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RealitiesRealities

Power has emerged as the #1 limiter of design Power has emerged as the #1 limiter of design g gg g
performance beyond the 65nm generation.performance beyond the 65nm generation.
Dynamic and static power dissipation limit achievable Dynamic and static power dissipation limit achievable 

f d t fi d hi t lif d t fi d hi t liperformance due to fixed caps on chip or system cooling performance due to fixed caps on chip or system cooling 
capacity.capacity.
Power related signal integrity issues (IR drop, L di/dt Power related signal integrity issues (IR drop, L di/dt o e e ated s g a teg ty ssues ( d op, d /dto e e ated s g a teg ty ssues ( d op, d /dt
noise) have become major sources of design renoise) have become major sources of design re--spins.spins.

TransistorsTransistors (and silicon) are(and silicon) are freefreeTransistorsTransistors (and silicon) are (and silicon) are free.free.
PowerPower is the only real is the only real limiter.limiter.
OptimizingOptimizing for for frequency and/or areafrequency and/or area may achieve may achieve neither.neither.

Pat Gelsinger, Senior Vice President & CTO, Intel



Industry Views (Intel)Industry Views (Intel)y ( )y ( )
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ConstantConstant--Field MOSFET ScalingField MOSFET Scalinggg

Source: B. Davari, IBM, 1999

• L, W, tox, xD, VDD, VT, C, I, and τ scale by 1/α.
• Area power dissipation and charges scale by 1/α• Area, power dissipation, and charges scale by 1/α.
• Power dissipation and charges per unit area do not scale.



VVdddd, V, Vthth and tand toxox Scaling Scaling dddd,, thth oxox gg
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VVthth does not scale much does not scale much 
since the inverse since the inverse 
subthreshold slope, which subthreshold slope, which 
represents transistor turnrepresents transistor turn offoff g (µ )                     

represents transistor turnrepresents transistor turn--off off 
rate, is dominated by rate, is dominated by 
temperature, not Vtemperature, not Vthth or Vor Vdddd.  .  

Source: Y Taur, 2002



Leakage Components in CMOSLeakage Components in CMOSg pg p

II11 Diode reverse bias Diode reverse bias 11
currentcurrent
II22 Subthreshold current Subthreshold current 
II33 Gate induced drain Gate induced drain 
leakage leakage 
II Gate oxide tunnelingGate oxide tunnelingII44 Gate oxide tunnelingGate oxide tunneling
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Leakage vs. Total PowerLeakage vs. Total Powergg
A significant part of total power at 90nm and belowA significant part of total power at 90nm and below

SubSub--threshold leakage is increasing due to Vthreshold leakage is increasing due to Vthth scaling.scaling.g gg g thth gg
Gate leakage is increasing due to gate oxide scaling.Gate leakage is increasing due to gate oxide scaling.

Leakage in active mode is a major issue.Leakage in active mode is a major issue.

Source: Puri, et al 2003 Source: Chandrakasan, et al 2002



Subthreshold Leakage CurrentSubthreshold Leakage Currentgg
Transfer characteristics of MOSFET for VTransfer characteristics of MOSFET for VGSGS near Vnear Vthth::

2 e 1 e 10
GS th DS DS GS th DS GS th DS

T T T

V V V V V V V V V V
nv v n S

sub e T sth
WI v C e
L

η η η
νμ

− + − − + − +⎛ ⎞
= − ∝ =⎜ ⎟⎜ ⎟

⎝ ⎠
• The inverse subthreshold slope, S, is equal to the voltage required to 

increase ID by 10X, i.e., 

⎝ ⎠

ln10nkTS
q

=

• If n = 1, S = 60 mV/dec at 300 K
• We want S to be small to shut off the MOSFET quickly
• In well designed devices, S is 70 - 90 mV/dec at 300 K.



Modeling IModeling Isubsub and Iand Ioffoff Currents Currents 
Increases exponentially with reduction in VIncreases exponentially with reduction in Vthth..
Modulation of VModulation of Vthth in a short channel transistor.in a short channel transistor.

