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Abstract— Variability in digital integrated circuits makes timing  on delay. We explore how commonly used interconnect modeling
verification an increasingly challenging task. Statistical static timing strategies can be extended to be compatible with the most recent
g}[‘igg'i\l gis h?s?ser::o%?gr?tf:g da?nathséngsglc;gnfgft g;ozﬁmé t;“r:gmg:t generation of statistical timing analysis tools [1]. Specifically, we
for computing delay propagation. Such tools rely on the availability desire to produce cell and interconnect delay as affine functions of
of delay formulas accounting for both cell and interconnect delay. In process parameters. We assume that one of several recently proposed
this paper, we concentrate on the impact of interconnect on delay and approaches for interconnect reduction under process variation is
propose an extensi_on to the standard_ m_odeling_strategies that is variation- gvailable to generate tractably sized reduced order models [3], [4],
aware and p_ompanble with such _statlstlcal engines. Our approach, based [5. The key technology in our approach is a specific type of
on a specific type of perturbation analysis, allows for the analytical ) : . o S g
computation of the quantities needed for statistical delay propagation. Perturbation analysis. While digital circuits are strongly nonlinear
We also show how perturbation analysis can be performed when only the with respect to the circuit inputs, cell delays are often close to
g:ggl?sfdf%er:]ayata?l?nlooglljlrp nggéz (?rrem%zilliﬁbles:(?arat;he Stt(;’?‘”éjoar;d SEJ}'S- linear with respect to process parametetis this paper we adapt
delays and sIevF\)/E )i/n gseverailz)ingtances accuragtely ma%é/h similarpresu?ts the general developm.ent d]hear.nr.ne-varymg(LTV) perturbation
obtained using electrical level simulation. theory [6] for extraction of variation-aware delay models to the

specific needs of delay calculation for precharacterized standard
cells. The advantage of this type of approach over, for example,
. INTRODUCTION differencing repeated delay calculation runs is that it is essentialy

The impact of process variation on circuit performance is an analytic method. Differencing type approaches can suffer from
area of increasing concern, both in the semiconductor industry, seere robustness problems that make them difficult to use reliably.
well as academic research. Work around statistical static timihgaddition, our technique can potentially be made very fast, handling
analysis of [1], [2] is a well-known example from the researcharametric models with ten to twenty parameters at minimal penalty
community. Nowadays, designers spend a considerable amountedéitive to a non-variational calculation.
their verification budget trying to make sure that their circuits will The outline of this paper is as follows: in Section Il, we review the
work under all possible settings. To achieve this, they target the wobstsics of delay computation, including cell and interconnect delay,
possible scenarios by considering so-called pessimistic conditioassuming no variations are taken into account. Then, in Section Il
and design in order to ensure that such corner cases are accountedv@rintroduce the general perturbation formulation and discuss the
This analysis is usually based on assuming worst-case conditionsspecific specialization of the more general technique to cell-level
all possible variations simultaneously. Such an scenario is pessimigtierconnect-related delay. We also discuss how perturbation analysis
and may lead to considerable over-design. can be performed when only delay table lookup models are available

Improving this situation requires tools that are better suited for the standard cells. A key point is thahalytic expressions for
handle realistic variations and the complex inter-relations that exilay sensitivities can be obtained without having to have closed-form
between those variations. Not only should those tools directly maggpressions for the cell delay elements (however, see [7] for such
use of realistic process information, thus making them better suiteddosed-form expressions). Results of using our proposed approach
model the unpredictability of process parameter variations, but thage shown in Section V and conclusions are drawn in Section VI.
should be able to implicitly determine how such variations affect the
circuit behavior. Such a formulation makes it possible to compute on a Il. BACKGROUND
single analysis the circuit behavior not only due to a given parameterTiming verification is an enabling methodology for optimizing
setting, but to a variety of settings. The recent development [1] pérformance and making sure that circuits satisfy certain timing and
statistical timers that are based on a parametric description of defegquency requirements. To that end, timing verifiers determine ap-
in terms of random process variables is an example of movementpimximate but safe estimates of the worst-case delay through a circuit:
this direction. for every input and output signal, there are many possible paths

