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IntroductionIntroduction

Power component for CMOS circuitsPower component for CMOS circuits
–– PPavgavg= = PPstaticstatic + + PPdynamicdynamic

–– PPdynamicdynamic ≈≈ 1/2 kC1/2 kCLLVVdddd
22ffclkclk

Power dissipation problemPower dissipation problem
–– For constant die size, total capacitance increases by For constant die size, total capacitance increases by 
40% when transistor size is reduced by 70%40% when transistor size is reduced by 70%

–– Clock frequency is scaled up faster than the minimum Clock frequency is scaled up faster than the minimum 
feature size (MFS)feature size (MFS)

–– Leakage power increases dramatically as MFS Leakage power increases dramatically as MFS 
reduces into submicron regionreduces into submicron region

–– Architecture trend is towards programmability and Architecture trend is towards programmability and 
reusability reusability –– leads to more hunger for powerleads to more hunger for power
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VLSI Chip Power DensityVLSI Chip Power Density
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BackgroundBackground

Dynamic power dissipationDynamic power dissipation

–– PPdyndyn= = PPswitchingswitching + + PPshortshort--circuitcircuit

Switching power dissipationSwitching power dissipation

–– PPswitchingswitching = 1/2 kC= 1/2 kCLLVVdddd
22ffclkclk
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BackgroundBackground
ShortShort--circuit power dissipationcircuit power dissipation
–– ShortShort--circuit current when both PMOS and NMOS are oncircuit current when both PMOS and NMOS are on

–– Very much affected by the rising and falling times of input signVery much affected by the rising and falling times of input signalsals

significant when input rise/fall time much longer than the outpusignificant when input rise/fall time much longer than the output t 
rise/fall timerise/fall time

–– Can be kept to a insignificant portion of Can be kept to a insignificant portion of PPdyndyn
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BackgroundBackground

Glitch reductionGlitch reduction

–– A important dynamic power reduction techniqueA important dynamic power reduction technique

–– Glitch power consumes 30~70% Glitch power consumes 30~70% PPdyndyn for typical circuitsfor typical circuits

–– Related techniquesRelated techniques

Balanced delayBalanced delay

Hazard filteringHazard filtering

Transistor/Gate sizingTransistor/Gate sizing

Linear Programming approachLinear Programming approach

Static glitch
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Glitch reductionGlitch reduction

Original circuitOriginal circuit

Balanced path/ path balancingBalanced path/ path balancing

–– Equalize delays of all path incident on a gateEqualize delays of all path incident on a gate

–– Balancing requires insertion of delay buffers.Balancing requires insertion of delay buffers.

Hazard/glitch filteringHazard/glitch filtering

–– Utilize glitch filtering effect of gateUtilize glitch filtering effect of gate

–– Not necessary to insert bufferNot necessary to insert buffer
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Glitch reductionGlitch reduction

Transistor/gate sizingTransistor/gate sizing
–– Find transistor sizes in the circuit to realize the delayFind transistor sizes in the circuit to realize the delay

–– No need to insert bufferNo need to insert buffer

–– Suffers from nonlinearity of delay modelSuffers from nonlinearity of delay model

–– large solution space, numeric convergence and global large solution space, numeric convergence and global 
optimization not guaranteedoptimization not guaranteed

Linear programming approachLinear programming approach
–– Adopt both path balancing and hazard filteringAdopt both path balancing and hazard filtering

–– Find the optimal delay assignments of gatesFind the optimal delay assignments of gates

–– Use technology mappings to map the gate delay assignments to Use technology mappings to map the gate delay assignments to 
transistor/gate dimensions.transistor/gate dimensions.

–– Guaranteed optimal solution, a convenient way to solve a large Guaranteed optimal solution, a convenient way to solve a large 
scale optimization problemscale optimization problem
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Previous LP approachPrevious LP approach
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ProcessProcess--variationvariation--resistant optimizationresistant optimization

MotivationMotivation
–– Gate delay assumed fixed in previous modelsGate delay assumed fixed in previous models

–– Variation of gate delay in real circuitsVariation of gate delay in real circuits
Environmental factors: temperature, Environmental factors: temperature, VVdddd

Physical factors: process variationsPhysical factors: process variations

–– Effect of delay variationEffect of delay variation
Glitch filtering conditions corruptedGlitch filtering conditions corrupted