↓↓ ↓↓L L ↓↓ ⇒⇒ VVthth ↓↓: “V: “Vthth Rolloff”Rolloff”
VVDSDS ↑↑ ⇒⇒ VVthth ↓↓:”Drain Induced Barrier Lowering”:”Drain Induced Barrier Lowering”
VVSBSB ↑↑ ⇒⇒ VVthth ↑↑: “Body Effect”.: “Body Effect”.

VVDSDS = 0   = 0   ⇒⇒ IIsubsub = 0= 0
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Key dependencies of the subthreshold slope:Key dependencies of the subthreshold slope:
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Key dependencies of the subthreshold slope:Key dependencies of the subthreshold slope:
TToxox ↓ ↓ ⇒⇒ CCoxox ↑ ↑ ⇒⇒ n n ↓ ↓ ⇒⇒ sharper subthresholdsharper subthreshold
NNAA ↑ ↑ ⇒⇒ CCsthsth ↑ ↑ ⇒⇒ n n ↑ ↑ ⇒⇒ softer subthresholdsofter subthreshold
VV ↑↑⇒⇒ CC ↓↓⇒⇒ nn ↓↓⇒⇒ sharper subthresholdsharper subthresholdVVSBSB ↑ ↑ ⇒⇒ CCsthsth ↓ ↓ ⇒⇒ n n ↓ ↓ ⇒⇒ sharper subthresholdsharper subthreshold
T T ↑ ↑ ⇒⇒ softer subthreshold.softer subthreshold.



Leakage Reduction TechniquesLeakage Reduction Techniquesg qg q

Device engineeringDevice engineeringDevice engineeringDevice engineering
Lowering and/or turning off VLowering and/or turning off Vdd dd (voltage islands (voltage islands 
and power domains)and power domains)p )p )
NonNon--minimum channel length transistorsminimum channel length transistors
DualDual--VVthth designdesignDualDual VVthth design design 
Transistor stackingTransistor stacking
Body bias control (static and/or adaptive)Body bias control (static and/or adaptive)Body bias control (static and/or adaptive)Body bias control (static and/or adaptive)
Cooling and/or refrigerationCooling and/or refrigeration
MTCMOS (sleep transistors power gating)MTCMOS (sleep transistors power gating)MTCMOS (sleep transistors, power gating)MTCMOS (sleep transistors, power gating)



MultiMulti--Threshold CMOS (MTCMOS)Threshold CMOS (MTCMOS)( )( )

It is also called power gating, using sleepIt is also called power gating, using sleepIt is also called power gating, using sleep It is also called power gating, using sleep 
transistor, etc.transistor, etc.
A highA high--VVthth sleep transistor is used to disconnect sleep transistor is used to disconnect gg thth pp
lowlow--VVth th transistors from the ground (Vtransistors from the ground (Vdddd).).
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MTCMOS TechnologyMTCMOS Technologygygy

MTCMOS technology has proven to be one ofMTCMOS technology has proven to be one ofMTCMOS technology has proven to be one of MTCMOS technology has proven to be one of 
the most effective technique for reducing the most effective technique for reducing 
subthreshold leakage in the standby mode of subthreshold leakage in the standby mode of 
circuit operation.circuit operation.

Vdd

Gate1 Gate2 Gate3 Active Sleep

SLEEPVirtual 
Ground



Some Drawbacks of MTCMOSSome Drawbacks of MTCMOS

There is potential for large ground bounce (noise).There is potential for large ground bounce (noise).
Energy is wasted when switching between the sleep Energy is wasted when switching between the sleep 
mode and active mode of circuit operationmode and active mode of circuit operation

ThisThis meansmeans energyenergy cannotcannot bebe savedsaved unlessunless thethe sleepsleepgygy pp
timetime isis longlong enoughenough..
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Our Solution: Charge RecyclingOur Solution: Charge Recyclingg y gg y g

