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Microprocessor Evolution
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Moore’s Law Moore’s Law -- 19651965

ElectronicsElectronics, April 1965, April 1965
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Past Forecasts Past Forecasts 

“Heavier“Heavier--than air flying machines are not possible”than air flying machines are not possible”
Lord Kelvin, 1895Lord Kelvin, 1895

“I think there is a world market for maybe five computers”“I think there is a world market for maybe five computers”
IBM Chairman Thomas Watson, 1943 IBM Chairman Thomas Watson, 1943 

“640,000 bytes of memory ought to be enough for anybody” “640,000 bytes of memory ought to be enough for anybody” 
Bill Gates, 1981Bill Gates, 1981

“The Internet will catastrophically collapse in 1996”“The Internet will catastrophically collapse in 1996”
Robert MetcalfeRobert Metcalfe
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MooreMoore’’s Law Continuess Law Continues
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Processor Frequency TrendProcessor Frequency Trend
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•• Frequency doubles each generationFrequency doubles each generation
•• Number of gates per clock reduces by 25%Number of gates per clock reduces by 25%
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Processor Power TrendProcessor Power Trend

0
10
20
30
40
50
60
70
80
90

500 1000 1500 2000 2500 3000 3500
Frequency [MHz]

Po
w

er
 [W

]
Pentium® 4
0.18um

Pentium® 4
0.13um

Pentium® III
0.13um

Pentium® III
0.18um

•• Lead processor power increases every generationLead processor power increases every generation
•• Process scaling provides higher performance at lower powerProcess scaling provides higher performance at lower power
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Voltage Scaling Is Slowing DownVoltage Scaling Is Slowing Down
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Power Density TrendPower Density Trend
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•• Assumptions: 15mm die, 1.5x frequency increase per generationAssumptions: 15mm die, 1.5x frequency increase per generation
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Active and Leakage Power TrendsActive and Leakage Power Trends
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Bus Bandwidth TrendBus Bandwidth Trend
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Transistor Physical Gate Length Transistor Physical Gate Length 
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Source: Robert ChauSource: Robert Chau



©2004©2004 Intel Corp.Intel Corp. Page Page 1515

Planar CMOS Transistor ScalingPlanar CMOS Transistor Scaling
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2003
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50nm
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•• Intel R&D groups are exploring aggressive scaling of Intel R&D groups are exploring aggressive scaling of 
conventional planar CMOS transistorsconventional planar CMOS transistors

Source: Robert ChauSource: Robert Chau
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Depleted Substrate TransistorDepleted Substrate Transistor

Single-gate DST Tri-gate DST
Source: Robert ChauSource: Robert Chau
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Lithography ChallengesLithography Challenges
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Extreme Ultraviolet LithographyExtreme Ultraviolet Lithography
•• EUV lithography uses extremely short wavelength EUV lithography uses extremely short wavelength 
light (20x shorter than today’s lithography processes)light (20x shorter than today’s lithography processes)

–– Visible light Visible light –– 400 to 700 nm400 to 700 nm
–– DUV lithography DUV lithography –– 193 and 248 nm193 and 248 nm
–– EUV lithography EUV lithography –– 13 nm13 nm

World’s First 6-inch EUV ETS Mask



©2004©2004 Intel Corp.Intel Corp. Page Page 1919

Process FluctuationsProcess Fluctuations

Die-to-Die Fluctuations Within-Die Fluctuations

RandomSystematic

Resist Thickness Lens Aberrations Random Placement 
of Dopant Atoms

Source: K. Bowman, et.al., ISSCC’2001
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P, V, T VariationsP, V, T Variations
•• PProcessrocess

–– DieDie--toto--die variationdie variation
–– WithinWithin--die variationdie variation
–– Static for each dieStatic for each die

•• VVoltageoltage
–– Chip activity changeChip activity change
–– Current deliveryCurrent delivery——RLCRLC
–– Dynamic: ns to 10Dynamic: ns to 10--100us100us
–– WithinWithin--die variation die variation 

•• TTemperatureemperature
–– Activity & ambient changeActivity & ambient change
–– Dynamic: 100Dynamic: 100--1000us1000us
–– WithinWithin--die variation

