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Where Does Power Go in CMOS?Where Does Power Go in CMOS?

• Dynamic Power Consumption

• Short Circuit Currents

• Leakage

Charging and Discharging Capacitors

Short Circuit Path between Supply Rails during Switching

Leaking diodes and transistors
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Power dissipationPower dissipation

•• Static power dissipationStatic power dissipation

–– In In theorytheory, CMOS has no static power dissipation, CMOS has no static power dissipation

–– There is a slight There is a slight current current ((subthreshold leakagesubthreshold leakage  current and gatecurrent and gate
leakage currentleakage current) on the order of .1-.5nA per device) on the order of .1-.5nA per device

–– At 5V supply voltage, .5-2.5 At 5V supply voltage, .5-2.5 nW nW static power dissipation perstatic power dissipation per
devicedevice

–– Million gate chip will have .5-2.5 Million gate chip will have .5-2.5 mW mW static power dissipationstatic power dissipation
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Power dissipationPower dissipation

•• Dynamic power dissipationDynamic power dissipation
–– Proportional to load capacitance and frequencyProportional to load capacitance and frequency

–– Proportional to square of the supply voltageProportional to square of the supply voltage
•• Current trend is to reduce supply voltages to reduce powerCurrent trend is to reduce supply voltages to reduce power

•• Reduced supply voltage will increase delays howeverReduced supply voltage will increase delays however

–– Not dependent on device parametersNot dependent on device parameters
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Power dissipationPower dissipation

•• Dynamic power dissipationDynamic power dissipation

–– Switching causes short bursts of current flow which willSwitching causes short bursts of current flow which will
cause power dissipationcause power dissipation

Vout

i n(t)
Vout

i p(t)
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Power dissipationPower dissipation

•• Dynamic power dissipationDynamic power dissipation
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Power dissipationPower dissipation

•• ExampleExample

€ 

VDD = 5V
f =1GHz

CL =1pF
P = CLVDD

2 f
=1pf ⋅ 52 ⋅1GHz
= 25mW
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Modification for Circuits with Reduced Swing

CL

Vdd

Vdd

Vdd -Vt

E01→ CL Vdd Vdd Vt–()••=

Can exploit reduced swing to lower power
(e.g., reduced bit-line swing in memory)
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Power dissipiationPower dissipiation

•• Short circuit current dissipationShort circuit current dissipation

–– Short circuit current occurs when both transistors areShort circuit current occurs when both transistors are
on temporarilyon temporarily

–– Proportional to the ratio of rise time to TProportional to the ratio of rise time to T

–– Since the rise time is usually much less than T, it canSince the rise time is usually much less than T, it can
be usually ignoredbe usually ignored
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Short Circuit CurrentsShort Circuit Currents

Vin Vout

CL

Vdd

I V
D
D
 (m

A)

0.15

0.10

0.05

Vin (V)
5.04.03.02.01.00.0



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 11

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

Minimizing Short-Circuit PowerMinimizing Short-Circuit Power
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LeakageLeakage

Vout

Vdd

Sub-Threshold
Current

Drain Junction
Leakage

Sub-Threshold Current Dominant FactorSub-threshold current one of most compelling issues
in low-energy circuit design!
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Reverse-Biased Diode LeakageReverse-Biased Diode Leakage

N
p+ p+

Reverse Leakage Current

+

-Vdd

GATE

IDL = JS × A

JS = 1-5pA/µm2 for a 1.2µm CMOS technology

Js double with every 9oC increase in temperature 

JS = 10-100 pA/µm2  at 25 deg C for  0.25µm CMOS
JS doubles for every 9 deg C!
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SubthresholdSubthreshold Leakage Component Leakage Component
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Principles Principles for Power Reductionfor Power Reduction

•• Prime choice: Reduce voltage!Prime choice: Reduce voltage!
–– Recent years have seen an acceleration in supplyRecent years have seen an acceleration in supply

voltage reductionvoltage reduction

–– Design at very low voltages still open question (0.6 Design at very low voltages still open question (0.6 ……
0.9 V by 2010!)0.9 V by 2010!)

