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ABSTRACT

The useof dual thresholdvoltagescan significantly reducethe
staticpower dissipatedin CMOSVLSI circuits. With the supply
voltageat 1V andthresholdvoltageaslow as0.2V thesubthresh-
old leakagepower of transistorsstartsdominatingthe dynamic
power. Also, many timesa largenumberof devicesspenda long
timein astandbymodewheretheleakagepower is theonly source
of power consumption. We presenta near-optimal approachto
synthesizelow staticpowerCMOSVLSI circuitswith two thresh-
old voltagesthatreducespowerconsumptioncomparedwith apre-
vious approachby upto 29.45%. Also, presentedis a technique
which finds staticpower optimalconfigurationsfor CMOSVLSI
circuitswhenarbitrarynumberof thresholdvoltagesareallowed.

1. INTRODUCTION

Supplyvoltagereductionis themosteffective techniqueto lower
power consumptionin CMOSVLSI circuits. Dynamicpower de-
pendsquadraticallyon the supplyvoltageandstaticpower is di-
rectly proportionalto it. Ideally, portabledevicesshouldbe op-
eratedwith a 1V supplyvoltage,[1], so thatcommerciallyavail-
ablebatterycells canbe usedasa sourcefor power supply. Un-
fortunately, whensupplyvoltageis reducedthereis a penaltyon
performance,[2]. In orderto maintainperformancethresholdvolt-
agescalingis currentlyemployed [2]. With a 1V supplyvoltage,
adequateperformanceis often only possiblewhen the threshold
voltageis scaleddown to 0.2V. Unfortunatelyatsuchalow thresh-
old voltagethe staticpower dissipatedin CMOS VLSI circuits,
whichhasanexponentialdependenceonthenegativeof thethresh-
old voltage,blows up. In factat thresholdvoltagelevels � 0.2V
thestaticpowerdominatesthedynamicpowerdissipatedin CMOS
VLSI circuits.Thechief componentof thestaticpower dissipated
in CMOS VLSI circuits is due to the subthresholdleakagecur-
rentpresentbetween

�����
andGND in NMOSandPMOStransis-

tor stacks.This leakagetakesplacethroughtransistorswhich are
turnedoff dueto 0V (5V) atthegateof theNMOS(PMOS).There-
fore, theleakagecurrent(power) becomesanissuewhenportions
of a circuit arein anidle state,i.e. in standbymode,for a consid-
erablelengthof time. Thelengthof timewhensubcircuitsareidle
canbequitesubstantialin applicationslike X-servers. It is there-
foreimperativeto devisetechniquesto reducethestaticpowerdis-
sipatedin suchapplications.

MultithresholdCMOS[1], [3] hasbeenrecommendedasa so-
lution to thisproblem.Therearetwo strategiesthatarecommonly
employedto reducestaticpowerdissipation.

Onestrategy involvestheuseof ahighthresholdsleeptransistor,
typically anNMOStransistor, in serieswith low thresholdtransis-
tor stacks.During normaloperationor active stateof the circuit
thesleeptransistoris turned“on” sothatit presentsapathto GND
with low resistance.Whenthecircuit is in standbymodethesleep
transistoris turned“off” therebyincreasingthepathresistanceto
GND; this considerablylimits the magnitudeof the leakagecur-
rent [1]. Unfortunatelythereare several designissuesthat crop
up in usingthis strategy for complex circuits, [4], [5], that com-
plicate the developmentof automationtools for the synthesisof�
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multithresholdCMOS VLSI. Yet anotherstrategy involvesusing
low thresholdtransistorsfor gateson the critical path and high
thresholdtransistorsfor gatesoff the critical path [3], [6]. This
way significantsavingsof leakagepower canbeobtainedaslarge
numberof gatesoff thecritical pathnow exhibit substantiallyless
leakagepower. Thebeststrategy mightbeto combinethetwo ap-
proachesby switchingasmany gatesaspossibleto a high thresh-
old andusing low thresholdtransistorsandhigh thresholdsleep
transistorsfor theremaininggates.This way thenumberof gates
thatuseasleeptransistorcanbereducedconsiderablymakingthe
job of designautomationtools, [4], easier. For practicalreasons,
in gatelevel circuitsit is currentlyfeasibleto haveonly two differ-
ent thresholdvoltages,onehigh