Power dissipation increases from the optimized valuePower dissipation increases from the optimized value

Leakage variation possible, requires separate investigationLeakage variation possible, requires separate investigation

–– Our proposalOur proposal
Consider delay variations in dynamic power optimizationConsider delay variations in dynamic power optimization

Only consider process variations (major source of delay Only consider process variations (major source of delay 
variation)variation)
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Process and delay variationsProcess and delay variations

Process variationsProcess variations

–– Variations Variations due to semiconductor processdue to semiconductor process

VVTT, , ttoxox, , LLeffeff, , WWwirewire, , THTHwirewire,,etcetc..

–– InterInter--die variationdie variation

Constant within a die, vary from one die to another die of a 

wafer or wafer lot

–– IntraIntra--die variationdie variation

Variation within a dieVariation within a die

Due to equipment limitations or statistical effects in the Due to equipment limitations or statistical effects in the 

fabrication process, e.g., variation in doping concentrationfabrication process, e.g., variation in doping concentration

Spatial correlations and deterministic variation due to CMP and Spatial correlations and deterministic variation due to CMP and 

optical proximity effectoptical proximity effect
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Process and delay variationsProcess and delay variations
Delay variationDelay variation
–– First order gate delay model First order gate delay model 

–– Gate delay sensitive to processGate delay sensitive to process--variationsvariations

Related previous workRelated previous work
–– Static timing analysisStatic timing analysis

Worst case timing analysisWorst case timing analysis

Statistical timing analysisStatistical timing analysis

–– Power optimization under processPower optimization under process--variationsvariations
Voltage scaling, multiVoltage scaling, multi--VVdddd/V/Vthth considering critical delay variationsconsidering critical delay variations

Gate sizing using statistical delay modelGate sizing using statistical delay model

No work on glitch power optimizationNo work on glitch power optimization
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Delay model and implicationsDelay model and implications
Random gate delay modelRandom gate delay model
––

–– Truncated normal distributionTruncated normal distribution

–– Assume independenceAssume independence

–– Variation in terms of Variation in terms of σσ//DDnom,inom,i ratioratio

Effect of interEffect of inter--die variationsdie variations
–– Depends on its effect to switching activitiesDepends on its effect to switching activities

– Definition of glitch-filtering probability Pglt = P {t2-t1< d}
Signal arrival time t1, t2
Gate inertial delay d

– Theorem 1 states the changehange of of PPgltglt due to interdue to inter--die variation die variation 

erf(), the error function

k, a path and gate dependent constant

r, σσ//DDnom,inom,i ratio for interratio for inter--die variationsdie variations

, ,total i nom i inter,i intra,i
D D D D= + Δ + Δ

2

1
erf( ) erf( )

2 2 2 2( )
glt

k k
P

r k

⎛ ⎞− −
⎜ ⎟Δ = −
⎜ ⎟+ ⋅⎝ ⎠
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Delay model and implicationsDelay model and implications

Effect of interEffect of inter--die variationsdie variations
–
– For a large interFor a large inter--die variationdie variation, r = , r = 0.150.15,, ||ΔΔPPgltglt|| < < 5.35.3××1010--33

–– Negligible effect on switching activityNegligible effect on switching activity
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Delay model and implicationsDelay model and implications

ProcessProcess--variationvariation--resistant designresistant design

–– Can be achieved by path balancing and glitch filteringCan be achieved by path balancing and glitch filtering

–– Critical delay may increaseCritical delay may increase

Theorem 2 states that a solution is guaranteed only if circuit dTheorem 2 states that a solution is guaranteed only if circuit delay elay 

is allowed to increaseis allowed to increase

Proved by example, assuming 10% variationProved by example, assuming 10% variation

2.1 3.9
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LP model based on worstLP model based on worst--case timingcase timing

Timing modelTiming model

.
.
.