A timing analyzer consists of several component pieces. Intlrough the circuit, each path consisting of a set of interconnected
statistical context, the most well-studied part of the timing engingetwork cells. Timing verification deals with the identification and
is the timing graph traversal, which manages the calculation ahalysis of the critical paths, also known as the longest delay paths in
arrival times and slews at the level of abstraction of a timing grapthe circuit. In addition to finding critical-path delays, timing verifiers
An equally important, if more mundane, component is the delayan also be used to do miscellaneous static analysis, like finding
calculation engine. The delay calculator takes as input the cell ahigh-speed components off the critical path that can be slowed down
interconnect models and produces a delay expression in a form tttasave power and several other relevant tasks. However, the most
can be consumed by the graph engine. This paper is concerned witmmon usage is indeed to determine the worst case paths in a
a portion of the delay calculation step, the impact of interconnecircuit. Computing the delay along a path requires the computation
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right). In the following, without loss of generality, in order to simplify
the description, we restrict ourselves to the case of rising output
Vi waveforms for non-inverting cells. Clearly any other case can be
derived in a similar manner.
The simple RC circuit on the top of Figure 1 is an approximated
v model of the output stage of a cell connected to an effective
capacitance, that is itself an approximation of the interconnect load.
For a given input slevgs and a given effective capacitanCewe can
compute the estimated cell deldyand the estimated output slesy,
Vo by a simple table lookup in the timing characterization of the cell.
; Using this information, we can easily compute the three time instants
d 3 L at which the waveform of the output voltage should cross/ , Vr
— — andVy, respectively,
. . . ) s %
ine original parasit network (potiom) and corresponding wavelorns (ef). v v v vEALE @
tr=—>  vr4d )
V4 —WL
of the delay of every cell along that path, plus the added delay due to s S
interconnect between the cells. In this section we review the standard ty= Vi _VLVT +d+ Vi -V, (VH — V1) @)

computation of cell and interconnect delay.
P Y For the simple RC circuit presented in Figure 1, with time constant

T=RC, excited by a rising ramp of sleg shifted in time byk, the

A. Cell Delay and Cell Loading voltagev, is given by,
The most familiar type of cell library model today are the delay 0 if 0<t<k

look-up tables (LUTs) sometimes referred todm-lib (.lib) tables. ) - s
This is a simplified model where delay and power information is A li)k if kst<k+g (4)
maintained in the form of a few parameters. In this simplified model Vop — %(ea -le 7 ift>k+g3
the timing behavior of a cell is usually characterized by a set Wherea — (Vih —VL)/Vop. In order to simplify our notation, in the
lookup tables that, for each input/output pin pair, describe the delﬂ}flowing we will assume,
and output slew of the cell as a function of the input slew and output
load. Such a model is illustrated in Figure 1 where the standard o= (s,k,R,C). (5)
definitions are also used, namely input and output slews are define
ass=ty —t_, wheret, andty are the time instants at which the
respective waveform reaches some pre-defined valesnd V,

Vo(s,T,k,t) = ¢ DYoo (g4t —k+te”

1=k
T

(I:jJsing Eqn. (4), we can compute a waveform fofe.g.s and k)
and a resistanci, such that the waveform of the respongecrosses

related to the definition of noise margins. In a similar manner, delaqt M), (tr,Vr) and (tu, Vi), thus matching the tabulated behavior

is defined as the time it takes the output of a cell to reach its transitiﬁ]net?ce)llg\?vlilnant(:]rlése Zutlﬁ);ttiorr?;sponse. This problem can be stated by
midpoint, from the time the cell input waveform reached its own 9 q '
midpoint. Cell characterization is performed by simulating the cell Vo(tL, @) =WV (6)
behavior as a function of input slew and loading capacitances. These
results are then stored in look-up tables as mentioned, which are Vo(tT, @) =Vr @)
accessed to determine delay and slew in specific instances. Vo(tH,®) = VH (8)

