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ABSTRACT

Dynamicpower consumedn CMOS gatesgoesdown quadraticallywith

the supplyvoltage. By maintaininga high supplyvoltagefor gateson the
critical pathandby usingalow supplyvoltagefor gatesoff thecritical path
it is possibleto dramaticallyreducepower consumptiorin CMOS VLSI

circuitswithout performancealegradation.Interfacing gatesoperatingun-
dermultiple supplyvoltageshowever, requiregheuseof level corverters,
which makesthe problemmodelingdifficult. In this paperwe develop a
formal modelanddevelop an efficient heuristicfor addressinghe useof

two supplyvoltagesfor low pover CMOS VLSI circuits without perfor

mancedegradation.Pover consumptiorsavingsup to 25%overandabore
thebestknown existing heuristicsaaredemonstratefbr combinationatir-

cuitsin theISCAS85benchmarlsuite.

1. INTRODUCTION

Supplyvoltagereductionis one of the mosteffective techniques
in reducingpower consumptiorof CMOS circuits. The majority
of pawver consumeds dynamicpower, which is reducedquadrat-
ically with thevoltageVp p. ReducingVp p, unfortunatelyleads
to anincreasan delaywhich resultsin performancedegradation
of the entirecircuit. Recentlymary papershave beenpublished
ontechniqueso reduceVp p withoutdegradingperformance[1],
(2], [3], [4]-

Scalingdown the thresholdvoltage, V35, with Vpp wasem-
ployedin [1]. This approachhowever, facesthe problemthat
the standbyleakagecurrentincreasesignificantlybecaus®f low
Vin. To cut off the leakagecurrentin a sleepmode,several ap-
proacheshave beenproposedsuchas a multi-threshold-eltage
CMOS,[2], or avariable-thresholdeltagescheme[3]. Thesere-
quire,however, additionalprocesssteps|2], or additionalcircuits
for substratebiascontrol, [3]. Anotherapproachs to useparal-
lel/pipelinedarchitecturesor keepingthe requiredthroughputof
the circuit even with degradedtransistomperformance[l]. How-
ever, parallelarchitectureteadto aheary areapenaltyin thedata-
path and pipelinedarchitecturesncur undesirabldateny and a
slightareapenaltyfor the pipelininglatches.Yetanotheapproach

involvesusingdual supplyvoltagesonehigh, V2, andtheother
low, V55, sothatthe circuit parton the critical pathis operated
with V', andthecircuit partoff thecritical pathis operatedvith

V55, [4]. Thisresultsin reducinghepowerwithoutdegradingthe
entirecircuit performanceAdvantage®f thisapproactare: 1) no
needof changingV;, andhenceno needfor changingthe regular
fabricationprocess2) noneedfor creatingparallel/pipelinediata-
pathscausingheary areapenaltyor undesiredncreasen lateng.
The practicalityof usingdual supplyvoltagesis demonstrateth
[4] for the designof alow power mediaprocessofabricatedwith
dualsupplyvoltages A substantiabavingsin power consumption
is demonstratefbr the mediaprocessom [4] atthe expenseof a

*Thisresearcthasbeensupportedy the Army ResearctOffice under
grantnumberDA/DAAG55-98-1-0315.

slightareapenalty

In the designof high performanceircuits reducingthe critical
pathof designgakesup the majority of the designtime. Thisre-
sultsin excessie slackin variousstructuralpathsin the design.
Therefore|t is extremelydesirablethat CAD tools automatically
find suchslackandexploit it for power reduction. In [4] simple
greedysub-optimaheuristicsareproposedor utilizing this avail-
ableslackusingadualsupplyvoltageschemedor obtainingsignif-
icantreductionin powver consumption.

In this paperwe develop a formal modelfor the useof two or
more supplyvoltagesfor reducingpower consumptiorin CMOS
circuits without degradingperformance.An efficient heuristicis
then derived from this model. Our techniqueusesan iterative
methodbasedon linear programming LP, and solvesthe prob-
lem in a nearoptimal mannerusing reasonabl@mountof CPU
time.

2. PRELIMINARIESAND RELATED WORK

If agateoperatingat a lower supplyvoltagewereto directly feed
a gateoperatingwith a higher supply voltagethenlarge amount
of static currentis likely to flow in the PMOS of the gatewith

the highersupply voltage. This is dueto the factthat whenthe
outputof the low voltagegateis at “1” its voltagelevel may not
be suficient to turn-off the PMOS of the succeedindnigh voltage
gate. This problemcanbe avoidedby usingthe level conversion
circuit shavn in Fig. 1. While the level-corverter eliminatesthe
staticpower dissipationit dissipatesubstantiapower while tog-

gling. In addition,introducinga level corverterin thecircuit may
leadto performancedegradationdueto the propagatiordelay of

thelevel converterwhich mayor maynot be substantial Any for-

maltechniquehatattemptgo formulatetheuseof multiple supply
voltagesfor circuit designmustthereforetake the delayof andthe
power dissipatedn thelevel convertersinto account.