.
.
.
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LP model based on worstLP model based on worst--case timingcase timing

ConstraintsConstraints
–– Gate constraintsGate constraints

–– Glitch filtering constraintsGlitch filtering constraints

–– Delay constraints for POsDelay constraints for POs

ParameterParameter

–– rr, , σσ//DDnom,inom,i ratioratio

–– DDmaxmax, circuit delay parameter, circuit delay parameter

–– αα, optimism factor , optimism factor ∈∈ [1,[1,∞∞]; 1 ]; 1 ≡≡ all glitches filtered, all glitches filtered, ∞∞ ≡≡ no glitch filteredno glitch filtered

ObjectiveObjective
–– Minimize #buffer inserted Minimize #buffer inserted –– sum of buffer delayssum of buffer delays

1
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LP model based on statistical timingLP model based on statistical timing

WorstWorst--case timing tends to be too pessimisticcase timing tends to be too pessimistic

Statistical timing model with random variablesStatistical timing model with random variables

Gate i

Gate 1

Gate j

Gate k

ta1 Ta1

taj Taj

tak Tak

tbi Tbi

tai Tai

.
.
.

.
.
.

di
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LP model based on statistical timingLP model based on statistical timing

MinimumMinimum--maximum statisticsmaximum statistics

–– needed for needed for tbtb
ii
, , TbTb

ii

–– Previous worksPrevious works

Min, Max for two normal random variable not necessarily distribuMin, Max for two normal random variable not necessarily distributed ted 

as normalas normal

Can be approximated with a normal distributionCan be approximated with a normal distribution

Requiring complex operations, e.g., integration, exponentiation,Requiring complex operations, e.g., integration, exponentiation, etc.etc.

–– Challenges for LP approachChallenges for LP approach

Require simple approximation w/o nonlinear operationsRequire simple approximation w/o nonlinear operations

Our approximation for Our approximation for CC==Max(Max(A,BA,B), A, B, and C are Gaussian RVs), A, B, and C are Gaussian RVs

1

1

Min( , , );

Max( , , );

i j k

i j k

tb ta ta ta

Tb Ta Ta Ta

=

=

Max( , )

3 Max( 3 , 3 )

C A B

C C A A B B

μ μ μ
μ σ μ σ μ σ

=
+ = + +
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LP model based on statistical timingLP model based on statistical timing

MinMin--Max statistics approximation errorMax statistics approximation error

–– Negligible when Negligible when ||μμ
AA
--μμ

BB
|> 3(|> 3(σσ

AA
+ + σσ

BB
))

–– Largest when Largest when μμ
AA
==μμ

BB

( )

Max( , )

1
Max( 3 , 3 )

3

C A B

C A A B B C

μ μ μ

σ μ σ μ σ μ

=

= + + −

A B

P

x

CDFA

CDFB

Approximated CDF for 

Max(A,B) 

Actual CDF for 

Max(A,B)
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LP model based on statistical timingLP model based on statistical timing

VariablesVariables

–– Timing, delay variables with mean Timing, delay variables with mean μμ and std dev and std dev σσ

–
– Auxiliary variables, Auxiliary variables, 

ConstraintsConstraints

–– Gate constraintsGate constraints

Timing window at the inputs for a twoTiming window at the inputs for a two--input gate iinput gate i

Timing window at outputs Timing window at outputs 

, , , ,

i i i i
Tb tb i i i W W
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LP model based on statistical LP model based on statistical 

timingtiming
ConstraintsConstraints

–– Gate constraintGate constraint

Linear approximationLinear approximation

–
– k k ∈∈ [0.707, 1]; choose k=0.85,  since[0.707, 1]; choose k=0.85,  since

–– Glitch filtering constraintsGlitch filtering constraints

–– Circuit delay constraintCircuit delay constraint

2 2( )  ( )
i i i i i i

Ta Tb d Ta Tb d
r k rσ σ μ σ σ μ= + ⋅ ⇔ = + ⋅

2 2
;

2

A B
A B A B

+ ≤ + ≤ +

;
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i i i

i i i

i i i i

W Tb tb

W Tb tb

d W W d

k

k r

μ μ μ
σ σ σ
μ μ σ μ

= −

= +

− > ⋅ + ⋅

(1 3 )
i
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r Dμ ⋅ + ≤

di-Wi
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LP model based on statistical timingLP model based on statistical timing

ParameterParameter

–– rr, , σσ//DDnom,inom,i ratioratio

–– DDmaxmax, circuit delay parameter, circuit delay parameter

–– αα, optimism factor, optimism factor

αα=1, no relaxation=1, no relaxation

αα<1, optimistic about the actual glitch width<1, optimistic about the actual glitch width