���� andtheotherlow
�
	� . Hav-

ing selectedthesetwo thresholdvoltages,beginningwith acircuit
with all gatesat thelow thresholdvoltage

� 	� , notall gatesoff the
critical pathcanbe switchedto the high thresholdvoltage,

�
�� .
Only somegateshave sufficient slackto be switchedto

���� . Of
theseonly asubsetof gatescanbeswitchedto

�
�� asswitchinga
gateto

� �� increasesthedelayof thatgateandaffectstheslackof
othergatesin thecircuit. In [6] aheuristicalgorithmwaspresented
which, for a givencircuit, a fixedsupplyvoltage(1V) anda fixed� 	� (0.2V) for gateson thecritical path,findsastaticpower “opti-
mum”

�
�� , andasubsetof gatesoff thecritical pathwhichcanbe
switchedto

���� . Thismethoddemonstratedsignificantsavingsin
leakagepower for theoptimizedcircuits.However, this technique
employedsimplebackwardbreadthfirst searchheuristicsto iden-
tify thesubsetof gatesthatcanbeswitchedto

� �� . Therefore,it is
reasonableto assumethatbetterheuristicsand/orformal methods
canbedevelopedfor thisproblemthatexhibit substantiallyhigher
power savings.

In this paperwe addressthesameproblemas[6] but presenta
nearoptimal strategy for the solution. Also, presentedis an ex-
act algorithmto determinea power optimal configurationof the
circuit whenthereis no limit on thenumberof distinct threshold
voltages.In otherwordsevery gatecanhave a possiblydifferent
thresholdvoltage. While this techniquemay not be practicalfor
currentfabricationprocessesit helpsto establishanupperbound
onthepowersavingsobtainableusingmultiplethresholdvoltages.
Theproblemformulationfollowedherehaslot of similaritieswith
retiming,[7], which neverthelessis anoptimizationtechniquefor
synchronouscircuitry basedon relocationof registers.Theprob-
lemformulationalsoborrows from theideasin [8] whichpresents
a relatively new strategy for low powergateresizing.

2. BACKGROUND INFORMATION

2.1. Delay Model
In [6] a modelis developedfor estimatingthe delayof a CMOS
VLSI gatebasedon thecommonlyusedElmoredelaymodel[9].
We usea simplerdelaymodelbut any complicateddelaymodel
canbeusedin conjunctionwith ourproposedtechnique.Thedelay
of agateis assumedto have thefollowing behavior:���������� ��� 	������ ������! �����#"$�&%('*),+ (1)

Thevalueof - � 1.3 for shortchanneldevicesand � 2 for long
channeldevices.



2.2. Subthreshold Leakage Power Estimation
Assuming. the BSIM2 model [10] the subthresholdcurrentof a
MOStransistoris approximatedas:/�021�34�65798:<;*=?>A@CB�DFEGB<HIEGB >KJML EIN ; B<H�OQPRB�STHKU  2V "W E 82X STH=Y> 'YZ

(2)

whereA = [M\ � �?]M^,_*`a`	 _2`a`  <b %c 'ed�gfeh i , � �?] is thegateoxidecapaci-

tanceperunit area,[ \ is thezerobiasmobility of thecarrier, j ;
is thesubthresholdswingcoefficient of thetransistor. Also,

�&% � \
is the zerobias thresholdvoltage,the body effect is represented
by thelinearizedcoefficient k ; , and l is thedraininducedbarrier
lowering(DIBL) coefficient.

Thestandbyleakagepower of a logic circuit canbe expressed
asfollows [11] mn0 � � 3poq�  srTt /�0 � � 3soYu�'e� �4� Z (3)

where
/ 0 � � 3so , is thestandbyleakagecurrentthrougheachnode v .