In Figure 1, the output load is assumed to be a single lumped .
capacitance that somehow models the capacitive effects introdud&§ Waveform ofv can be seen as the “ideal” output voltage of the
by the interconnect and by the input pins of the cells connected 6/l under a zero output load. _ _
same net. In reality, however, the interconnect attached to the drivel/Ve should not lose track of the fact that our goal is to determine
cell is a complex RC network that in deep submicron processes®f @ppropriate value for the effective capacita@eThe previous
very poorly modeled by a lumped capacitance. The loading eﬁectq)grlvatlo.ns assu.med.that such a value was spmehow known. However,
interconnect on the cell, i.e. the impact of downstream interconnect 8 that is required is thaC should approximate the behavior of
the cell delay itself, cannot be accurately obtained simply by lookif® ©riginal parasitic network as accurately as possible. Several
at the total capacitance on the net. To try to account for the effects@feria [8] can be used when defining what effective capacitance pro-

complex interconnect, while still preserving table-based cell modelddes & good approximation of the behavior of the original parasitic
the concept ofeffective capacitancéas been widely adopted. Fornetwork. In this work we consider that the effective capacitance that

the remainder of this paper we will consider that Beshown in better approximates the behavior of the original parasitic network is
Figure 1 is such an effective capacitance. the one that draws the same average current, over the transition period

The idea behind the effective capacitance consists in determinitfgd- When the output voltage switches frafnto Viy). Formally,

the value ofC that in a certain sense approximates as accurately as 1/t 1 #

possible the behavior of the original parasitic network. In Figure 1. (Ie) = (Im) & g/ lcdt= ﬁ/ Im dt )

the output stage of a cell (or more accurately, of an output pin of a t HoLL

cell) is modelled by a voltage source, producing a voltage rampwherevm(t/L) =W and vm(t,;) =Wy. (Ic) can be computed analyt-
with slews, and a series resistor, with resistariRethat models the ically. (I,) must be computed by numerically integrating the port
output resistance of the pin. The figure depicts the output stagecofrent, obtained by interconnect simulation, as detailed in Section II-
a cell loaded by the effective capacitan€etop right), and by the B. From Eqgns. (6), (7), (8), and (9) we can compute the valug of
original parasitic RC-network, obtained by layout extraction (bottorthat both matches the output wavefougwith the tabulated timing
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information att| , tt andty, and also that matches the average current i(v,A) =i(vo,A\o) + ﬂm\ + ﬂAV. (14)

drawn by the original parasitic network and the effective capacitance. oA ov

Since Eqgns. (6), (7), (8) and (9) contain nonlinear terms, an implidsssuming a solution to the nominal casg(t) is obtained, that is

iterative method must be used to solve them. We have used Newton’s d )

method in this work. 4t 9(vo,A0) +i(Vo, Ao) = u(t) (15)
Once the value of the effective capacitar@€es known, we can

compute the delay and output slews, of the cell by a simple

lookup in the timing characterization of the cell. This complete

characterizes the cell output waveform within the constraints o

then substituting the perturbation expansions (13) and (14) into
IEqn. (20) and using (15) to eliminate the nominal-case terms, we
Ptain the equations for the first-order perturbation expansion as

i . i i d [oq oi d dq oi
it::eerigr;];r)]lsctmrsggéllSuch a waveform constitutes the input to the 5 {EAV} +&Av:— [a(ﬁ)AM—EN\} (16)
The simplest way to compute waveform sensitivities from
B. Interconnect Delay Eqgn. (16) is by solving it once for each parameter in turn, as
Assuming that the cell delay has been computed, signals are then d [dq ov i ov d  dq oi
propagated along the path through an interconnect net. The input dPf eachk: at {a aTJ VN [a(aTk)+ 6TJ - (7

such nets, designated Ipgrt, are tied to the output of a cell, and the__ . . ) .
net outputs, which we will refer to asps connect to the inputs of This gives the final expression
several other cells. At the timing level, the difference in the timing P ov
of the transition at the cell output (port) and next cell inputs (taps) v(t,A) :"0(‘)+kZ aTk(t)A)‘k’
we refer to as the intrinsic interconnect delay. . -