αα=0, reduce to previous model=0, reduce to previous model

ObjectiveObjective

–– Minimize #buffer inserted Minimize #buffer inserted –– sum of buffer delayssum of buffer delays

3 ( ) ;
i i i i

d W W d
k rμ μ σ μ α− > ⋅ + ⋅ ⋅
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InputInput--specific optimizationspecific optimization

MotivationMotivation

–– Previous LP models guarantees glitch filtering for Previous LP models guarantees glitch filtering for anyany
input vector sequenceinput vector sequence

TT
i i 
-- tt

ii
< < dd

ii
for all gatesfor all gates

–– Redundancy in optimizationRedundancy in optimization
Insertion of more buffersInsertion of more buffers

Increased the overhead in power/areaIncreased the overhead in power/area

–– In reality, circuit under embedded environmentsIn reality, circuit under embedded environments
Optimization for input vector sequence that is possible to the Optimization for input vector sequence that is possible to the 
circuit, e.g., functional vectorscircuit, e.g., functional vectors

Same reduction in power dissipation w/ less tradeSame reduction in power dissipation w/ less trade--offs in offs in 
overheadsoverheads
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InputInput--specific optimizationspecific optimization

Glitch generation patternGlitch generation pattern
–– Input vector pair that can potentially generate a glitchInput vector pair that can potentially generate a glitch

–– AND gate example:AND gate example:

Glitch generation probability Glitch generation probability PPgg[i[i]]
–– Probability glitchProbability glitch--generation pattern occurs at input of gate igeneration pattern occurs at input of gate i

–– Steady state signal values match the patternSteady state signal values match the pattern

0

1

0

1

0

1
0

1

0

1
0

1

0

1



Nov. 16th, 2005Nov. 16th, 2005 Fei Hu, PhD DissertationFei Hu, PhD Dissertation 3030

InputInput--specific optimizationspecific optimization

Application to Previous model w/o processApplication to Previous model w/o process--variationvariation
–– Static optimizationStatic optimization

Only static glitches/hazards consideredOnly static glitches/hazards considered

–– Relaxation of constraintsRelaxation of constraints

Relax glitch filtering constraints where glitches unlikely happeRelax glitch filtering constraints where glitches unlikely happenn

TT
i i 
-- tt

ii
< < dd

ii
=>     =>     (T(T

i i 
–– tt

ii
)*)*ββ

i i 
< < dd

ii

Selective relaxationSelective relaxation

Generalized relaxationGeneralized relaxation

0 if [ ] 0 

1  if [ ] 0

g

i

g

P i

P i
β

=⎧⎪= ⎨ >⎪⎩

[ ]
1

g
P i

i
e

τβ −= −
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InputInput--specific optimizationspecific optimization

Application to processApplication to process--variationvariation--resistant LP model resistant LP model 

based on statistical timingbased on statistical timing

–– Static optimizationStatic optimization

–– Relaxation of constraintsRelaxation of constraints

Selective relaxationSelective relaxation

Generalized relaxationGeneralized relaxation

–– Tuning factorTuning factor

Original objectiveOriginal objective

Current objectiveCurrent objective

[ 3 ( ) ] ;
i i i i

d W W d i
k rμ μ σ μ α β> + ⋅ + ⋅ ⋅ ⋅

Minimize  ;   (  buffers)
j

j

d j∈∑

1
Minimize    ( );   (  buffers,  other gates)

j i

j i

d TF d j i
N

+ ⋅ ⋅ ∈ ∈∑ ∑
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InputInput--specific optimizationspecific optimization

Why need a tuning factorWhy need a tuning factor

–– Dominating path affected critical delay distributionDominating path affected critical delay distribution

0

0

1

Can be [1,41]

41
Dominating path

1

1

1
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Experimental resultsExperimental results

Experimental procedureExperimental procedure
–– Flow chartFlow chart

–– Power estimationPower estimation
Event driven logic simulationEvent driven logic simulation

Fanout weighted sum of Fanout weighted sum of 
switching activitiesswitching activities

Variations of CVariations of CLL and and VVdddd ignoredignored

MonteMonte--Carlo simulation with Carlo simulation with 
1,000 samples of delays under 1,000 samples of delays under 
processprocess--variationvariation

