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There are lies, damned lies, and There are lies, damned lies, and 
statisticsstatistics..

---- Benjamin DisraeliBenjamin Disraeli



�� Microprocessors can be binnedMicroprocessors can be binned

–– AtAt--speed test is not economically speed test is not economically 
feasible for most feasible for most ASICsASICs

Variable vs. fixed Variable vs. fixed 
frequency productsfrequency products
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OutlineOutline

�� Statistical CD variation basicsStatistical CD variation basics
––ModelingModeling

––Path distributionsPath distributions

�� The hope of SSTAThe hope of SSTA

�� Statistical optimizationStatistical optimization

�� Statistical techniques in designStatistical techniques in design
––Skew computationSkew computation

––MinMin--delay analysisdelay analysis

––BinBin--split predictionsplit prediction

––FMAXFMAX--ISB estimationISB estimation

�� ConclusionsConclusions



ClassificationClassification

�� Electrical behaviorElectrical behavior

–– LeLe

–– VTVT

––WidthWidth

–– InterconnectInterconnect

�� Spatial behaviorSpatial behavior

––Wafer to waferWafer to wafer

–– Die to dieDie to die

––Within dieWithin die
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Scale of VariationsScale of Variations

WithinWithin--Die (WID) Die (WID) 

VariationsVariations

SystematicSystematic

DieDie--toto--Die (D2D) Die (D2D) 

VariationsVariations

Feature ScaleFeature ScaleDie ScaleDie Scale

(Uncorrelated) (Uncorrelated) 

RandomRandom

Wafer ScaleWafer Scale



�� D2D variation effects are primarily D2D variation effects are primarily 
addressed by process engineers addressed by process engineers 

D2D variationD2D variation
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WithinWithin--die (WID) die (WID) 
variationvariation

�� Two WID componentsTwo WID components
––Purely randomPurely random

––Correlated random Correlated random ---- systematicsystematic
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Systematic (correlated Systematic (correlated 
random) WID variationrandom) WID variation

�� Models distanceModels distance--dependent smooth dependent smooth 
variationsvariations
–– Exact shape is unknownExact shape is unknown

S. Samaan, ICCAD 04
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�� CDs of transistors that are close trackCDs of transistors that are close track
––Tracking diminishes with distanceTracking diminishes with distance

Nature of correlated Nature of correlated 
variationvariation
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Variations:  Trend & Impact Variations:  Trend & Impact 
on Performance & Poweron Performance & Power

IncreasingIncreasingLowLowSmallSmallInterconnectInterconnect

SRAM SRAM 
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FlatFlatVariableVariableVariableVariableOtherOther
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Principle I: Path effect Principle I: Path effect 
of random variationsof random variations
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µµµµ = 1, σσσσ = 1
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Principle II: Delay Principle II: Delay 
distributions for distributions for 
independent pathsindependent paths
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ChipChip--level delay level delay 
distributionsdistributions

� As the number (Ncp) of independent critical paths increases, the 
WID distribution mean increases and the variance decreases

� As Ncp increases to larger values, the dependency on Ncp

decreases

µµµµ = 1, σσσσ = 0.03
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Combining the dieCombining the die--toto--die and die and 

withinwithin--die delay distributionsdie delay distributions
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� Within-die variations impact the delay mean
� Die-to-die variations impact the delay variance

Bowman, et al. 