There are various methods of computing the interconnect delayOnce the sensitivities in the waveforms are known, the next step
ranging from closed-form expressions that are descendants of thd0 translate to sensitivity of delay. As discussed, delay can be
Elmore delay formula to numerical solution of the underlying inte/cOmputed asl =t —t; wheretp,t; are the crossing times of the

connect equations. In this work we assume the circuit equations of 9 waveforms of interest. The sensitivity in a crossing time can be
[¢lated to the sensitivity of the waveform valug) at that point via

cell driver plus interconnect network system are solved numerically, A " )
either via direct integration or an equivalent process like recursiffs® SIew,0v/dt. Suppose there is a small chany® in the crossing

convolution. Likewise the slew at the output nodes must be computd@ of @ given waveform. With a linear model, the corresponding
to be used in the analysis of the following cell. change in the voltage is

(18)

ov

1. VARIATION-AWARE METHODOLOGY av = EAT' (19)
A. General Perturbation Formulation Conversely, if the perturbation in the wavefo can be computed,
In this section, we will discuss the parametric analysis of tH&€ change in crossing time is given by
intrinsic interconnect delay itself. The impact of the interconnect A\ 20
parameters on the cell delay (i.e. variation in cell loading effects) AT =5 (20)

is taken up in the next section. o o
The starting point of our analysis is the general formulation dfherefore we can compute the sensitivity of the delay as

time-varying linear perturbation theory (see [6] for details). We v v

assume the existence of a set of nonlinear differential-algebraic L 1)

equations whose topology is fixed, but whose constitutive relations oA¢ v ov

depend on a continous way on a set of parameters. Without loss of Mlero Mo

generality the basic circuit equations can be written as Note that for this computation, we only need the waveform
d _ sensitivity at a few points in time. This fact can be used to further
g awA) +i(wA) = u(t) (10)  speedup computations (see [6] for details).

wherev € R" represents the circuit state variables, for example, nodeTh'S is the formulation for a general first-order perturbation

voltages,q € R™, the dynamic quantities such as stored chaige analysis. In the following we restrict ourselves to the problem at
RN, the static quantities such as device currentsime, andu(t) € hand, namely modeling the linear interconnect sub-circuits assuming

R", the independent inputs such as current and voltage sources” Hatlons In parameters affecting the interconnect elements.

departure from the usual case, we introducp-element parameter

vector A € RP. These parameters represent properties of the circuit, Specialization to Interconnect

such as wire width or thickness, that induce variation in the circuit Our concern in this document is with the special case of intercon-

behavior through theg andi functions. nect parameters, so simplifications of the general theory are possible.
The perturbation approach to modeling the parameter variati@n-chip cell-level interconnect models are usually written in terms

treats the parameters as fluctuatidis around a nominal valuge, of capacitances and resistances, or equivalently, capacitances and

and assumes the circuit responsean be treated similarly, i.e. conductances. Inductance is typically neglected at this level and for

the sake of simplicity we will proceed likewise; it is however easy to

A=Ro+BA (11) see that the derivation is quite similar when inductance is involved.
vV=\Vy+Av (12) Therefore, in this case,
Expandingi and g as a function ofv and A and keeping the first aiv,A) =C(A)v  i(v,A) =G(A)v (22)

order variations,, we get
so that ok 0G 0 oC
= 9 _ %, (23)

oq ., . 0q
A(V:A) = d(Vo, Ao) + =3 AN + == Av (13) M O N N

oA ov
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Let us then assume, for now, that for every element in the parasitmdels (e.g. voltage drivers, or nonlinear current source models [9],
network (resistor or capacitor), a linear variational model is availablg.0]) are treated in a similar fashion. In this case,
Such a model contains the nominal values for the elements and also

the sensitivities to each parameter. Therefore, the conductance and u(t) = Bigrv(t) (38)
the capacitance matrices have the form: whereB is a vector (or matrix, in the case of multiple simultaneous
p source inputs) that describes the connection of every input source to
G=Go+ ) (GkdA) (24)  the interconnect network. For the case of current input SOURES,
K=1

simply an incidence matrix indicating at which node each driver is
p connected to.
C=Co+ ) (CbdA) (25)  similarly, in the case of cell-level interconnect, the outputs are
k=1 typically receivers, the inputs of the following gates in the circuit.
where G and Cp are the nominal values of the elements in th&Ve denote such outputs as “taps” and monitor voltage at these “taps”.
interconnect network and the sensitiviti#k and g—)i to each Assuming that the output is represented by voltage, mathematically

parameteiAg are given by this is represented by another mattixas
oG oC — LT
b * o 2 Vtap=L'V (39)
e e E Ck (26)

here agairl is an incidence-type matrix describing which voltage
des are monitored.
Using this representation, the full set of equations is now