–– Results analysisResults analysis
UnUn--Opt., unitOpt., unit--delay circuitdelay circuit

Opt, previous optimizationOpt, previous optimization

Opt1, ProcOpt1, Proc--varvar--rstrst optimization optimization 
worstworst--case timingcase timing

Opt2, ProcOpt2, Proc--varvar--rstrst optimization optimization 
statistical timingstatistical timing

Circuit

Data 

extraction

AMPL
Dmax

r, 

LP 

models

Circuit 

generation

Logic 

simulations

Results

Constraint set data

Gate delays

Optimized circuit
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Experimental results Experimental results –– small variationsmall variation
Power dissipation under no process variationPower dissipation under no process variation

Opt2 (statistical proc)Opt1 (worst case proc)Opt (w/o proc var.)UnOpt

149 879 0.52 149 162 0.56 129 62 0.52 1.0 

50 464 0.52 50 180 0.64 43 369 0.52 1.0 c7552 

428 1213 0.13 428 922 0.14 372 864 0.13 1.0 

143 1685 0.14 143 801 0.15 124 881 0.13 1.0 c6288 

170 460 0.55 170 130 0.58 147 113 0.56 1.0 

57 401 0.55 57 228 0.62 49 281 0.56 1.0 c5315 

163 303 0.59 163 152 0.61 141 103 0.59 1.0 

55 306 0.59 55 228 0.59 47 219 0.60 1.0 c3540 

111 168 0.73 111 80 0.75 96 26 0.74 1.0 

37 313 0.73 37 244 0.79 32 157 0.74 1.0 c2670 

138 198 0.52 138 92 0.53 120 54 0.55 1.0 

46 136 0.52 46 68 0.53 40 84 0.53 1.0 c1908 

83 273 0.93 83 296 0.93 72 160 0.93 1.0 

28 305 0.93 28 296 0.93 24 224 0.93 1.0 c1355 

83 37 0.54 83 37 0.54 72 29 0.54 1.0 

28 76 0.54 28 45 0.54 24 63 0.54 1.0 c880 

26 129 0.94 26 88 0.94 22 48 0.94 1.0 

13 97 0.94 13 88 0.94 11 80 0.94 1.0 c499 

40 91 0.74 40 91 0.74 34 66 0.74 1.0 

20 99 0.74 20 96 0.74 17 95 0.74 1.0 c432 

DmaxBuf. Pwr. DmaxBuf. Pwr. maxdelayBuf. Pwr. Pwr. 
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Experimental results Experimental results –– small variationsmall variation

Power distribution under 5% interPower distribution under 5% inter--die, 5% intradie, 5% intra--die variationdie variation

Opt2 (statistical proc)Opt1 (worst case proc)Opt (w/o proc var.)Un-Opt

3.5 0.53 5.1 0.58 9.3 0.56 19.6 1.17 129 

11.8 0.57 13.3 0.72 12.4 0.57 19.6 1.17 43 c7552 

56.0 0.18 76.8 0.23 128.3 0.26 49.9 1.46 372 

93.6 0.24 105.9 0.28 131.6 0.27 49.9 1.46 124 c6288 

3.7 0.56 6.8 0.61 10.3 0.60 14.9 1.12 147 

9.1 0.59 9.9 0.67 13.8 0.62 14.9 1.12 49 c5315 

1.3 0.59 5.1 0.63 7.2 0.62 18.9 1.15 141 

9.7 0.63 12.9 0.65 15.2 0.66 18.9 1.15 47 c3540 

1.8 0.74 5.2 0.78 6.1 0.77 21.8 1.17 96 

4.8 0.75 5.5 0.81 11.6 0.80 21.8 1.17 32 c2670 

6.5 0.54 5.9 0.54 21.5 0.64 21.0 1.15 120 

21.6 0.58 22.8 0.62 28.6 0.64 21.0 1.15 40 c1908 

0.1 0.93 0.3 0.93 8.8 0.98 18.1 1.10 72 

4.2 0.95 5.5 0.96 10.6 0.99 18.1 1.10 24 c1355 

1.0 0.54 1.1 0.55 12.8 0.57 7.1 1.03 72 

7.5 0.55 13.9 0.58 23.1 0.62 7.1 1.03 24 c880 

0.1 0.94 0.0 0.94 12.6 0.99 12.9 1.06 22 

0.7 0.95 0.7 0.95 12.6 1.00 12.9 1.06 11 c499 

0.1 0.74 0.1 0.74 8.2 0.76 17.5 1.08 34 

4.5 0.75 7.0 0.75 12.8 0.78 17.5 1.08 17 c432 

(%) Pwr. (%) Pwr. (%) Pwr. (%) Pwr. 