It dependson thegatetopologyaswell asthe input signallevels.
Notethatthestandbyleakagecurrentrefersto theleakagecurrent
that flows after all charge storedin “isolated” internalnodeshas
beendischargedandthereforethemagnitudeof thiscurrentcanbe
determinedcompletelyby theinputsignallevels.An internalnode
is isolatedif thereis no pathto

� �4�
/GND from this nodewhich

passesthroughonly “on” transistors.
Let us considera staticCMOS logic gateandassumethat the

transistorsthatareturned“on” areshortcircuits. Underthis sce-
narioif theoutputisa“1” thentheleakagecurrentisdeterminedby
theNMOStransistorsin the“pulldown” network thatare“off”. On
theotherhandif theoutputis a “0” thentheleakagecurrentis de-
terminedby thePMOStransistorsin the“pullup” network thatare
“off”. For aCMOSNAND gatewith output“1” supposethatthere
are j NMOS transistorsin the pulldown network that are “off”.
Thequiescentsubthresholdcurrentthrougheachof themmustbe
identical. By equatingthe subthresholdcurrentthrougheachof
thetransistorsgivenby (2) andusingthefact that thenetvoltage
dropacrossthepulldown network is

� �4�
we geta nonlinearsys-

tem of equations.In [6] an approximateclosedform solutionis
derivedfor thissystemof equations,whichcanhowever besolved
with a greaterdegreeof accuracy by using the nonlinearsolver
in MATLAB andwe followedthis approach.Theleakagecurrent
throughany logic gatecansimilarly becomputedfor all possible
combinationsof signallevelsat theinput to thelogic gate.

The averageleakagepower of a circuit canbe evaluatedwith
randompatternsappliedto the primary inputsandaveragingthe
sumtotal of leakagepower for all thegatesin thecircuit.

3. NOTATION

A gate-level combinationalcircuit canberepresentedby adirected
acyclic graph,G = (V, E), referredasacircuit-graph.Everycircuit-
graphnode wyx V representsa logic gateor a primary input and
every directededge

�1�z x E denotesthe wire that connectsthe
outputof gate w to the input of gate { . The fanin of a logic gate
refersto thenumberof gateswhoseoutputhasawiredconnection
to the input of the given gate. The fanoutof the gateis the total
numberof gateswhichtaketheoutputof thegivengateasaninput.
The input wires to gateswith a fanin of | arefed externally and
theseexternal input junctionsconstitutethe primary inputs,

m}/
.

The
m}/

s arealsomodeledasnodesx V. Thegateswith a fanout
of | constitutetheprimaryoutputs,

mq~
. Thedelayof anode/gatew is denotedby � ������  w ' . Themaximumpropagationtime for a

signalthroughthecircuit-graph,includinginput arrival timesand
thepathgatedelays,for any pathfrom a primary input nodeto a
primaryoutputnodeconstitutesthe critical path, � m  p� ' , of the
circuit-graph.We now definethreeattributesfor every nodein G.
Foranodew thesearenamely, thearrival time

5��  w ' , therequired

time � �  w ' andtheslack, � �  w ' . Additionally, every wire
 1�z x

E hasthe attribute edge-slack,
 � �  �1<z<' . We will now defineall

theattributesmentionedpreviously.� 5��  w '�� R�I�eR� j ���g� vp� !��������� v�{ ���pZ w�x m}/&Z�� � gZ5��  w '�� � ��� z���� �R� t � @ 1 U  5��  { 'G� � ������  { 'e'YZ� � m  p� '�� � ����1�� B  5��  w '�� � ������  w 'e'YZ� � �  w '�� � m  p� 'n" � <���K�  w 'YZ w�x mq~�Z�� � gZ� �  w '�� ��v�j z<�g� �R��� 1 � @ 1 U � �  { 'M" � ������  w 'YZ� � �  w '�� � �  w 'M"#5��  w 'YZ � �  �1�z<'�� � �  { 'T"#5��  w 'M" � ������  w ' +
(4)

Wecall acircuit safewhenall nodesw�x V have � �  w '!� | and
all wireshave

 � �  �1�z<'!� | .
3.1. Delay Balancing
A given circuit-graphG can be transformedto a functionally
equivalentcircuit-graphG’ by introducingbuffers of appropriate
delay into the circuit in sucha mannerthat for every