Temp
(oC)

die variation
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Impact on Design MethodologyImpact on Design Methodology
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•• Major paradigm shift from deterministic design to Major paradigm shift from deterministic design to 
probabilistic / statistical designprobabilistic / statistical design
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Metal LayersMetal Layers
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90nm Generation Interconnects90nm Generation Interconnects
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OnOn--chip Interconnect Trendchip Interconnect Trend

•• Local interconnects scale with gate delayLocal interconnects scale with gate delay
•• Intermediate interconnects benefit from lowIntermediate interconnects benefit from low--k materialk material
•• Global interconnects do not scaleGlobal interconnects do not scale
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Skin EffectSkin Effect
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•• Edge frequency is 5Edge frequency is 5--9x the clock frequency9x the clock frequency
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Capacitive vs. Inductive CouplingCapacitive vs. Inductive Coupling

•• Capacitive CouplingCapacitive Coupling
–– Due to electric fieldDue to electric field
–– “Near” field effect“Near” field effect
–– Measures resistance Measures resistance 

to a voltage changeto a voltage change
•• Inductive CouplingInductive Coupling

–– Due to magnetic fieldDue to magnetic field
–– “Far” field effect“Far” field effect
–– Measures resistance Measures resistance 

to a current changeto a current change
–– Frequency Frequency 

dependentdependent
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Inductive NoiseInductive Noise
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•• Inductance of VLSI metal lines is becoming Inductance of VLSI metal lines is becoming 
important at operating frequencies above 1GHzimportant at operating frequencies above 1GHz

•• Need accurate R,L,C extraction toolsNeed accurate R,L,C extraction tools

PCB (FR4) Signal TracePCB (FR4) Signal Trace VLSI Metal LineVLSI Metal Line
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Inductance EffectInductance Effect

Xanthopoulos, ISSCC-2001
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Noise AnalysisNoise Analysis

••Each circuit broken into equivalent models for various noise souEach circuit broken into equivalent models for various noise sourcesrces
–– Models chargeModels charge--sharing, coupling, leakage, supply noise, contentionsharing, coupling, leakage, supply noise, contention
–– Calculated noise propagated to next stage to model amplificationCalculated noise propagated to next stage to model amplification

••MacroMacro--block results rolled up to fullchip analysisblock results rolled up to fullchip analysis
–– Abstracted noise from block level are collected for the full chiAbstracted noise from block level are collected for the full chip and p and 

combined with coupling analysiscombined with coupling analysis
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ItaniumItanium®® 2 Processor Power Charts2 Processor Power Charts

•• Maintain the same 130W Maintain the same 130W 
power envelopepower envelope
–– 50% frequency increase50% frequency increase
–– 2X larger L3 cache2X larger L3 cache
–– Leakage increased 3.5XLeakage increased 3.5X

•• Aggressive management Aggressive management 
of dynamic powerof dynamic power
–– Reduced clock loadingReduced clock loading
–– Reduced contention powerReduced contention power
–– L3 cache power L3 cache power 

management
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14%

74%

130nm Itanium® 2
Processor 6M 1.5GHz

dynamic power
I/O power
core leakage/static
cache leakage

5% 5%

90%

180nm Itanium® 2
Processor 3M 1.0GHz

dynamic power

I/O power

all leakage/staticmanagement
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Active Power ReductionActive Power Reduction
Reduce switched capacitance:
• Minimize loading from 
diffusion, wire, gate

• Use more efficient layout 
techniques

Technology scaling:
• Dynamic voltage scaling
• Supply voltage scaling is 
slowing down

• Thresholds don’t scale

P =   α CL V2 fCLK

Reduce switching activity:
• Conditional execution
• Conditional clocking
• Conditional precharge
• Turn off inactive blocks

Reduce clock frequency:
• Use parallelism
• Less pipeline stages
• Use double-edge flip-flops
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Clock GatingClock Gating
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•• Save power by gating the clock when data activity is lowSave power by gating the clock when data activity is low
•• Requires detailed logic validationRequires detailed logic validation
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Active Power ManagementActive Power Management