Max. Dev. Mean Max. Dev. Mean Max. Dev. Mean Max. Dev. Mean MaxdelayCircuit 
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Experimental results Experimental results –– small variationsmall variation

Power timing analysisPower timing analysis
–– Example c432Example c432

–– Complete suppression of power variationComplete suppression of power variation

maxdelay=17 maxdelay=26
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Experimental results Experimental results –– small variationsmall variation

Critical delay distribution Critical delay distribution 

–– Similar nominal delaySimilar nominal delay

–– Reduced variation by Opt2 for c880, c2670, c5315, c7552Reduced variation by Opt2 for c880, c2670, c5315, c7552

Nominal delay Max. Deviation
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Experimental results Experimental results –– large variationlarge variation
Power dissipation under no processPower dissipation under no process--variationvariation

Opt2 (statistical proc)Opt1 (worst case proc)Opt (w/o proc var.)Un-opt.

312 645 0.52 312 622 0.60 215 44 0.52 1.00 

125 481 0.52 125 64 0.69 86 91 0.52 1.00 c7552 

899 1473 0.13 899 939 0.13 620 857 0.13 1.00 

331 1121 0.13 331 1303 0.14 228 870 0.13 1.00 c6288 

356 418 0.55 356 144 0.60 245 53 0.56 1.00 

143 399 0.55 143 93 0.66 98 167 0.56 1.00 c5313 

341 311 0.59 341 52 0.65 235 78 0.59 1.00 

137 281 0.59 137 149 0.62 94 139 0.59 1.00 c3540 

232 211 0.73 232 95 0.78 160 9  0.74 1.00 

93 249 0.74 93 39 0.80 64 34 0.74 1.00 c2670 

290 190 0.52 290 12 0.56 200 34 0.54 1.00 

116 135 0.52 116 41 0.55 80 62 0.53 1.00 c1908 

174 305 0.93 174 264 0.96 120 128 0.93 1.00 

70 305 0.93 70 264 0.95 48 192 0.93 1.00 c1355 

174 62 0.54 174 29 0.59 120 30 0.54 1.00 

70 57 0.54 70 36 0.58 48 35 0.54 1.00 c880 

48 129 0.94 48 0  0.97 33 0  0.94 1.00 

32 88 0.94 32 88 0.97 22 48 0.94 1.00 c499 

99 106 0.74 99 81 0.74 68 58 0.74 1.00 

50 88 0.74 50 87 0.75 34 66 0.74 1.00 c432 

DmaxBuf. Pwr. DmaxBuf. Pwr. maxdelayBuf. Pwr. Pwr. 
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Experimental results Experimental results –– large variationlarge variation
Power distribution under 15% intraPower distribution under 15% intra--die and 5% interdie and 5% inter--die variationdie variation