The nominal value corresponds to the solution of the equations wit
eachAA, = 0, that isA = Ag. Assuming the variational formulation
for G presented in Eqn. (24), and ferpresented in Eqgn. (12) we

i i i : d .
obtain, for instance for(v,A): Coavo(t) + Govo(t) = Bign(t) (40)
p
i(v,A)=|Go+ Z (GkAAK) | (Vo +Av) 27) Votap(t) = LTvo(t) (41)
k=1
L L . p
Simplifying and eliminating the (non-linear) cross-product terms, we Coﬂ [AV] + GoAv = — z {E(Ckvo(t))A;\kJerMk} (42)
obtain: o dt & Ldt
i(vA) ~ Govo + GoAv+ 3 (GrVolAk) (28) Avtap = LT Av (43)
k=1
implying that: These equations can be written more compactly if we define
io = i(V070) = GoVo (29) d
S0) = = [Cegvolt) + Guvo() (a4)
a_ G (30)
o ° where v(t) is the nominal solution computed abovg. can be
ai interpreted as the “equivalent source” that will allow determination of
e Gyvo (31) the sensitivity to thekth interconnect parameter. With this definition,
K the final, complete set of equations is then rewritten as
An identical procedure can be applied tv,A) leading, as d
expected, to: Cog; vo(t) + Govo(t) = Bigrv(t) (45)
p
~ CoVo + CoAv+ VoAA 32
q Covo +Co kZl(Ck 0 k) ( ) Votap = LTVo(t) (46)
and therefore, that: o
do = d(Vo,0) = CoVo (33) co% [AV] + GoAv =5 sc(t)AAk (47)
Jq k=1
—= 34
9 _ Civo (35) L .
Y C. Interconnect Sensitivity Calculation

Egns. (15) and (16) which describe the general perturbation analThe process of sensitivity calculation can now be concisely stated.
ysis framework, can therefore, in the specialization of parametd¥irst, solve Eqns. (45) and (46) to get the nominal case responses.

varying interconnect, be written as: Then, for each parametér solve
d d [ av v
—Vo(t) + Govo(t) = u(t 36 — | = — | =
Co grvo(t) + Govo(t) = ult) (@) Cont | ] &0 ] = 5w (49)
ol (o +Gotv—— 5 [ cantmnaan] @) Oap _ 7 0v (0)
dt & Ldt M I

The delay modeling problem is completed by adding the notion ¥ get the sensitivity of the response waveforms. From the sensitivity
inputs and outputs to form state-space models. In the case of cell-lewaveforms, the delay sensitivity can be computed. Of course, in
interconnect, the inputs are represented by drivers, the output stageesctice, it is useful to diagonalize the state-space model above, i.e. to
of cells. For the sake of simplicity of exposition here, we will assumgut theCy, Gg matrices into pole-residue form, as numerical solution
that the input is given by a fixed current source. However, othef the multiple systems is much more efficient.
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IV. CELL DELAY SENSITIVITY CALCULATION

In the preceding section, we have seen how to perform variatidigW from A, then,

aware delay computation, by computing the sensitivities of the
response waveforms in interconnect blocks. However, it is also

necessary to show that similar sensitivites can be computed at
output of cells, in particular assuming that cell delay computation
still based on delay table models.

To show this, we refer back to the derivation in Section Il and i
particular to Egns. (6), (7), (8) and (9). If we perform an expansion
around a nominal pointy, keeping the first order variations, and

eliminating the nominal-case terms, we obtain,

Avp(t,Ap) =0 (51)
Avp(tT,A0) =0 (52)
Avp(ty,A9) =0 (53)
(Ble) (tL,tH, A¢) = (Alm) (54)

Noticing the dependence df, tt andty, ond and s, and their
dependence og andC, we obtain the generic equation,