 1�z x E � �  �1�z<'
� | and � m  p�7� '�� � m  p� ' this processis known as
delay balancing. Delay balancingwith real buffers can lead to
a glitch free circuit. However, the dynamicpower dissipatedby
thesebuffersmayoffsetthebenefitsof glitch powerreduction.For
our purposeswe usedelaybalancingasa tool to captureall the
slackin thecircuit. Thedelaybuffersweusearefictitiousentities
whosesolepurposeis to modeltheslackpresentin thecircuit. We
referto thesefictitiousbuffersasSDFs(SpecificDelayFictitious-
Buffers). Fig. 1 shows a gatelevel circuit and Fig. 2 shows its
delaybalancedcounterpart;the “boxed” numbersin the wires of
thecircuit in Fig. 2 representthedelayof theSDFon thatwire.
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Figure 1. An example of a circuit-graph the integer numbers
within each node/gate represent its delay and each gate w
has the triplet (RT/SL/AT) above it.

Startingwith a givencircuit-graphthereareseveralpossibleways
to produceadelaybalancedgraph.Any suchdelaybalancedgraph
will from now on bereferredto asadelaybalancedconfiguration.

3.2. SDF-Displacement
WedefineSDF-Displacement, acircuit-graphtransformationtech-
nique,asa mappingr:V

"&�
R,
�
R: thesetof realnumbers  ; such

that the delay of the SDF in the wire
 1�z

, ¡ ��¢q£   1�z ' , after
SDF-Displacementis relatedto thedelayof theSDFbeforeSDF-
Displacement, ¡ ��¢  �1<z�' , by,¡ ��¢ £   1�z 'F� ¡ ��¢   1<z 'T�$�  { 'M"y�  w ' + (5)

A SDF-Displacementis legal if andonly if ¡ ��¢q£   1<z '¤� |
for all wires

 1<z x E.
Westatethefollowing withoutproof.
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Figure 2. The circuit in Fig. 1 after delay balancing. The
boxed integers on wires represent the delay of the SDFs
added to the wires for delay balancing.

Theorem 1 All legal delay balancedconfigurations for a given
circuit-graphG areSDF-Displacedversionsof each other.

Theorem 2 The net change in delay of SDFsin any structural
path from a node/gate w to another node/gate { after SDF-
Displacementis always

�  { 'n"#�  w ' .
Theabove theoremgivesriseto thefollowing corollary.

Corollary 1 If weconnectall thegatesx PO(primaryoutputs)of
a givencombinationalcircuit to a commondummynodeO through
dummywiresthen,if werestrictr(O) to beexactly0 andalsor(I)
for every input nodeI x PI to beexactly0, thenthecritical path
of thetransformedcircuit-graphafter SDF-displacementremains
unaltered.

Theorem2 canbeprovedby consideringany path w � { in the
circuit-graph,breakingit down to its constituentwires and then
using(5) on the individual wires to find the net changein delay
of the SDF for eachwire. The net changein delayof SDFsfor
the given pathis thenobtainedasthe sumof the changein SDF
delaysfor thesewires. Corollary1 follows from theorem2 asthe
delayof SDFsbetweenany nodeI x PI andthe dummynodeO
remainsunalteredas

�  ~�'!� | Ze�  /K'4� | ��¥¦�  ~�'F"#�  /K'4� | .
Hencethe critical path CP(G) which dependson the maximum
delaythroughsuchapathremainsunaltered.

4. THRESHOLD VOLTAGE ALLOCATION FOR LOW
POWER

Thedelayof a logic gateincreaseswith its thresholdvoltage.The
staticpower dissipatedby the logic gate,on the otherhand,de-
creaseswith anincreasein thethresholdvoltage.Thestaticpower
dissipatedby thelogic gatecanalsobeexpressedasa functionof
its delayprovided the geometryof the logic gate,i.e. its ^ 	 ra-
tio, andthatof othergatesin its neighborhoodareunchanged.In
additionwe assumethatall othervariableslike thesupplyvoltage
etc.arealsounchanged.It turnsoutthatundertheseconditionsthe
staticpowerdissipatedby aCMOSgatecanbeapproximatedwith
a high degree of accuracy with a (generallynon-differentiable)
convex function of its delay, as shown in Fig. 3. We will now
presenta techniquewhich usesSDF-displacementto exploit this
convex relationshipto modelthresholdvoltageallocationfor low
power.