Opt2 (statistical proc)Opt1 (worst case proc)Opt (w/o proc var.)Un-opt

11.8 0.56 11.2 0.65 20.2 0.60 21.9 1.17 215 

18.7 0.59 16.0 0.78 25.8 0.64 21.9 1.17 86 c7552 

125.3 0.26 161.5 0.31 264.0 0.41 52.2 1.45 620 

223.8 0.38 193.4 0.36 274.3 0.43 52.2 1.45 228 c6288 

13.4 0.60 13.9 0.66 19.0 0.64 16.5 1.13 245 

20.8 0.63 16.3 0.74 24.6 0.67 16.5 1.13 98 c5313 

10.1 0.62 11.7 0.71 16.1 0.66 20.7 1.16 235 

17.8 0.66 16.9 0.69 19.5 0.67 20.7 1.16 94 c3540 

6.2 0.76 8.6 0.82 11.2 0.80 25.4 1.19 160 

13.6 0.80 16.0 0.90 13.6 0.81 25.4 1.19 64 c2670 

21.4 0.58 18.8 0.62 32.3 0.66 23.1 1.16 200 

35.8 0.64 30.1 0.66 49.6 0.72 23.1 1.16 80 c1908 

3.0 0.94 1.7 0.97 18.8 1.05 21.8 1.13 120 

10.2 0.98 7.3 0.98 19.7 1.06 21.8 1.13 48 c1355 

8.6 0.55 5.6 0.60 22.7 0.60 8.0 1.04 120 

18.2 0.59 15.7 0.63 26.5 0.62 8.0 1.04 48 c880 

1.0 0.95 1.4 0.97 10.2 0.99 14.0 1.07 33 

2.0 0.95 1.7 0.98 15.3 1.02 14.0 1.07 22 c499 

3.7 0.74 6.1 0.75 10.3 0.77 19.8 1.09 68 

11.1 0.76 12.1 0.78 12.6 0.78 19.8 1.09 34 c432 

(%) Pwr. (%) Pwr. (%) Pwr. (%) Pwr. delay 

Max. Dev. Mean Max. Dev. Mean Max. Dev. Mean Max. Dev. Mean Max-Circuit 
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Experimental results Experimental results –– large variationlarge variation

Critical delay distributionCritical delay distribution

–– Similar nominal delaySimilar nominal delay

–– Reduced delay variation by Opt2Reduced delay variation by Opt2

Nominal delay Max. Deviation (%)
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Experimental results Experimental results –– inputinput--specific optimizationspecific optimization

Application to Application to ““OptOpt”” under no processunder no process--variation, ISvariation, IS--OptOpt

IS-Opt (input-specific w/o proc)Opt (w/o proc var.)Un-Opt

38 221 0.52 44 220 0.52 1.0 215 

84 88 0.52 91 89 0.52 1.0 86 c7552 

853 620 0.13 857 620 0.13 1.0 620 

870 228 0.13 870 226 0.13 1.0 228 c6288 

52 250 0.56 53 249 0.56 1.0 245 

170 104 0.56 167 100 0.56 1.0 98 c5315 

73 239 0.59 78 239 0.59 1.0 235 

122 101 0.59 139 95 0.59 1.0 94 c3540 

1  162 0.74 9  163 0.74 1.0 160 

30 66 0.74 34 65 0.74 1.0 64 c2670 

3  204 0.53 34 203 0.54 1.0 200 

52 86 0.54 62 82 0.53 1.0 80 c1908 

25 120 0.93 128 121 0.93 1.0 120 

113 48 0.93 192 48 0.93 1.0 48 c1355 

24 122 0.54 30 121 0.54 1.0 120 

32 49 0.54 35 51 0.54 1.0 48 c880 

0  33 0.95 0  33 0.94 1.0 33 

33 22 0.94 48 22 0.94 1.0 22 c499 

41 69 0.74 58 68 0.74 1.0 68 

66 35 0.74 66 34 0.74 1.0 34 c432 

Buffers Delay Pwr. Buffers Delay Pwr. Pwr. maxdelay
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Experimental results Experimental results –– inputinput--specific optimizationspecific optimization

Application to Application to ““Opt2Opt2”” under processunder process--variation, ISvariation, IS--Opt2 under 15% intraOpt2 under 15% intra--die die 

and 5% interand 5% inter--die variationdie variation

IS-Opt2 (input-specific statistical proc)Opt2 (statistical proc)Un-opt.