•• Reduce switching activityReduce switching activity

•• Reduce physical capacitanceReduce physical capacitance
–– Device Sizing: for Device Sizing: for FF=20=20

•• ffoptopt(energy(energy)=3.53, )=3.53, ffoptopt(performance(performance)=4.47)=4.47
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Goals of Technology ScalingGoals of Technology Scaling

•• MakeMake things cheaper: things cheaper:

–– Want to sell more functions (transistors) per chip forWant to sell more functions (transistors) per chip for
the same moneythe same money

–– Build same products cheaper, sell the same part forBuild same products cheaper, sell the same part for
less moneyless money

–– Price of a transistor has to be reducedPrice of a transistor has to be reduced

•• But also want to be faster, smaller, lower powerBut also want to be faster, smaller, lower power
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Technology ScalingTechnology Scaling

•• Goals of scaling the dimensions by 30%:Goals of scaling the dimensions by 30%:

–– Reduce gate delay by 30% (increase operating frequencyReduce gate delay by 30% (increase operating frequency
by 43%)by 43%)

–– Double transistor Double transistor densitydensity

–– Reduce energy per transition by 30%Reduce energy per transition by 30%

•• Die size used to increase by 14% per generationDie size used to increase by 14% per generation

•• Technology generation spans 2-3 yearsTechnology generation spans 2-3 years
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Technology Scaling ModelsTechnology Scaling Models

• Full Scaling (Constant Electrical Field)

• Fixed Voltage Scaling

• General Scaling

ideal model — dimensions and voltage scale
together by the same factor S

most common model until recently —
only dimensions scale, voltages remain constant

most realistic for todays situation —
voltages and dimensions scale with different factors
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Scaling Relationships for Long Channel DevicesScaling Relationships for Long Channel Devices



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 11

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

Transistor ScalingTransistor Scaling
(velocity-saturated devices)(velocity-saturated devices)
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Technology GenerationsTechnology Generations
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Technology Evolution (2000 data)Technology Evolution (2000 data)
International Technology Roadmap for Semiconductors
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Technology Evolution (1999)Technology Evolution (1999)
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Technology Scaling (1)Technology Scaling (1)

Minimum Feature SizeMinimum Feature Size
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Technology Scaling (2)Technology Scaling (2)

Number of components per chipNumber of components per chip
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Technology Scaling (3)Technology Scaling (3)

Propagation DelayPropagation Delay

tp decreases by 13%/year
      50% every 5 years!
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Technology Scaling (4)Technology Scaling (4)

(a) Power dissipation vs. year.

95908580
0.01

0.1

1

10

100

Year

Po
w

er
 D

is
si

pa
tio

n 
 (

W
)

x4 /  3
 year

s

MPU  
DSP

x1.4 / 3 years

Scaling Factor κ 
?i normalized by 4µm design rule?j

1011

10

100

1000

∝ κ
 3

Po
w

er
 D

en
si

ty
 (

m
W

/m
m

2
) ∝ κ 0.7

(b) Power density vs. scaling factor.

From Kuroda
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µµProcessorProcessor Scaling Scaling

P.Gelsinger: µProcessors for the New Millenium, ISSCC 2001



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 11

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

µµProcessorProcessor Power Power

P.Gelsinger: µProcessors for the New Millenium, ISSCC 2001
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2010 Outlook2010 Outlook

•• PerformancePerformance 2X/16 months 2X/16 months

–– 1 TIP (terra instructions/s)1 TIP (terra instructions/s)

–– 30 GHz clock30 GHz clock

•• SizeSize

–– No of transistors: 2 BillionNo of transistors: 2 Billion

–– Die: 40*40 mmDie: 40*40 mm

•• PowerPower

–– 10kW!!10kW!!

–– Leakage: 1/3 active PowerLeakage: 1/3 active Power

P.Gelsinger: µProcessors for the New Millenium, ISSCC 2001 
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Some interesting questionsSome interesting questions

•• What will cause this model to break?What will cause this model to break?

•• When will it break?When will it break?

•• Will the model gradually slow down?Will the model gradually slow down?

–– Power and power densityPower and power density

–– LeakageLeakage

–– Process VariationProcess Variation
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Final ProjectFinal Project

•• Teams of twoTeams of two

•• Choose your own projectChoose your own project

•• If you want to fabricate chip, you areIf you want to fabricate chip, you are
limited to a 1.5 mm square - roughly 5-limited to a 1.5 mm square - roughly 5-
10000 transistors10000 transistors
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Final ProjectFinal Project

•• Spring 2003 - Search Engine ProcessorSpring 2003 - Search Engine Processor
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Final ProjectFinal Project

•• Spring 2004 - Encoder/DecoderSpring 2004 - Encoder/Decoder
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FinalFinal Project Project

•• Important DatesImportant Dates

–– Proposal due March Proposal due March 3rd3rd

–– Architecture due March Architecture due March 17th17th

–– Logic Design due Logic Design due March 31stMarch 31st

–– Demonstrations Demonstrations April 26-28thApril 26-28th

–– Final Project Report due Final Project Report due AprilApril  29th29th

–– Presentation Presentation April 28thApril 28th
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Next ClassNext Class

•• Exam 1Exam 1

–– Lectures 1-10Lectures 1-10

–– HW1-3HW1-3

–– Chapters 1-6Chapters 1-6