%As+ %Ak+ %AR
os ok oR (55)
aVO aVO th aVO th o
+ (%%TXE) ACH+ GTXEAS =0
where
dix _ dx 95 dtx od (56)
dC = 9s,0C  ad aC
di _ dx  otx 0 otx od 7
ds 0ds 0s0s odas’

tx can be replaced by, tt orty to obtain Eqgns. (51), (52), and (53),
and all derivatives are computed at tiye For Eqn. (54) a similar
expansion can be performed,

3lle)  Allm) .. Alc)
( 3  os )AH ak LK =)
olls)  d{lm) dilg) , . dlle)
+( = )AR+ 4G ACH e s = (Blm)
where dile)  alle) . alle) di _ alle) diy o
dC =~ aC ' ot dC ' oty dC (59)
d(lc>_6<|c> dt. = o(l¢) dty
ds oy ds | ot ds (60)

As and (Aly) are related to the parameter variation vectox, by
the following expressions,

As = a—sﬂ)\ (61) 5 05 ) 0 ./
oA T
a<|m> %7' s 05
(Blm) = aTA)\ (62) 5 S
2 &
where % and 0<')\'“> are the sensitivity vectors. Resorting ERE R T R TR R
to Egns. (55), (58), (61), and (62), we can now represent param 7 paame
Eqgns. (51), (52), (53), and (54) in matrix form as, 0° 008 .
0 %I 0 K”I
JAp= (A?Tj\ + Bw) AN (63) 05 005 .
- -0.1
g—i results from the variational timing analysis on the interconnect of st 015
B

the input net, as described in Section I%,'Aﬁcan be computed by
integrating the sensitivities of the port currehy, for the transition

If No=[000 17 is a vector that “selects” the capacitance (fourth)
% | gdlim)

oA OA ) AA
the

i Acknowledging the dependence of the deldyand the output
slew s, on the input slews and the capacitanc€, the following
gxpressions can be derived,

0s

AC = NeAg= NcJ ™t ( (64)

od od
Ad = EAS + %AC (65)
0% 0
Aso = 25 As + 3C AC (66)
where 8, 94 9% gpg ‘3,%" can be computed by direct analysis of

the lookup table that contains the timing characterization of the cell.
Substituting Eqns. (61), (64) in Egns. (65), and (66), we can derive
the sensitivities of the delay and output slew to the parameters,

od_odos od\ 1(,08 po(lm)
a5 on ac e (AaA BT (67)
0% 00§ 0% _1( .0s 0(lm)

V. EXPERIMENTAL RESULTS

A realistic circuit block was synthesized and mapped to an in-
dustrial 90nm technology. As process parameters, we considered the
widths and thicknesses of the six metal layers needed to route the
block. During parasitic extraction of the design, we computed the
nominal values and sensitivities of each parasitic element (resistors
and grounded capacitors), relative to each one of the 12 parameters.

In order to validate the interconnect delay and slew computations,
we selected from the design 3671 nets, including nets in the internal
logic, nets in the clock tree and nets in the pad wiring. For each of
these nets, we computed the parametric delay and slew expressions
for each of its taps (resulting in 13870 taps among all nets), while
the port was excited by a rising voltage ramp. To assess the accuracy
of the proposed methodology, the delay and slew sensitivities were
compared to transistor-level simulations performed using the circuit
simulator $ECTRE In Figure 2 we present scatter plots of the
sensitivities computed by both methods, for 4 parameters. In Figure 3
we present histograms of the relative errors for other 4 parameters.
Both figures clearly show that the computed sensitivities accurately
match those obtained by simulation.

param 5 param 6

0.5

-2
Z2

-02
-02 -015 -0.1 -0.05 0 0.05
Delay Sensitivity — Spectre simulation

05

period and dividing by its width. All the derivatives i&, A and Fidnzprd@&ﬁgu\/@di%} the Selkdelay aafsiPUt slew, fompRutations