4.1. SDF-displacement for Threshold Allocation
Underthe conditionsof invariantgateandneighborhoodgeome-
try andthe invarianceof othervariableslike the supplyvoltage,
thedelayof thegatecanbeexpressedasa functionof its thresh-
old voltageandconverselythe thresholdvoltageof the gatecan
be expressedasa function of its delay. For a gatesatisfyingthe
conditionsstatedpreviously, let thethresholdvoltage

� �¨§ of gate©
beexpressedasa function

� �ª§  � �������«<' of its delay � �������« . Note
that the natureof this functionaldependencevariesfrom gateto
gatedependingamongotherthingson thegategeometryits sup-
ply voltageandthegeometryof its neighborhood.Oncethesupply

voltageandgeometryof thecircuit arefixedgovernedlargely by
circuit performance/power consumptionin active mode,thefunc-
tion

� � §  � ������ « ' canbecomputedfor eachgate.Also, for every
gatewe can determinethe averageleakagepower dissipatedby
thatgate© , ¬ ��®«  � �������«<' , asa decreasingconvex functionof its
delay � ������ « .

Beginningwith a circuit whereall gatesareat a low threshold
voltage

� 	� , wecanuseany delaybalancedconfigurationto switch
somegatesto higherthresholdvoltages.This canbe donein the
following manner:
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Figure 3. Demonstration of the Convexity of the functional
dependence of leakage power on gate delay. The non-
negative nature of the 2nd derivative demonstrates convex-
ity. The results shown here were obtained from representa-
tive gates by simulation for the ISCAS85 benchmark circuit
c432.



0)assignan attribute
5 ����v�©�j  �  w ' to all gatesw in thecir-

cuit,¯ set
5 �<��v¨©�j  �  w '(� | for all thegates.

1)Startingfrom the POs,do a breadth-first traversal of the
gatesin thecircuit.
2)For the current gate, w , if

5 ����v�©�j  �  w '°� | ,
identify a new threshold voltage as

� �ª±  � ������ 1 ��²v�j z���³ �R�<� 1 � @ 1 U ¡ ��¢  <1<z�'e' . If this thresholdvoltage is
greater than 0.5

���4�
then fix the threshold voltage at

0.5
���4�

set
5 ���Rv¨©�j  �  w '(� V

. Moveon to thenext gate.
3)Once all the gates are visited if possibledisplace ex-
cess ¡ ��¢ delays in the fanout wires of gates w with5 ���Rv¨©�j  �  w '´� V

to gates { with
5 ���Rv¨©�j  �  { '´� | . If

no such displacementis possibleterminatethe processand
outputa new thresholdvoltage for each gate. Otherwisere-
peat

V
- µ till theprocessterminates.

Thefact thatSDF-displacementcangenerateall possibledelay
balancedconfigurationsof acircuit-graphleadsto thefollowing.

Objective:To employSDF-displacementto identifythatparticu-
lar delaybalancedconfiguration which identifiesa new threshold
voltage for all the logic gateswhile providing a maximumreduc-
tion in leakage powerin standbymodewhilealsomaintainingthe
critical pathin activemode.
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Figure 4. The artifice used to model fanout nodes. Node 1 is
a fanout node and node D is the dummy node corresponding
to it.

Beforewedevelopa formalmathematicalmodel,wefirst mod-
ify thecircuit-graphby addinga ��w&�²� � node��w&�²� � 1 of delay| units for every fanoutnode w in the circuit-graph. A ��w&��� �
wire connectsfanoutnode w to its dummynode. All fanoutarcs
whichoriginatedfrom nodew now originatefrom node��w&�²� �g1 .
Fig. 4 illustratesthis circuit-graphtransformationwith an exam-
ple. Notethatthereis a

V
-
V

correspondencebetweenfanoutwires
in theoriginal circuit-graphanddummyfanoutwires in themod-
ified circuit-graph.We will now presenta formal way to address
achievementof our previouslystatedobjective.