Figure 1. a), b) Level converter circuit for interfacing gates
operating at a lower supply voltage of Vi, to gates at a
higher supply voltage of V,,. b) can be used to interface
V& gates with multiple fanouts with VT, gates.

Previous work in addressinghis problemhasconcentratean
solving the problemat functionlevel, [5], [6], [7], [8]. In these,
theproblemis addressedsoneof finding anoptimalscheduldor
a data-flav descriptionof an algorithm. At function level there
aretwo factorsthat allow for relatively easyproblemmodeling:
1) The problemsizesarerelatively small; so slow techniquedike
Integer Linear Programming ILP, canbe fruitfully emplged. 2)
The level corverterdelayis insignificantin comparisorto func-
tional unit delaysand hencecanbe ignored. Thesetwo factors
canbecompletelyunrealistiovhenwe considergatelevel circuits.
Our techniquetacklesthesedifficulties by: 1) Using linear pro-
gramming LP, techniquesvhich arepolynomialtime techniques.



2) Explicitly modelingthe delay of the level convertersand the
power consumedby them.

3. NOTATION

A gate-level combinationatircuit canberepresentetly adirected
agyclic graph,G = (V, E), referredto asa circuit-graph. Every
circuit-graphnodeu € V representalogic gateor aprimaryinput
andevery directededgee,,, € E denoteghewire thatconnectdhe
outputof gateu to theinputof gatev. Theprimaryinputjunctions
PIsarealsomodeledasnodese V. The gateswith afanoutof 0
constitutethe primary outputs,PO. Thedelayof a node/gates is
denotedy delay(u). Themaximumpropagatioriimefor asignal
throughthe circuit-graph for ary pathfrom a primaryinput node
to a primary outputnodeconstituteghe critical path CP(G), of
the circuit-graph. We now definethreeattributesfor every node
in G. For anodeu thesearenamely the arrival time AT (u), the
requiredtime RT (u) andthe slack, sl(u). Additionally, every
wire ey, € E hastheattribute edge-slak, esl(ew»). We will now
defineall theattributesmentionedoreviously.

{ AT(u) =
else,

external time of arrival, u € PI,

AT(U) = MaTyefanin(u) (AT(’U) + delay('”)):

{ CP(G) = mazyuev(AT(u) + delay(u)),
RT(u) = CP(G) — delay(u), u € PO,
else,
RT(u) = minvefanout(u)RT('U) — delay(u),

{ sl(u) = RT(u) — AT(u),
esl(ewv) = RT(v) — AT (u) — delay(u).

M

We call acircuit safewhenall nodesu € V have sl(u) > 0 and
all wireshaveesl(eyy) > 0.

3.1. Delay Balancing

A given circuit-graph G can be transformedto a functionally
equivalentcircuit-graphG’ by introducingappropriatenumberof

unit delaybuffersinto the circuit in sucha mannerthatfor every
ew €EE ESlﬁew) = 0 andCP(G') = CP(G). This processs

known asdelaybalancing.For our purposesve usedelaybalanc-
ing asatool to captureall theslackin thecircuit. Thedelaybuffers
we usefor delaybalancingarefictitious entitieswhoseonly pur

poseis to modelthe slackpresenin thecircuit. We referto these
fictitious buffersasUDFs (Unit Delay Fictitious-Bufers). Fig. 2

shavsagatelevel circuitandFig. 3 shawsits delaybalanceaoun-
terpart;the “boxed” numbersin the wires of the circuit in Fig. 3

representhe numberof UDFsonthatwire.
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Figure 2. An example of a circuit-graph the integer numbers
within each node/gate represent its delay and each gate u
has the triplet (RT/SL/AT) above it.

Startingwith a given circuit-graphthere are several possible
waysto producea delaybalancedyraph.Any suchdelaybalanced
graphwill from now on bereferredto asa delaybalancedtonfig-
uration.
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Figure 3. The circuit in Fig. 2 after delay balancing. The
boxed integers on wires represent the number of UDFs
added to the wires for delay balancing.