Charge recycling technique uses both NMOSCharge recycling technique uses both NMOSCharge recycling technique uses both NMOS Charge recycling technique uses both NMOS 
and PMOS sleep transistors.and PMOS sleep transistors.
Circuit C is divided into 2 subCircuit C is divided into 2 sub--circuits:circuits:

SubSub--circuit Ccircuit C11 is connected to Sis connected to SNN

SubSub--circuit Ccircuit C22 is connected to Sis connected to SPP

VDD VDD

SP

C1 C2

P
P

Connections between 
C1 and C2

G
SN



Mode Transitions in This Mode Transitions in This 
C fi tiC fi tiConfigurationConfiguration
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Our Solution: Charge Recycling Our Solution: Charge Recycling 
(CR)(CR)(CR)(CR)
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Energy Consumption in CREnergy Consumption in CRgy pgy p

Replacing CR element with an ideal switch, M:Replacing CR element with an ideal switch, M:Replacing CR element with an ideal switch, M:Replacing CR element with an ideal switch, M:
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Energy Consumption in CR (cont.)Energy Consumption in CR (cont.)gy p ( )gy p ( )

Energy consumption during mode transition:Energy consumption during mode transition:Energy consumption during mode transition:Energy consumption during mode transition:
( ) 21 DDPactivesleep VCE α−=−

( ) 2

where we have:where we have:

( ) 21 DDGsleepactive VCE β−=−

where we have:where we have:
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Energy Saving Ratio (ESR) in CREnergy Saving Ratio (ESR) in CRgy g ( )gy g ( )

Energy consumption in one cycle for theEnergy consumption in one cycle for theEnergy consumption in one cycle for the Energy consumption in one cycle for the 
conventional MTCMOS and CRconventional MTCMOS and CR--MTCMOS:MTCMOS:

22
DDPDDGconv VCVCE +=

22
DDPDDGCR VCVCE βα +=

. DDPDDGconv

The energy saving ratio is:The energy saving ratio is:
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ESR is maximum when ESR is maximum when X=1, X=1, i.e., when            .i.e., when            .
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Charge Recycling Operation Charge Recycling Operation g y g pg y g p
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Effect of the Threshold VoltageEffect of the Threshold Voltagegg

Condition for a complete CRCondition for a complete CR (assuming(assuming CCGG=C=CPP):):Condition for a complete CRCondition for a complete CR (assuming (assuming CCGG CCPP):):

{ }
2

, DD
tptn

VVVMin ≤

If If VVtntn=|V=|Vtptp|, |, thenthen a simple NMOS will be adequate.a simple NMOS will be adequate.

Solution: decrease VSolution: decrease Vtt
Trade off: leakage current increases.Trade off: leakage current increases.



Effect of Transistor SizingEffect of Transistor Sizinggg

The larger the transmission gate (TG), the fasterThe larger the transmission gate (TG), the fasterThe larger the transmission gate (TG), the faster The larger the transmission gate (TG), the faster 
the charge recycling operationthe charge recycling operation

VDD

0

( )
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==− 44
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Trade off: larger TG switching power penaltyTrade off: larger TG switching power penalty

( ) PGDDPGtotal CCVCCE ++ 2

Trade off: larger TG switching power penaltyTrade off: larger TG switching power penalty
CCtgtg denotes the input cap of NMOS and PMOS in TG. denotes the input cap of NMOS and PMOS in TG. 



Leakage AnalysisLeakage Analysisg yg y

TG adds a new leakage path:TG adds a new leakage path:

Vdd Vdd

g pg p

C1

C

1

0
C20

Transistors in the TG must be high VTransistors in the TG must be high Vtt transistors.transistors.