Power-Optimal-Threshold-Voltage-Assignment
1)Levelize the circuit with PIs at level “0” and recur-
sively calculatelevels for all gates w as

�ª { <�  w '�� V �� ��� z<�g³ �R� t � @ 1 U �ª { <�  { ' .
2)Generatea delaybalancedconfiguration.
i) We usea backward breadth-first SDF delay assignment
heuristic for this. We begin with the POs and visit every
node. Whileat anodewechangeitsdelayto � ������ ��¶*·  w 'F�� <���K� �?¸ �  w '�� � ����¹aº  w ' . Wethenrecomputethearrival time,
requiredtimeandslack for everygateandtheedgeslack for
everywire in thecircuit.
ii)Now compute� ������ ��¶*·  w '4" � <���K� �?¸ �  w ' for each gatew and this givesthe valuefor ¡ ��¢  w � ��w&�²� ��1�' . For
fanoutnodes{ of w the valueof ¡ ��¢  ��w&�²� � 1 � { ' is
givenby the valueof

 � �  ��wI��� � 1 � { ' at the endof i).
Nowresetall thegatedelaysto � ������ �?¸ �  w ' .
3)Nowstarting fromthedelaybalancedconfiguration in 2)
solvethefollowingconvex minimizationproblem,

minimize» 1�� B ¬ 1  � 1}� ¡ ��¢ £  w � ��w&��� �g1�'e'
subjectto:

¡ ��¢ £  w � ��w&��� � 1 'F� ¡ ��¢  w � ��w&��� � 1 'Q��  ��w&�²� �g1g'("y�  w 'A� | Z w�x ��Z¡ ��¢ £  w � ��w&��� �g1�'F� ¡ ��¢  w � ��w&��� �g1�'Q��  ��w&�²� � 1 '("y�  w 'A¼¾½¿5,ÀÁ��Â�Ã  w 'n" � ������  w 'YZw�x ��Z¡ ��¢ £  ��w&��� �g1
� { '�� ¡ ��¢  ��w&��� �g1
� { 'Q��  { '("y�  ��wI��� ��1�'A� | Z {¤x ¢}� j � w �  w 'YZ
(6)

where MAXDEL(u)is thedelayof gate w whenits threshold
voltage is 0.5

���4�
.

We will refer to the above techniqueasPRACTIC for Power
ReducingAllocationof ThresholdVoltagesfor IntegratedCircuits.
The above problemis modeledas a convex minimizationprob-
lem with linear constraints. Fast polynomial time interior-point
solutionsto this problemarepossiblethat canobtaina solution
arbitrarily closeto theoptimalsolution[12]. Theconstraintsgov-
erningtheaboveminimizationensurethatafterSDF-displacement
eachwire in thecircuit hasanon-negativedelayvaluefor theSDFs
onthatwire. In additionfor every logic gate(dummygatesareex-
cluded)themaximumdelayof theSDFon thewire thatconnects
it to its dummygateis theamountby which thegategetsdelayed
if its thresholdis keptat 0.5

� ���
. Also, it is possibleto linearize

sucha problemandsolve it with arbitraryaccuracy within a Lin-
earProgrammingLP framework. Thiscanbedoneby approximat-
ing the convex objective functionwith a piecewise linear convex
objective function [13]. In fact the natureof the constraints,dif-
ferenceconstraintsthat have variableswith 1, -1 as coefficients
makesit possibleto modeltheproblemasthedualof a minimum
costnetwork flow problem,[14]. This makesit possibleto solve
theproblemwith extremelyfastrun-times,[14]. We followedthis
approachwith threepiecewise linear segmentsfor the objective
function. In thiswayweareableto determineanoptimumthresh-
old voltagewithin technologylimits for every gatein a circuit so
that the circuit as a whole dissipatesminimal leakagepower in
standbymode.

Unfortunately, theabove techniquemaynot leadto practicalso-
lutionsfor gatelevel circuitsfor currentprocessconstraints.This
is becausecurrentprocessconstraintslimit thenumberof distinct
thresholdvoltagesto a small value typically two. Given this re-
strictionweneedto modify theoptimizationframework developed
sofar.



Wewill firstassumethatwearegiventhetwo thresholdvoltages� 	� andÄ � �� andwearerequiredtoallocateasubsetof gatesto
� ��

in sucha mannerthat the leakagepower is minimizedin standby
mode.Thisproblemis aspecial(NP-hard)caseof thebasiccircuit
implementationproblem[15]. Due to the NP hardnatureof this
problemthebestwecandois build nearoptimalheuristicsto solve
this problem.Wewill first presentanexactmodelto this problem
using integer linear programmingILP techniques.We will then
provideaheuristicsolutionfor thisexactILP model.