FrequencyFrequency

Po
w

er
Po

w
er

MinimumMinimum
Operating Operating 
VoltageVoltage

Power Power αα VV33

Most efficient Most efficient 
operating pointoperating point

IncreasingIncreasing
PerformancePerformance

Increasing EfficiencyIncreasing Efficiency
(Freq/Power)(Freq/Power)

Max PerformanceMax Performance

Power scalingPower scaling
range ~ 3range ~ 3––4 4 

Deep Sleep /Deep Sleep /
Quick Start Quick Start 

•• VoltageVoltage--frequency scaling with active thermal feedbackfrequency scaling with active thermal feedback
•• MultiMulti--operating states from high performance to deep sleepoperating states from high performance to deep sleep
•• Power management reduces average and peak powerPower management reduces average and peak power
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Xscale V/F AdjustmentXscale V/F Adjustment
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Exploit Memory Power EfficiencyExploit Memory Power Efficiency

•• Static memory has 10X lower active power densityStatic memory has 10X lower active power density
•• Lower leakage than logicLower leakage than logic
•• OnOn--die cache provides higher bandwidth and lower latencydie cache provides higher bandwidth and lower latency
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SRAM Cell Size ScalingSRAM Cell Size Scaling
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•• SRAM cell size continues to scale ~0.5x per generationSRAM cell size continues to scale ~0.5x per generation
•• Larger caches can be incorporated on dieLarger caches can be incorporated on die
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Server Processors OnServer Processors On--Die Cache Die Cache 
Size TrendsSize Trends
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•• Increasing cache size is a power efficient Increasing cache size is a power efficient 
way to improve server performanceway to improve server performance
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Leakage Continues to IncreaseLeakage Continues to Increase
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•• Design issues: Design issues: 
–– Dynamic circuits may failDynamic circuits may fail
–– Need to guarantee burnNeed to guarantee burn--in functionalityin functionality
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Subthreshold Leakage TrendSubthreshold Leakage Trend

1.E-14

1.E-12

1.E-10

1.E-08

1.E-06

1.E-04

10 100 1000

Physical Gate Length (nm)

I O
ff

(A
/u

m
)

Intel 15nm
transistor

Intel 30nm
transistor

Intel 20nm transistor

Research data
in literature  (   )

Production data
in literature (     ) 



©2004©2004 Intel Corp.Intel Corp. Page Page 4242

HighHigh--K Gate DielectricK Gate Dielectric

HighHigh--K gate dielectric will reduce gate leakage by up K gate dielectric will reduce gate leakage by up 
to 100x in the 45nm technology nodeto 100x in the 45nm technology node



©2004©2004 Intel Corp.Intel Corp. Page Page 4343

Leakage Reduction TechniquesLeakage Reduction Techniques
Body Bias Stack Effect Sleep Transistor

Vdd
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Equal Loading Logic Block

2-10X reduction 2-1000X reduction
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Leakage is a Strong FunctionLeakage is a Strong Function
of Voltageof Voltage
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Standby Leakage Reduction:Standby Leakage Reduction:
Sleep Transistor DesignSleep Transistor Design

Motivation: Cut off power Motivation: Cut off power 
supply in sleepsupply in sleep--modemode
Insert sleep transistor Insert sleep transistor 
between main supply and between main supply and 
functional unit’s supply railsfunctional unit’s supply rails
Latches tied to main supply Latches tied to main supply 
rails to retain staterails to retain state
EDA tools needed to:EDA tools needed to:

Size sleep transistor and Size sleep transistor and 
distribute in layoutdistribute in layout
Model the timing impact Model the timing impact 

Virtual Vss

Virtual Vcc

Functional Unit

Sleep
transistor

Sleep
transistor
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BurnBurn--in Tolerant Dynamic Circuitsin Tolerant Dynamic Circuits
Normal Mode Keeper Effective Burn-in Keeper