Leakage Paths in Conventional Leakage Paths in Conventional 
T h iT h iTechniqueTechnique

The equivalent leakage model for the sleepThe equivalent leakage model for the sleepThe equivalent leakage model for the sleep The equivalent leakage model for the sleep 
mode: mode: VDD VDD

r Rr1

RN
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r2

Leakage is calculated by writing KVL equationsLeakage is calculated by writing KVL equationsLeakage is calculated by writing KVL equations Leakage is calculated by writing KVL equations 
(R(RNN=R=RPP=R): =R): 

VP DD
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=
R

P convleakage . =−



Leakage Paths in CR TechniqueLeakage Paths in CR Techniqueg qg q

The equivalent leakage model in the sleep The equivalent leakage model in the sleep 
mode: mode: VDD
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Leakage in CR TechniqueLeakage in CR Techniqueg qg q
VDD

r1/(n+1)

nR/(n+1)nr1/(n+1)

r2R

VP DD
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Leakage is calculated by writing KVL equations: Leakage is calculated by writing KVL equations: 

Rn
P DD
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⎞

⎜
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⎛ +=−

Leakage has increased by a factor of 1/2nLeakage has increased by a factor of 1/2nLeakage has increased by a factor of 1/2n .Leakage has increased by a factor of 1/2n .



Leakage in CR Technique (cont.)Leakage in CR Technique (cont.)g q ( )g q ( )

If n=2, there is 25% increase in the leakage:If n=2, there is 25% increase in the leakage:If n 2, there is 25% increase in the leakage:If n 2, there is 25% increase in the leakage:
For short and medium sleep periods, this increase is For short and medium sleep periods, this increase is 
negligible compared to the saving that we get from negligible compared to the saving that we get from 
the CR techniquethe CR technique
For long sleep periods, we must use larger For long sleep periods, we must use larger nn
by choosing transistors with smaller W/L ratiosby choosing transistors with smaller W/L ratiosby choosing transistors with smaller W/L ratiosby choosing transistors with smaller W/L ratios
in the TGin the TG
This is also beneficial from the layout areaThis is also beneficial from the layout area
point of viewpoint of view
Potential disadvantage: CR takes longerPotential disadvantage: CR takes longer
to completeto completeto complete.to complete.



Ground Bounce (GB) AnalysisGround Bounce (GB) Analysis( ) y( ) y

Simple wakeSimple wake--up circuit model for GB analysis: up circuit model for GB analysis: pp p yp y

CGSN

+
VG(t=0)=V0

L

R

t=0

SN -

R

For conventional MTCMOS: VFor conventional MTCMOS: V00=V=VDDDD

For CR MTCMOS: VFor CR MTCMOS: V00=V=VDDDD/2/2



Ground Bounce Analysis (cont.)Ground Bounce Analysis (cont.)y ( )y ( )

It is well known that:It is well known that:It is well known that:It is well known that:
The positive GB peak occurs when SThe positive GB peak occurs when SN N operates in operates in 
saturation regionsaturation region
When operating in the saturation region,When operating in the saturation region,
draindrain--source current of Ssource current of SNN, and thus the GB value,, and thus the GB value,
dose not depend on the Vdose not depend on the V00 valuevaluedose not depend on the Vdose not depend on the V00 valuevalue
In CRIn CR--MTCMOS, the positive GB peak value remains MTCMOS, the positive GB peak value remains 
unchangedunchanged
The negative GB peak occurs when SThe negative GB peak occurs when SNN operates inoperates in
linear region. This changes in CRlinear region. This changes in CR--MTCMOS.MTCMOS.



Ground Bounce Analysis (cont.)Ground Bounce Analysis (cont.)y ( )y ( )
Equivalent circuit model when the negative GB Equivalent circuit model when the negative GB 

k h (k h ( i th ON i t f Si th ON i t f S ))peak happens (rpeak happens (rDSDS is the ON resistance of Sis the ON resistance of SNN): ): 
CGrDS

VG(t=0)=V0

+

-

L

R

RLC circuit with initial voltage value VRLC circuit with initial voltage value V00 on Con CGG..
In CRIn CR--MTCMOS:MTCMOS:In CRIn CR MTCMOS:MTCMOS:

VV0 0 is reduced by 50%is reduced by 50%
Negative GB peak value is reducedNegative GB peak value is reducedg pg p
Settling time is lowered.Settling time is lowered.