Let us assumethat the power dissipatedby gate w when its
thresholdvoltageis

�
	� (
���� ) is

m�	1
(
m��1

). Notethat
m�	1 ¥¦m��1

.
Startingwith a circuit whereall gateshave thresholdvoltage

�
	�
do thefollowing:

High-
� �¨Å -Assignment-Exact

1) Do 1) and2) fromPRACTIC.
2) Solvethefollowingoptimizationproblem:�²v�jQv��²vsÆ  » 1  �Ç v¨© ÇM w '2m �1 �  2V " Ç v¨© ÇM w 'e'2m 	1 '
subjectto:

¡ ��¢  w � ��w&�²� �g1�'Q�$�  ��w&�²� ��1�'("È�  w '®�Ç v¨© ÇM w 'YZ¡ ��¢  w � ��w&�²� � 1 'Q�$�  ��w&�²� � 1 '("È�  w '®¼ � ������ B JÉ " � ������ BnÊÉ ' Ç v¨© ÇM w 'YZ¡ ��¢  ��w&��� � 1 � { 'Q�Ë�  { 'M"#�  ��w&��� � 1 '!� | ZwÌx ��Z {�x ¢}� j � w �  w 'YZ Ç v¨© ÇM w ' x � | Z V   Z wÁx � +
(7)

Sincethe above problemis an ILP problemsolving it exactly
may take inordinateamountof CPU time for large circuits. We
thereforepresenta practicalheuristicwhich canbe performedin
polynomial time while taking reasonableamountof CPU time
evenfor largecircuits.

We will now presentour final heuristicfor allocatingthreshold
voltagesto gatesfor minimizing leakagepower. Startwith all the
gatesat thresholdvoltage

��	� .

High-
� �¨Å -Assignment-Heuristic

0)Associatean attribute
5,�ª���<¹  w ' with everygate w .

1)Set
57�ª����¹  w '�� V

for gates w which satisfy � ����¹�º  w '�¥� ������ B JÉ  w 'n" � ������ B ÊÉ  w ' for othergatesset
57�ª���<¹  w '��| .

2)Setup the ILP problemmentionedearlier. From the ILP
remove the constraints for gateswhich have

57�ª����¹  w '}� |
for such gatessetup thefollowingconstraints:¡ ��¢  w � ��w&��� �g1�'Q�Ë�  ��w&��� �g1�'n"y�  w 'F� | Z¡ ��¢  ��w&��� �g1
� { 'Q�Ë�  { 'n"y�  ��w&�²� �g1�'!� | Zw�x ��Z {�x ¢}� j � w �  w ' +

(8)

Now solvethis problemas a linear programmingproblem
(LP) with therelaxation| ¼ Ç v¨© ÇM w '!¼ V Z w�x � .
3)For all gatesw with

Ç v¨© ÇM w '7� V
set
5,�ª���<¹  w '7� V

and
set � ������  w 'Á� � ������ B JÉ  w ' , now recomputethe arrival
time, required time and slack for each gate and the edge
slack for each wire. Now iterate 1)-3) till all gates w have5,�ª���<¹  w '�� V

.

Wewill now give thefinal heuristicfor determinationof anop-
timal

� �� .

Optimal-High-Vth ()
�

i = 1 and
�
��  v 'F�¿��	� �ÎÍ´� �

while (
� ��  v '®Ï |K+ Ð ���4� )

�
High-Vth-Assignment-Heuristic(

� ��  v ' )
Estimatestandbyleakagepower

mn0 � � 3po
if(
m 0 � � 3so?Ñ u : ÏÎm 0 � � 3po ) �m 0 � � 3so?Ñ u : �6m 0 � � 3po

opt Vth =
� ��  v '

++i and
� ��  v 'F�¿� 	� � v�Ò Í�� �   

In this way we areable to find a near-optimal high threshold
voltage

� �� for minimizing leakagepower of slack-gatesin the
given circuit. As this techniqueis a practicalapplicationof the
basic idea in PRACTIC we will refer to it as PRACTICAL. In
the next sectionwe will presentsimulationresultson ISCAS85
benchmarkcircuitsfor bothPRACTIC andPRACTICAL.

