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Motivation

• Original objective: Match biological energyefficiency.

• Overall energy is minimized when leakageenergy equals
switchingenergy.

• Minimum energyis too slow for manyapplications:Mini-
mize energyxtime.
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Power,watts (W) aCV2! loffV - QscV !
Energy,joules(J) aCV2 lOffVI! QscV

• Energy= "power-delayproduct"

• E = Pt = PI!

• Joules= watt-sec,watt/Hz

• InJ = ImW/MHz
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ｒ･､ｾ｣ｩｮｧ energy

E = aCV2 + 10ffV/f + Qscv
• Reduceloff: Alreadysmall (lmA typ).

• ReduceQsc: 1/2 of clock, 1/8 of total; transistorsizercan
makesmall

• ｾ Most of the energyis in Eac .
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ｒ ･ ､ ｾ ｣ ｩ ｮ ｧ Eac

• Reducea: Powermanagementof inactivecircuits.

• ReduceC: Circuit design,clocking.

• ReduceV: Quadraticimprovement.

• V: 5 ｾ O.5Y reducesenergyby lOOx.

• Also makeschip run slow: 100KHz typo
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7.4.4

Our.approach

• Modify the processto achievegood performanceat low
voltage.

• How? Reducethresholdvoltage.

• Wait: Increaseleakage?!

• Key idea: Energyis minimizedwhenEac = Edc.

• Example:

Process

std CMOS 20W 2mW
ULP CMOS 200mW 200mW
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Tunablethresholds

• ULP CMOS has1/100the powerbut 100x the leakagein
activecircuits.

• Problem: Inactivecircuits requirelow leakage.

• Solution: Usesubstratebiasto adjustdevicethresholds.

• Vi = nVTln(ld/a) minimizesenergy,wheren is gatecou-
pling, VT is thermal voltage, ld is logic depth, and a is
activity.

• This works out to a thresholdof 120mV for active logic
circuits at room temperature.
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Minjlllulll energyx tillle
l/(energyx time)vs supplyandthresholdvoltage
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Inverter VTCs
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Nand VTCs
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f=JlQ

Ｎ ｾ .4.8

7Ｍｳｴｾｧ･ ring oscillator
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Ring oscillator f = I / Q
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Lo'W. voltage performance

df/ dV = lOOMHz/V
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Chip currentvs Vdd
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Chip power vs Vdd
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Ring oscillator minimum energy
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Ring oscillator nlininlum energyxtime
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Challenges

• Controlling Vi

• Environmentmonitoringandcontrol

• Noisemarginsandisolation

• Powersupplydesign: IW = lOA at IOOmV

• Soft errors

• Interfacecircuits

• Critical subsystems:SRAMs, registerfiles

• Testequipmentinfrastructure

7.4.11
ULP CMOS-22



7.4.12

Conclusions

• Modifying theprocessto accommodatelow, tunablethresh-
oldscanimprovetheenergyefficiencyof CMOS circuitsby
100x.

• ｎ･ｾ､ to relax leakagefrom IpA/ jjm to 1-10 nA/ jjm.

• Electricallytunablethresholdsarekey to accommodatinga
wide rangeof applicationsandactivity levelsin thesystem.

• Key concept:Minimum energybalancesthe leakagepower
of inactivecircuitswith the switchingpowerof the circuits
doing the work.
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