Ground BounceGround Bounce
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Experimental Results for the 90nm Experimental Results for the 90nm 
CMOS N dCMOS N dCMOS NodeCMOS Node

Mode Transition

Circuit
Wake up Time

(ps)

Mode Transition 
Energy Cons.

(pJ)
Energy 
Saving

(%)
Conv CR Conv CR

Wake Up 
Time 

Reduction
(%)Conv. CR Conv. CR

9Sym 494 489.61 29 16 45%
C432 240 232.73 10 5.7 43%
C13 132 12 42 12 2 40%

(%)

0.9%
3%

C1355 132 125.42 12 7.2 40%
C1908 267 275.63 38 20.5 46%
C2670 578 573 123 72.6 41%

5%
-3%
0.9%

C3540 1500 1545 490 276.9 43%
C5315 1320 1307 638 357.3 44%
C6288 2100 2047 1047 628 2 40%

-3%
0.1%
2 5%C6288 2100 2047 1047 628.2 40%

C7552 2310 2402 1532 842.6 45%
2.5%
-4%



Application to RowApplication to Row--based Designsbased Designspppp gg

Sleep 
T i tTransistor 
Cavity



Circuit Model of a MTCMOS RowCircuit Model of a MTCMOS Row

rw-G1 rw-G2 rw-GN-1
G1

G2 GN

rw-G1 rw-G2 rw-GN-1
G1

G2 GN

cint-G1 cint-G2 cint-GNcint-G1 cint-G2 cint-GN

W d t d id h th d lW d t d id h th d l

Active mode ModelSleep mode Model

We need to decide whether we need a sleep We need to decide whether we need a sleep 
transistor for a specific node Gtransistor for a specific node Gii, and if needed, what , and if needed, what 
the “optimal” size of the sleep transistor is.the “optimal” size of the sleep transistor is.



Circuit Model of CRCircuit Model of CR--MTCMOS RowsMTCMOS Rows
P1

Pl PM

rw-P1 rw-P2 rw-Pl-1
P2

rw-Pl rw-PM-1
P1

Pl PM

rw-P1 rw-P2 rw-Pl-1
P2

rw-Pl rw-PM-1

CP2 CPl
CPMCP1

CP2 CPl
CPMCP1

G1
Gk GN

rw-G1 rw-G2 rw-Gk-1
G2

rw-Gk rw-GN-1
G1

Gk GN

rw-G1 rw-G2 rw-Gk-1
G2

rw-Gk rw-GN-1

CG1 CG2 CGk CGNCG1 CG2 CGk CGN

We must decide on the number and positions of the We must decide on the number and positions of the 
connection points of charge recycling transistorsconnection points of charge recycling transistorsconnection points of charge recycling transistors connection points of charge recycling transistors 
connecting two adjacent cell rows. connecting two adjacent cell rows. 



ConclusionConclusion

The only known method for reducing energyThe only known method for reducing energyThe only known method for reducing energy The only known method for reducing energy 
consumed during transition from the sleep mode consumed during transition from the sleep mode 
to active mode and vice versato active mode and vice versa

Results in about 45% saving in transition mode energyResults in about 45% saving in transition mode energy
It reduces the negative peak of the ground bounce It reduces the negative peak of the ground bounce 
and the settling time of the ground bounce.and the settling time of the ground bounce.

It does not, in most cases, increase the wakeup time of It does not, in most cases, increase the wakeup time of 
the circuitthe circuitthe circuit.the circuit.

Careful sizing needed to control the leakage Careful sizing needed to control the leakage 
current path through CR path in sleep modecurrent path through CR path in sleep modecurrent path through CR path in sleep mode.current path through CR path in sleep mode.