3.2. UDF-Displacement

We define UDF-Displacement a circuit-graph transformation
technique asa mappingr:V—Z, {Z: the setof integerg; such
that the numberof UDFs in the wire ey, UDF" (e,,), after
UDF-Displacemenis relatedto thenumberof UDFsbeforeUDF-
Displacementl/ DF (e ), by,

UDF" (eyy) = UDF(euy) + 7(v) — r(u). 2

A UDF-Displacements legal if andonly if UDF" (eyv) > 0
for all wirese,,, € E.
We statethefollowing without proof.

Theorem 1 All legal delay balancedconfiguations for a given
circuit-graph G are UDF-Displacedrersionsof ead other

Theorem 2 Thenetchange in the numberof UDFsin any struc-
tural pathfroma node/gateu to anothernode/gatev after UDF-
Displacemenis alwaysr(v) — r(u).

Theabove theorengivesriseto thefollowing corollary

Corollary 1 If weconnectll thegatese PO (primary outputs)of
a givencombinationatircuit toa commordummynodeO through
dummywiresthen,if werestrictr(O) to be exactly0 andalsor(l)

for everyinput nodel € PI to be exactly 0, thenthe critical path
of thetransformectircuit-graphafter UDF-displacementemains
unalteed.

4. PROBLEM FORMULATION

4.1. Dual Supply Voltagesfor Gate-Level Circuits
Wefirst formulatethe problematgate-leel. Furthermorefor sim-
plicity we assumehatgateu hasdelayd? atVi, andadelayd~
atVip with df = dff + k, wherek, is apositive integer. Also,
we assumehatthe delayof alevel corverterintroducedbetween
a gateat voltageV3, anda gateat voltage V2, is a fixed inte-
ger= di.»,. We call theabore modeltheintegral delay-diference
model

We later extend the model to caseswherek,,, d'¢*, are non-
integral.

4.1.1. Thelntegral Delay-DifferenceModel
Beginningwith acircuitwhereall gatesareoperatedvith asup-
ply voltageof V2, if gateu hasa slackof atleastk, time units

thenit is a potentialcandidatefor beingswitchedto V5 p,. How-
ever, only a subsef all the gateswith the requisiteslackcanbe

switchedto V5. Identifying thatparticularsubsebf gateswhich
lendsus a maximumpower benefitis our problemat hand.

Thekey factthatUDF-Displacementangeneratall delaybal-
ancedconfigurationsof a circuit-graph,seeTheoreml, leadsto
thefollowing.

Objective:To employUDF-Displacemento identifythat particular de-
lay balancedconfiguation which identifiesall thelogic gateswhich canbe
switdhedto a lower supplyvoltage while providing a maximalreductionin
powerconsumptionwhile also maintainingthe critical path. Theprocess
of obtaininga Power ReducingOptimizationwith UDF-Displacementvill
here onwadsbereferredto asPROUD.
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Figure 4. The circuit-graph is transformed under “PROUD”
wherein the neighborhood of every node w in the circuit-
graph is transformed as shown above.

PROUD will bemodelecasalinearprogrammingLP) problem
andcanbe summarizeds,
Input: A combinationalgate-leel netlist, with all gatesusing
Vib.
Output: A power optimizedversionof the abore circuit utilizing
the samegatesasbeforebut with somegatesusingV3 .
First,transformthecircuit-graphby addingacommonfanoutnode
O for all nodese PO asin corollary 1. For eachnode/gateu €
V, definep, = ky + diey — 1 andthen:
1. Producea randomdelay balancedconfiguation of the given circuit-
graph.We usea depthfirst UDF insertionheuristicfor this.
2. Transformthe circuit-graph using the transformationillustrated in
Fig. 4 as follows: i)introducep, auxiliary nodes/gatesvith a delay of
0 unitsin betweergateu andead of its fanoutnodesas shownin Fig. 4,
ii)Exactly k,, of theseauxiliary nodesare commorto all thefanoutnodes
and are denotedby u; ¢ € {1---ky}. Theremainingp, — k. nodes
are uniqueto eat fanoutwire andfor the fanoutwire u — v; theseare
denotecbyug i € {ku + 1+ py}, iii)Every auxiliary arc introducedbe-
tweendummynodeshasexactlyO0 UDFs. Notethat thetransformedyraph
is alsodelaybalanced.
3. Associate with eah “real”
node/gateu the variables,r(u), low(u),level conv(u) and with eat
auxiliary gateu;, u thevariabler (u;), 7(u] ) and setup the following
constaintsfor everytypical “r eal” node/gatelike the gatein Fig. 4:

{ low(u) < r(u1) — r(u)’ 3
low(u) < r(u;) —r(ui—1),i € {1--ky}
( 0 < ’"(“z) 77’(”1:_1)7
1€ {kyt1---pu},j €{1-- -k}
0 < r(v;) — r(up,) + UDF(eus;),

low(u)— low(v;) < r(ul) —r(ul_,),
i€ {kut1---put,j € {1k}
low(u)— low(vj) < r(vj) —r(ud,) + UDF(euv; ),
\ je {1 ... k},

{ level_conv(u) > low(u) —low(v;),j € {1---k}

0 <
0 <

4. Setupthelinear powerbenefitftunction, COST

®)

low(u) < 1.
level_conv(u) < 1.