ISSCC 2001



SSTA: Reduce SSTA: Reduce 
pessimism of corner pessimism of corner 
based analysisbased analysis

�� Assumption: CornerAssumption: Corner--based analysis is too pessimisticbased analysis is too pessimistic

–– The deterministic worstThe deterministic worst--case corner is derived by case corner is derived by 
simultaneously setting each parameter at its 3simultaneously setting each parameter at its 3σσσσσσσσ valuevalue

–– Not correctly accounting for dieNot correctly accounting for die--toto--die and withindie and within--die random die random 
and systematic components during cell characterization leads and systematic components during cell characterization leads 
to unwarranted pessimism during STAto unwarranted pessimism during STA

Target

timing corner
222

2
2

randsysDDXtor
σσσσ ++=



Recovery of random Recovery of random 
variation component by variation component by 
SSTASSTA
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�� The transistorThe transistor--toto--path sigma reduction mitigates the path sigma reduction mitigates the 

the effect of random variations on product yieldthe effect of random variations on product yield



The critical path effect The critical path effect 
on random variationson random variations

µµµµ = 1, σσσσ  = 0.03
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�� The critical pathsThe critical paths--toto--die timing die timing pushoutpushout exacerbates exacerbates 

the effect of random variationsthe effect of random variations on product yieldon product yield

�� The The pushoutpushout effect counters the path averaging effect effect counters the path averaging effect 

on random variationson random variations
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�� SSTA provides a potential gain relative to a 3SSTA provides a potential gain relative to a 3σσσσσσσσ

cornercorner--based STA for purely random variationbased STA for purely random variation

σrand/µstage= 0.05



SSTA gain relative to 3SSTA gain relative to 3σσσσσσσσ corner corner 
analysis: Systematic WID analysis: Systematic WID 
variationvariation

�� Systematic WID affect all stages along a path equally Systematic WID affect all stages along a path equally ––
no averaging effect due to path localizationno averaging effect due to path localization

�� The number of systematic independent critical paths is The number of systematic independent critical paths is 
determined by the spatial correlation distancedetermined by the spatial correlation distance

Systematic WID Systematic WID ---- samplesample
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�� SSTA gain relative to 3SSTA gain relative to 3σσσσσσσσ cornercorner--based STA is based STA is 

reduced for systematic WID CD variationreduced for systematic WID CD variation



The intelligent corner The intelligent corner 
approachapproach

�� Instead of SSTA, apply a global technique to pick a Instead of SSTA, apply a global technique to pick a 
yield corner based on product informationyield corner based on product information

–– Number of critical pathsNumber of critical paths

–– Number of stages along critical pathsNumber of stages along critical paths

–– Available process variation dataAvailable process variation data

–– Test methodologyTest methodology

�� One such technique is described in Najm, Menezes One such technique is described in Najm, Menezes 
[DAC 04][DAC 04]
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corner 

99.9% yield
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Intelligent corner 



Statistical optimizationStatistical optimization

�� Differences in delay variations of different paths Differences in delay variations of different paths 
depend on the number and type of stagesdepend on the number and type of stages

�� Due to differences in power sensitivity to delay, power Due to differences in power sensitivity to delay, power 
can be improved by budgeting timing yield loss based can be improved by budgeting timing yield loss based 
on power sensitivityon power sensitivity
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Statistical optimization Statistical optimization 
benefits over global benefits over global 
guardbandingguardbanding
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�� Statistical optimization benefits are mitigated because the Statistical optimization benefits are mitigated because the 

pushoutpushout effect for a large number of paths is not so pronouncedeffect for a large number of paths is not so pronounced

The green locus
represents those
design targets that
result in a 300ps
median max delay

The pink line shows
design targets
corresponding to
some global guardband
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neasy peasy

Dashed iso-power level 
curves spaced
at 2% intervals.



Power Benefit Sweeping Power Benefit Sweeping 
Magnitude of VariationMagnitude of Variation

neasy =10000
nhard =  1000

Easy stage sigma = sweeping
Hard stage sigma = r*(Easy stage sigma)
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Statistics in designStatistics in design

��MinMin--delay analysisdelay analysis

��Max skew computationMax skew computation

�� Bin split predictionBin split prediction

�� LeakageLeakage--performance estimationperformance estimation



Basic timing checks: Basic timing checks: 
Hold checkHold check

skewmin_tttt holdCSCG ≥−−+ logic

These are hard numbers 
in traditional STA

This is statistically 
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Calculating minCalculating min--delay delay 
skewskew

