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ISSCC 2003ISSCC 2003——
Gordon Moore saidGordon Moore said……

““No exponential is foreverNo exponential is forever……
ButBut

We can delay We can delay ForeverForever””
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OutlineOutline

The The exponentialexponential challengeschallenges
Circuit and Circuit and µµArch solutionsArch solutions
Major paradigm shifts in designMajor paradigm shifts in design
Integration & SOCIntegration & SOC
The The exponentialexponential rewardreward
SummarySummary
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Goal: 1TIPS by 2010Goal: 1TIPS by 2010
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Technology ScalingTechnology Scaling
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Leff
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Dimensions scale Dimensions scale 
down by 30%down by 30%

Doubles transistor Doubles transistor 
densitydensity

Oxide thickness Oxide thickness 
scales downscales down

Faster transistor, Faster transistor, 
higher performancehigher performance

Vdd & Vt scalingVdd & Vt scaling Lower active powerLower active power

Technology has scaled well, will it in the future?Technology has scaled well, will it in the future?Technology has scaled well, will it in the future?
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Technology OutlookTechnology Outlook
High Volume High Volume 
ManufacturingManufacturing 20042004 20062006 20082008 20102010 20122012 20142014 20162016 20182018

Technology Node Technology Node 
(nm)(nm)

9090 6565 4545 3232 2222 1616 1111

128

Energy/Logic Op Energy/Logic Op 
scalingscaling

>0.35>0.35 >0.5>0.5 >0.5>0.5 Energy scaling will slow downEnergy scaling will slow down

VariabilityVariability Medium                  High                  Very HighMedium                  High                  Very High

Alternate, 3G etcAlternate, 3G etc Low Probability                                  High ProbabilitLow Probability                                  High Probabilityy

ILD (K)ILD (K) ~3~3 <3<3 Reduce slowly towards 2Reduce slowly towards 2--2.52.5
RC DelayRC Delay 11 11 11 11 11 11 11 11
Metal LayersMetal Layers 66--77 77--88 88--99 0.5 to 1 layer per generation0.5 to 1 layer per generation

88

Integration Integration 
Capacity (BT)Capacity (BT)

2 4 8 16 32 64 256

Delay = CV/I Delay = CV/I 
scalingscaling

0.70.7 ~0.7~0.7 >0.7>0.7 Delay scaling will slow downDelay scaling will slow down

Bulk Planar CMOSBulk Planar CMOS High Probability                                  Low ProbabilitHigh Probability                                  Low Probabilityy
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Is Transistor a Good Switch?Is Transistor a Good Switch?

I ≠ 0

I = 1ma/u

On

I = ∞

I = 0

I ≠ 0

I ≠ 0
Sub-threshold Leakage

Off

I = 0

I = 0
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Exponential Challenge #1Exponential Challenge #1
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SubSub--threshold Leakagethreshold Leakage
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SD Leakage PowerSD Leakage Power
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Leakage PowerLeakage Power
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Exponential Challenge #2Exponential Challenge #2
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Gate Oxide is Near LimitGate Oxide is Near Limit

HighHigh--K dielectric is crucialK dielectric is crucial
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Exponential Challenge #3Exponential Challenge #3
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Energy per Logic OperationEnergy per Logic Operation
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Energy per logic operation scaling will slow downEnergy per logic operation scaling will slow downEnergy per logic operation scaling will slow down
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The Power CrisisThe Power Crisis
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Exponential Challenge #4Exponential Challenge #4
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Sources of VariationsSources of Variations
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Frequency & SD LeakageFrequency & SD Leakage
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VtVt DistributionDistribution
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Exponential Challenge #5Exponential Challenge #5
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Platform RequirementsPlatform Requirements
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Exponential Challenge #6Exponential Challenge #6
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Exponential CostsExponential Costs

$1

$10

$100

$1,000

$10,000

$100,000

1960 1970 1980 1990 2000 2010

Li
th

o 
To

ol
 C

os
t (

$K
)

G. Moore
ISSCC 03

Litho Cost

$1

$10

$100

$1,000

$10,000

1960 1970 1980 1990 2000 2010

Fa
b 

C
os

t (
$M

)

www.icknowledge.com

FAB Cost

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1960 1970 1980 1990 2000 2010

$/
Tr

an
si

st
or

$ per Transistor

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1960 1970 1980 1990 2000 2010

$/
M

IP
s

$ per MIPS



25

Product Cost PressureProduct Cost Pressure
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Must Fit in Power EnvelopeMust Fit in Power Envelope

0

200

400

600

800

1000

1200

1400

90nm 65nm 45nm 32nm 22nm 16nm

Po
w

er
 (W

), 
Po

w
er

 D
en

si
ty

 (W
/c

m2 )
SiO2 Lkg
SD Lkg
Active

10 mm Die

1 MB
2 MB

4 MB

8 MB

Technology, Circuits, and Technology, Circuits, and 
Architecture to constrain the power Architecture to constrain the power 