5. SIMULATION RESULTS

In orderto prove theeffectivenessof our approachwe compareit
with the approachpresentedin [6]. For this both the techniques
wereusedunderidenticalconditions.For thepurposeof leakage
power estimation,like in [6] our simulationsarebasedon a |�+ ÐR[
process.The effective channellength is |K+ µ � [ andthe gateox-
ide thicknessusedis Ó�+ Ô<jG� . All PMOS(NMOS) transistorsare
assumedto be of identicalsize,but in theoryany transistorsize
profile canbeemployed. Theeffective channelwidthsfor PMOS
andNMOS areassumedto be

V |�+ ÐR[ and µ<[ , respectively. The
circuit temperatureis assumedto be � Ð�Õ � . Thesupplyvoltageis
assumedto be1V and

� 	� is fixedat |�+ � � . Thesearchfor theopti-
mum

� �� is thereforebetween|K+ � � and |�+ Ð � . Weuseastep-sizeÍ´�Ö� |�+ | V � in orderto getaccurateresults.For simulationpur-
poseswealsoassumeaunit delaymodelfor everygateandassume
thatall gatesdrive a unit capacitance,in generalany complicated
delayandcapacitancemodelcanbeusedasthesemodelsareused
only to extract valuesof the parameterusedin the optimization
process. The variation of the delay of a gatewith its threshold
voltageis governedby (1). For our simulationwe use - � V + µ in
(1). As our resultsarecomparative in natureandit is easyto build
leakagepower modelsfor any kind of complex gate,the simula-
tionsweredoneon the ISCAS85benchmarknetlistswithout any
modifications,i.e., we did not performexplicit technologymap-
ping to a gate-limitedlibrary. In generalour techniquescanbe
usedin conjunctionwith any technologymappingenvironment,
e.g.,theBerkeley SISenvironment.Weassumethecritical pathof
acircuit to bethedelayof thelongeststructuralpathin thatcircuit.
Thiscritical pathdelayis thenusedto computetheslackon every
netandonevery gate.

Table 1 comparesthe power consumptionreductionobtained
by using two thresholdvoltages,as opposedto a single thresh-
old voltage,basedon theproposedtechnique,PRACTICAL, and
theapproachpresentedin [6]. Sinceour simulationsusesimplis-
tic valuesonly relative improvementsof power with respectto the
original single

� �¨Å circuit are tabulated. As canbe seenPRAC-
TICAL improvesuponthepowersavingsexhibitedby themethod
in [6] anywherebetween0%-29.45%.Also, we canobserve that
the bestpossibleimprovementusingarbitrarynumberof thresh-
old voltagesobtainedby PRACTIC andshown in last columnof
Table1 is usuallyno morethan5% betterthanthesavingsdueto
PRACTICAL exceptin c6288wheretheimprovementis 10.34%.

6. CONCLUSIONS

A new formal heuristicwas developedfor the synthesisof low
static-power CMOSVLSI with dualthresholdvoltages.Also, de-
velopedwasa techniquethatcansynthesizestatic-power optimal
CMOSVLSI circuitswhenarbitrarynumberof thresholdvoltages
areallowed. While thelattertechniqueis impracticalfor thestate
of the art of fabricationprocesses,it serves as an upperbound



Table 1. The power benefits for buffer-redistribution for gate resizing with ISCAS85 benchmark circuits.
Circuit # gates % Pow. Impr. [6] % Pow. Impr. PRACTICAL % Pow. Impr.

UpperBound(PRACTIC)
c432 160 27.86% 28.83% 28.83%
c499 202 22.96% 22.96% 22.96%
c880 383 68.96% 82.67% 83.81%
c1355 546 21.50% 21.50% 21.50%
c1908 880 64.86% 84.92% 88.33%
c2670 1211 60.80% 90.25% 92.70%
c3540 1705 65.33% 83.36% 88.57%
c5315 2351 88.28% 91.56% 94.28%
c6288 2416 32.48% 61.75% 72.09%
c7552 3624 84.63% 90.90% 94.19%

for the maximalpower benefitsthat canbe obtainedwith multi-
ple thresholdvoltages.
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