�� The minThe min--delay skew is calculated based ondelay skew is calculated based on

–– Number of minNumber of min--delay paths on the chipdelay paths on the chip

–– Conservatism in hold characterization for Conservatism in hold characterization for sequentialssequentials

–– Process variation spec at fast cornerProcess variation spec at fast corner

–– Sophistication of minSophistication of min--delay analysis methodologydelay analysis methodology
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Max skew computationMax skew computation

�� Max delay skew (Max delay skew (kkσσσσσσσσmarginmargin) is based on) is based on
–– Testing methodology (binning?)Testing methodology (binning?)

–– Process variation specs at nominal and slow cornersProcess variation specs at nominal and slow corners

–– Conservatism in STA methodologyConservatism in STA methodology

–– Clocking and clock distribution methodologyClocking and clock distribution methodology
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� Within-die variations impact the delay mean

� Die-to-die variations impact the delay variance

FMAX prediction modelFMAX prediction model



FMAX yield predictionFMAX yield prediction

Statistical Circuit Simulator

Netlist of Critical Paths,
Process File, Gate Location

Die-to-Die and Within-Die 
Process Variation Models

Within-Die Critical Path Delay 
Distribution

Critical Path Delay (s)
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Distribution
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FMAX model comparison FMAX model comparison 
with a 0.25 with a 0.25 µµµµµµµµm processorm processor

� Data represents ~50,000 die measurements taken at sort 
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FMAX model comparison FMAX model comparison 
with a 0.13 with a 0.13 µµµµµµµµm processorm processor

� Data represents ~1,000 die measurements taken at class
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� Within-die variations primarily impact the FMAX mean
� Die-to-die variations primarily impact the FMAX variance

Individual Contributions of D2D and WID Individual Contributions of D2D and WID 

VariationsVariations
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1.1. Draw lots for process Draw lots for process 
variation map variation map 

2.2. Map timing model onto Map timing model onto 
variation map and variation map and 
recalculate path delay recalculate path delay 
to  find  the slowest to  find  the slowest 
path that will define path that will define 
FMAXFMAX

3.3. Calculate the die's totalCalculate the die's total
leakage (ISB)leakage (ISB)
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FMAXFMAX--ISB predictionISB prediction
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� FMAX is going to be defined by MANY paths 

(as a result of timing model re-order)
� The spatial distribution of the paths is very 

important to FMAX distribution



Leakage modelingLeakage modeling

Leakage map
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FMAX/ISB prediction FMAX/ISB prediction 
comparison with Sicomparison with Si

This analysis predicts the log-normal distribution and BANANA shape
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Design Design methdologymethdology

µµµµµµµµArchArch

Structural RTLStructural RTL

SchematicsSchematics
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The ROI from any fine-grained analysis flow like SSTA has 

to be justified in terms of the  overall design methodology



ConclusionConclusion

�� Statistical techniques are applied in design with good silicon Statistical techniques are applied in design with good silicon 
correlationcorrelation

�� The application of statistical techniques at fineThe application of statistical techniques at fine--grained grained 
circuit level i.e. SSTA may provide a benefit relative to a circuit level i.e. SSTA may provide a benefit relative to a 
worstworst--case process corner approach for some productscase process corner approach for some products

–– These benefits may not be large compared to an intelligent These benefits may not be large compared to an intelligent 
corner approachcorner approach

�� Statistical circuit optimization benefits are smallStatistical circuit optimization benefits are small

�� A significant barrier to SSTA adoption is the impact on design A significant barrier to SSTA adoption is the impact on design 
methodology which has not been studiedmethodology which has not been studied

I am convinced that He is not throwing dice.I am convinced that He is not throwing dice.

Albert Einstein in a  letter to Max Born,Albert Einstein in a  letter to Max Born,
Dec. 12, 1926Dec. 12, 1926

Many designers would prefer it that wayMany designers would prefer it that way
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