27

Some ImplicationsSome Implications
Tox scaling will slow Tox scaling will slow 
downdown——may stop?may stop?
Vdd scaling will slow Vdd scaling will slow 
downdown——may stop?may stop?
Vt scaling will slow Vt scaling will slow 
downdown——may stop?may stop?
Approaching Approaching 
constant Vdd scalingconstant Vdd scaling
Energy/logic op will Energy/logic op will 
not scalenot scale
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The Gigascale DilemmaThe Gigascale Dilemma

1B T integration capacity will be available1B T integration capacity will be available
But could be unusable due to powerBut could be unusable due to power
Logic T growth will slow downLogic T growth will slow down
Transistor performance will be limitedTransistor performance will be limited

SolutionsSolutions
Low power design techniquesLow power design techniques
Improve design efficiencyImprove design efficiency——Multi everywhereMulti everywhere
Valued performance by even higher Valued performance by even higher 
integration integration (of potentially slower transistors)(of potentially slower transistors)
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PowerPower——active and leakageactive and leakage
VariationsVariations
MicroarchitectureMicroarchitecture
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Active Power ReductionActive Power Reduction
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Leakage ControlLeakage Control
Body Bias
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Stack Effect
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Circuit Design TradeoffsCircuit Design Tradeoffs
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Impact of Critical PathsImpact of Critical Paths
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Impact of Logic DepthImpact of Logic Depth
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µµArchitectureArchitecture TradeoffsTradeoffs
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VariationVariation--tolerant Designtolerant Design
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Probabilistic DesignProbabilistic Design

Leakage PowerLeakage Power

Fr
eq

ue
nc

y
Fr

eq
ue

nc
y DeterministicDeterministic

ProbabilisticProbabilistic
10X variation 10X variation 

~50% total power~50% total power

Due to Due to 
variations in:variations in:
VVdddd, V, Vtt, and , and 

TempTemp

Pr
ob

ab
ili

ty
Pr

ob
ab

ili
ty

Path DelayPath Delay
DelayDelay

Delay TargetDelay Target

# 
of

 P
at

hs
# 

of
 P

at
hs ProbabilisticProbabilistic

Delay TargetDelay Target

# 
of

 P
at

hs
# 

of
 P

at
hs DeterministicDeterministic

Deterministic design techniques inadequate in the futureDeterministic design techniques inadequate in the futureDeterministic design techniques inadequate in the future



38

Shift in Design ParadigmShift in Design Paradigm
MultiMulti--variable design optimization for:variable design optimization for:
–– Yield and bin splits Yield and bin splits 
–– Parameter variations Parameter variations 
–– Active and leakage powerActive and leakage power
–– Performance Performance 

Today:Today:
Local OptimizationLocal Optimization

Single VariableSingle Variable

Tomorrow:Tomorrow:
Global OptimizationGlobal Optimization

MultiMulti--variatevariate
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Adaptive Body BiasAdaptive Body Bias----ExperimentExperiment
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Adaptive Body BiasAdaptive Body Bias----ResultsResults
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Design & Design & µµArch EfficiencyArch Efficiency
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Memory LatencyMemory Latency
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Increase onIncrease on--die Memorydie Memory

Large on die memory provides:
1. Increased Data Bandwidth & Reduced Latency
2. Hence, higher performance for much lower power
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MultiMulti--threadingthreading
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Chip MultiChip Multi--ProcessingProcessing
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Special Purpose HardwareSpecial Purpose Hardware
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Valued Performance: SOC Valued Performance: SOC 
(System on a Chip)(System on a Chip)

SpecialSpecial--purpose hardware purpose hardware more MIPS/mmmore MIPS/mm²²
SIMD integer and FP instructions in several ISAsSIMD integer and FP instructions in several ISAs

Die AreaDie Area PowerPower PerformancePerformance
General General 
PurposePurpose 2X2X 2X2X ~1.4X~1.4X

Multimedia Multimedia 
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The Exponential RewardThe Exponential Reward
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SummarySummary——Delaying Delaying ForeverForever

Gigascale transistor integration capacity will Gigascale transistor integration capacity will 
be availablebe available——Power and Energy are the Power and Energy are the 
barriersbarriers
Variations will be even more prominentVariations will be even more prominent——shift shift 
from Deterministic tofrom Deterministic to Probabilistic designProbabilistic design
Improve design efficiencyImprove design efficiency
MultiMulti——everywhere, & SOC everywhere, & SOC valued valued 
performanceperformance
Exploit integration capacity to deliver Exploit integration capacity to deliver 
performance in power/cost envelopeperformance in power/cost envelope
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