520 10.9 0.55 0.52 645 11.8 0.56 0.52 1.0 312 

389 18.1 0.58 0.52 481 18.7 0.59 0.52 1.0 125 c7552 

1243 125.5 0.26 0.13 1473 125.3 0.26 0.13 1.0 899 

1115 225.2 0.38 0.13 1121 223.8 0.38 0.13 1.0 331 c6288 

413 13.2 0.60 0.55 418 13.4 0.60 0.55 1.0 356 

389 21.0 0.63 0.55 399 20.8 0.63 0.55 1.0 143 c5315 

188 7.4 0.61 0.59 311 10.1 0.62 0.59 1.0 341 

247 15.6 0.65 0.59 281 17.8 0.66 0.59 1.0 137 c3540 

79 4.3 0.75 0.73 211 6.2 0.76 0.73 1.0 232 

186 11.3 0.79 0.73 249 13.6 0.80 0.74 1.0 93 c2670 

104 18.4 0.57 0.52 190 21.4 0.58 0.52 1.0 290 

107 34.7 0.64 0.52 135 35.8 0.64 0.52 1.0 116 c1908 

160 4.7 0.95 0.93 305 3.0 0.94 0.93 1.0 174 

253 13.1 1.01 0.93 305 10.2 0.98 0.93 1.0 70 c1355 

38 9.0 0.56 0.54 62 8.6 0.55 0.54 1.0 174 

38 20.4 0.59 0.54 57 18.2 0.59 0.54 1.0 70 c880 

58 1.8 0.95 0.94 129 1.0 0.95 0.94 1.0 48 

88 1.9 0.95 0.94 88 2.0 0.95 0.94 1.0 32 c499 

76 3.3 0.74 0.74 106 3.7 0.74 0.74 1.0 99 

81 9.3 0.76 0.74 88 11.1 0.76 0.74 1.0 50 c432 

Buf. (%) Pwr. Pwr. Buf. (%) Pwr. Pwr. Pwr. 

No. Max Dev. Mean Nom. No. Max Dev. Mean Nom. Nom. D
Max

Cir. 



Nov. 16th, 2005Nov. 16th, 2005 Fei Hu, PhD DissertationFei Hu, PhD Dissertation 4444

Experimental results Experimental results –– inputinput--specific optimizationspecific optimization

TradeTrade--off by generalized relaxationoff by generalized relaxation

–– c432 circuit with varying c432 circuit with varying ττ valuevalue

–– Reduction of #buffers with degradation of power distributionReduction of #buffers with degradation of power distribution
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Experimental results Experimental results –– inputinput--specific optimizationspecific optimization

Critical delayCritical delay

–– Similar performance for Similar performance for ““Opt2Opt2”” and and ““ISIS--Opt2Opt2””

Nominal delay Max. deviation
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OutlineOutline
IntroductionIntroduction

BackgroundBackground
–– Dynamic power dissipationDynamic power dissipation

–– Glitch reductionGlitch reduction

–– Previous LP modelPrevious LP model

ProcessProcess--variationvariation--resistant LP modelresistant LP model
–– Process variationProcess variation

–– Delay modelDelay model

–– LP model based on worstLP model based on worst--case timingcase timing

–– LP model based on statistical timingLP model based on statistical timing

InputInput--specific optimizationspecific optimization
–– Without processWithout process--variationvariation

–– With processWith process--variationvariation

Experimental resultsExperimental results

ConclusionConclusion
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ConclusionsConclusions
Proposed a dynamic power optimization technique that is resistanProposed a dynamic power optimization technique that is resistant to the t to the 
process variationprocess variation

Consider processConsider process--variation in terms of the delay variations variation in terms of the delay variations 
–– interinter--die and intradie and intra--die variationsdie variations

–– Prove interProve inter--die variation has negligible effect on switching activity and podie variation has negligible effect on switching activity and powerwer

Construct two new LP modelsConstruct two new LP models
–– Worst case timing analysisWorst case timing analysis

–– Statistical timing analysisStatistical timing analysis

InputInput--specific optimization to reduce number of buffersspecific optimization to reduce number of buffers
–– Circuit optimized for certain input vector sequenceCircuit optimized for certain input vector sequence

Experimental resultsExperimental results
–– Complete suppression of power variation for small circuit and vaComplete suppression of power variation for small circuit and variationsriations

–– Significant reduction of power and delay variations for larger cSignificant reduction of power and delay variations for larger circuit and ircuit and 
variationsvariations

53% reduction in power deviation, 40% reduction in delay deviati53% reduction in power deviation, 40% reduction in delay deviation under 15% intraon under 15% intra--die die 
and 5% interand 5% inter--die variation die variation 

–– InputInput--specific optimization reduces tradespecific optimization reduces trade--off (buffers) significantly w/ equivalent off (buffers) significantly w/ equivalent 
power and delay performancepower and delay performance

ISIS--Opt2 vs. Opt2, Up to 63% reduction of bufferOpt2 vs. Opt2, Up to 63% reduction of buffer
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QuestionsQuestions

For more questions, contact me at For more questions, contact me at hufei01@auburn.eduhufei01@auburn.edu


