE IV
CAPACITANCE LOADING DISTRIBUTION OF THE MULTIPLIER CIRCUIT CRITICAL PATH DELAY SENSITIVITY OF
MuLTiPLIER CIRCUIT TO THE MAIN FACTORS
Percentage of Loading ”

= Parameter hy (Wm) h; (um) Coae (F/m”)

[nterconnect Capacitance 75% =
- Variation range 0.54-0.66 |0.72-0.88 |4.8607 -

Gate Capacitance 13% 59401.43
Junction Capacitance 12% Impact on delay  }8.99% 5.24% 5.9%

of one circuit can not be simply generalized for even the sardesign would need 16 runs, so &2 fractional factorial
style of circuits without further analysis of the statistics oflesign with only eight runs was used.

the circuit. The results of the sensitivity study will be more The experiment result reveals the significant effect of
helpful and useful when linked to a detailed analysis of the:, k3, and Cy.: ON circuit performance, among which the
circuit loading distribution, such as gate capacitance, diffusi@ffect of i, is the most prominent.

capacitance, capacitance contributed by interconnect, and even

the capacitance associated with different metal layers. D. Central Composite Design and Model Building

To compute the total gate capacitance, diffusion capaci-pecql that the goal is to understand the impact of the

tance (includes junction capacitance and side-wall capacitanggliations of interconnect related technology parameters on
and interconnect capacitance, we started from the HSP,lchuit performance. We are interested to investigate how these
deck, evaluatgd the relevant geometry to calcu_late t,he,var!%ameters will affect the interconnect capacitance, and how
loading capacitances. Table Ill shows the loading distributiqe interconnect capacitance relates to circuit performance. So

of this circuit in the nominal case, and it indicates thaf, e next section, we will build models to link the parameter
interconnect wires dominates the loading of the circuit. Th{%riations with circuit performance.

is in agreement with the screening experimental results. 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
Based on the results of the screening experiment, a secébax” was enhanced by further experiments at the center as

experiment is designed which takes both device and intercovell as symmetrically located “star” points [24].

nect variations into consideration. There are four variables inCombining the results of 15 runs (second phase experiment

the designCyate, Caittusions 12, @andhs. Caisrusion 1S the sum- and central composite design), the regression model is fitted:

matlor_1 of unit area bo_ttom Junc_:tlon capacitance a_nd S'de'wa"DeIay: 1.686975 /s + 1.309948 /Ay

capacitance and’s.i is the unit area gate capacitance. The ) y

junction capacitance and side-wall capacitance were treated as + 5400.86Cyate(h2, h3: micron Cyage: F/IMT).

a single factor since they are highly correlated. A full factorial (20)

C. Second-Phase Experiment Design
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TABLE V
ANOVA T aBLE OF THE CRITICAL PATH DELAY REGRESSIONMODEL OF THE MULTIPLIER CIRCUIT
Source Sum of Degree of Mean Squares | F-ratio Prob>F
Squares Freedom
Model 699.3331 3 1.938376 549.2 0
Error 0.0054 12 3.158¢E-6 R%=0.9928
Total 91.109 15

Based on the above regression model, the sensitivity mimber of circuits must be studied. Since these circuits must
delay to each parameter is calculated and listed in Table I\have similar characteristics, one must attempt a meaningful
The data transformation df; and ks in the above model taxonomy of like circuits. The conclusion from the result of
is suggested by physical intuition. The ANOVA table for th@ne circuit will be meaningful for the same family of circuits

model is shown in Table V, which reveals the goodness of @itly if one is able to define such a family.
of the model. It also shows that the model can explain up to

99% of the variations of the delay.
B. Future Work

E. Conclusion A possible direction of future work would be to make the

In this section, we developed an approach using statisti®4PCess of sensitivity study automatic without much manual
design techniques to study the effects of interconnect paraffk- This can be extended from the first approach discussed
eter variations on the performance of a large, complicatébs_e?t'on M. The.maln challenge is to gen_erate the circuit Qe—
circuit. With two experiments, the most significant factor§Cription more efficiently, or even automatically, and describe
are isolated, and the model is fitted via a central composifté interconnect in a way suitable for sensitivity study.
design. The results from the case study of a shift-and-adgISO, integration with variation models in the study will
multiplier revealed the significance of ILD thickness. Th&ake the sensitivity study results more convincing.
loading distribution of the circuit was also analyzed and Another direction of this work would be to study the
correlated with the results. problem from a higher level of the design flow, such as the

logic level.
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