B can either be computed analytically or by accessing the timiwge proceeded as follows. For a given standard cell of that same
characterization of the cell. 90nm technology, and using Spice-level models, we generated a
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Fig. 3. Histograms of errors in computed delay sensitivities. 1234567891012 %0
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dotlib-style lookup table of size 7x7, for delay and output slew, as

a function of input slew and load. Using these tables, and applying

the proposed methodology, we computed the delay and output slew

sensitivities for one of the cell instances in the previously mentioned

design, considering its loading net obtained from extraction. Using the

methodology proposed in Section IV we generated the sensitivities

of delay and output slew to all 12 parameters. Next, varying the

parameter values, a similar set of sensitivities was also computed

with SPECTRE using accurate Spice-level models for the cell. Theig. 4. Relative errors in computed cell delay and output slew sensitivities.
delay and output slew sensitivity values obtained using the proposed

method were then assessed by computing its relative error versus the

SPECTREQenerated data. These relative errors are shown in Figure 4 ysis. InProceedings of the ACM/IEEE Design Automation Conference
(left plot). As can be observed, the errors are in general small, usually Pages 331-336, San Diego, CA, June 2004.

; : ; ; ] H. Chang and S. S. Sapatnekar. Statistical Timing Analysis Considering
in the low percentage range. The only exception 1o this rule is th Spatial Correlations using a Single Pert-like TraversalPtaceedings

pathological case of the slew sensitivity to parameter #2, Whose  of The International Conference on Computer Aided-Degigwes 621—
absolute value is small, the smallest of all the sensitivities and near 625, San Jose, CA, November 2003.

machine precision. In order to investigate this behavior, we introduceld] J. Wang, P. Ghanta, and S. Vrudhula. Stochastic analysis of interconnect
a variation in the input slew depending on parameter #2, so that performance in the presence of process variations. Intarnational

s . Conference on Computer Aided-Desi es 880-886, San Jose, CA,
the delay and output slew sensitivity values to this parameter would N ovember 2004. P Sgag

become larger. As a result we observed that when this happened g joel R. Phillips. Variational interconnect analysis via PMTBR. In
relative error dropped to the normal range, as shown in Figure 4 International Conference on Computer Aided-Desigages 872-879,
(right plot). Considering that the size of the dotlib-style lookup tabIeS] iat_J%SeL_CAré\‘t"eFleer _2024- erived int ¢ order red

. T . . . LI, P. LI, an . Plleggl. arameterized interconnect oraer reauc-
used was On!y 7X7 (typical value), providing a r(,)th appI’OXImatIOI'{ tion with Explicit-and-Implicit multi-Parameter moment matching for
of the behavior of the cell, and that the parasitic network was also |nter/Intra-Die variations. Ininternational Conference on Computer
approximated by a single lumped capacitance, we believe that the Aided-Designpages 806-812, San Jose, CA, November 2005.
accuracy of the computed values is fairly good. Better accuracgﬁ] Joel R-. Phillips. Model Computation for Statistical Static Timing
should be obtained by using larger lookup tables, or by extending thg, Analysis, 2006. Cadence Internal Report.

. . 1 Sani R. Nassif and Zhuo Li. A More Effectiv€grr. In Proceedings
proposed model for handling tables depending on other parameters.’ o the sixth International Symposium on Quality of Electronic Design

pages 654 — 661, San Jose, CA, March 2005.
VI. CONCLUSIONS [8] Florentin Dartu, Noel Menezes, and Lawrence T. Pileggi. Performance

. . . Computation for Precharacterized CMOS Gates with RC Lo#aEE
In this paper we have developed an analytic delay calculation trans. Computer-Aided Desig5(5):544 — 553, May 1996.

methodology suitable for use in a statistical static timing methodolf9] Igor Keller, Nishath Verghese, and Kenneth Tseng. A Robust Cell-
ogy. Our approach, based on a specific type of perturbation analysis, Level Crosstalk Delay Change Analysis. International Conference
allows for the analytical computation of the quantities needed for sta- ggoiomp“ter Aided-Desigpages 147 — 154, San Jose, CA, November
tistical delay propagation. We also showed how perturbation analy .6] J.F. éroix and D.F Wong. Blade and Razor: Cell and Interconnect
can be performed when only the standard delay table lookup models pelay Analysis using Current-Based Models. Design Automation
are available for the standard cells. The techniques proposed are Conferencepages 386 — 389, Anaheim, CA, June 2003.

robust and show good correlation with transistor level calculations.

Future work will show how to develop models that include nonlinear

contributions from the process parameters.
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