Burn-in Enable PKB

Min. 
sized

Clock PK1

Pull Down 
N-tree

A. Alvandpour et al, 2002 CICCA. Alvandpour et al, 2002 CICC

•• Leakage sensitive circuits not functional at burnLeakage sensitive circuits not functional at burn--inin
•• Larger keepers increase delay at nominal conditionLarger keepers increase delay at nominal condition
•• Conditional keeper enables functional burnConditional keeper enables functional burn--in  in  
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Microprocessor Package Evolution

•• 1971 1971 –– 4004 Processor4004 Processor
–– 1616--pin ceramic packagepin ceramic package
–– Wire bond attachWire bond attach
–– 750kHz I/O

•• 2003 2003 -- PentiumPentium®® 4 Processor4 Processor
–– 478478--pin organic packagepin organic package
–– FlipFlip--chip attachchip attach
–– 200MHz, quad200MHz, quad--pumped I/O750kHz I/O pumped I/O
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Thermal ResistanceThermal Resistance
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Power Density ModelsPower Density Models
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OnOn--Die TemperatureDie Temperature

Hot SpotsHot Spots

Power MapPower Map

•• With increasing power density and large onWith increasing power density and large on--die caches,die caches,
detailed, nondetailed, non--uniform power models are requireduniform power models are required
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Thermal ModelingThermal Modeling

Simulated power density Simulated power density Infrared Emission Infrared Emission 
Microscope measurement Microscope measurement 

D. Genossar and N. Shamir “Intel® Pentium® M Processor Power Estimation,
Budgeting, Optimization and Validation”, Intel Technology Journal 5/2003
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Thermal Protection FeaturesThermal Protection Features
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Metal Reliability VerificationMetal Reliability Verification
•• Metal routing validated for Metal routing validated for 

selfself--heating (SH) and heating (SH) and 
electromigration (EM)electromigration (EM)

–– MacroMacro--blocks verified through blocks verified through 
every geometry for SH/EMevery geometry for SH/EM

–– Fullchip EM correctFullchip EM correct--byby--
constructionconstruction

–– Fullchip SH verified throughFullchip SH verified through
all geometriesall geometries

•• Thermal map used at the Thermal map used at the 
macromacro--block level to tighten block level to tighten 
constraintsconstraints

–– Hottest areas of die need to Hottest areas of die need to 
meet higher standardsmeet higher standards
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Call to ActionCall to Action
•• CAD tools must enable power and leakage reduction CAD tools must enable power and leakage reduction 

techniques with high productivitytechniques with high productivity
–– All design flows must be power and leakage awareAll design flows must be power and leakage aware
–– Need support for multiple transistors flavors (Le and Vt) Need support for multiple transistors flavors (Le and Vt) 

and sleep devices for leakage reductionand sleep devices for leakage reduction
•• CAD tools must comprehend process, temperature and CAD tools must comprehend process, temperature and 

voltage variations voltage variations -- worst casing is not practicalworst casing is not practical
–– Major shift from deterministic to probabilistic designMajor shift from deterministic to probabilistic design
–– Design optimization must consider parameter variationsDesign optimization must consider parameter variations

•• Simultaneous optimization of power, timing and noiseSimultaneous optimization of power, timing and noise
–– Need accurate R,L,C extraction toolsNeed accurate R,L,C extraction tools
–– Explore multiple solutions for noise problemsExplore multiple solutions for noise problems
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SummarySummary
•• Moore’s Law will continue for at least another decadeMoore’s Law will continue for at least another decade

–– 2X transistors growth per technology generation2X transistors growth per technology generation
–– 30nm and smaller transistors realized30nm and smaller transistors realized

•• Power and leakage are a significant challengePower and leakage are a significant challenge
–– Exploit memory power efficiency Exploit memory power efficiency →→ larger cacheslarger caches
–– Dynamic voltage and frequency adjustmentDynamic voltage and frequency adjustment
–– Circuit techniques (clock gating, sleep transistors)Circuit techniques (clock gating, sleep transistors)

•• EDA industry’s job is to enable designers to keep EDA industry’s job is to enable designers to keep 
pace with Moore’s lawpace with Moore’s law

–– Deliver tools and methodologies for increasingly Deliver tools and methodologies for increasingly 
complex designscomplex designs

–– Focus on leakage and active power reductionFocus on leakage and active power reduction
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