(6)

Minimize COST = Z a(u)low(u)(VDLD2 - V[‘)HD2)Cgate felk
ueV

2 2
+a(u)levelconv(w)(VED Cinva + VD Cinvt) fetk-

5. Solve PROUD using the heuristic PRHEUDENT Power Reducing
Heuristic with UDF Displacemat and outputthe powergain.

Theinequalities(4),(5),(7),ensurenon-n@ativity of numberof
UDFson edgeof thetransformedircuit-graph.

Under PROUD a gate u is switchedto V2, if and only if
low(u) = 1, otherwiselow(u) = 0 andgatew remainswith

a supply voltageof V. A level corverteris necessanat the
output of gatew if andonly if level_conv(u) = 1, otherwise
level_conv(u) = 0.

The inequalities(4) ensurethat for low(u) to be 1 at leastk,,
UDFsmustbe availablein the pathfrom nodeu to nodeu,, , i.e.,
atleast“1l” UDF mustbe availablein eachof thewires,u — w1,
Ui —> Uit1 © € {1---1%—2.

Similarly, theinequalities(5) ensurethatif ary fanoutnodew;
of nodeu remainsat V&, i.e.,low(v;) = 0, thenlow(u) canbe
1onlyif thepathfrom us, towv; hasatleastd;., additionalUDFs.

The inequalities(6) along-withthe factwe are minimizing the
objective function ensurethatlevel _conv(u) = 1 exactly when
low(u) = 1 and at leastone fanoutnode v; of nodeu has
low(v;) = 0.

The objective functionin (7) modelsthe global power benefit
asa linear function of low(u) andlevel_conv(u) for all nodes
u € V. Thepower dissipatedn the level corverter seeFig. 1a,

is modeledasthe pawer dissipatedby two invertersoneat V5,

invl, andtheotherat Vi, inv2.

If we solve the formulatedproblemasan ILP problemby re-
stricting low(u), level_conv(u) to integersthenwe get an op-
timal solution but the ILP solver may take long CPU time. We
thereforeusethe heuristicPRHEUDENTwhich will bediscussed
subsequently

We now detailthe stepsof PRHEUDENT

1. Setup the constaint and costfunctionusingstepsl.-4. in
PROUD.

2. Solvefor the optimal solutionusinga standad LP solver

3. For thosenodeshavinglow(u) = 1 in the optimal solution

in 2. fix thesupplyvoltage at V5, i.e., force low(u) = 1. Now

i)If substantialnumberof nodes,u, havea non-intgral value
for low(u) thenforcelow(u) to 0 for thesenodes Nowgo bad to
step1 after updatingthe value of delay(u)for all nodes,u, which

havebeenswitchedto V5, anditeratetill only a few nodeswith
non-intgral low(u) remain.

ilf a relatively small humber of nodes have non-intgral
lowgu) thenusethe heuristicin [4] to determinethe supplyvolt-
age for thesenodes.NowterminatePRHEUDENTand outputthe
povlvergain and the supplyvoltages usedfor all the gatesin the
netlist.

In our simulationswe iteratedthe stepsl., 2., 3. i) only once
andthenused3. ii) to determinethe supply voltagefor all the
remainingnodes.

4.1.2. TheNon-Intgyral Delay DifferenceModel

The obviousway to dealwith the casewherea gatehasa non-
integral k., is to emplgy the ceil operatotto k,, andthensolve for
PROUD. For exampleif we havethevoltagepair(2.5V, 1.8V)then
for agate,u, with delayof 1 unitat2.5Vthedelayis 1.93 at1.8V,
whichmeansk,, = 0.93. By usingk,, = 1 insteadwe canstill use
theabove modelwhile maintainingthe critical pathandobtaining
nearoptimalresults.On the otherhandfor thevoltagepair (3.3V,
2.5V)agate,u, with adelayof 1 unitat3.3V hasadelayof 1.582
units at 2.5V with k, = 0.582 substitutingk,, = 1 mayin all
likelihood give us suboptimalresults. If, however, we multiply
all delayvaluesin the circuit by a factorof 10 thenthe minimum
value of k,, for the abore examplewill be 0.582 x 10 = 5.82.
Also, the minimum gatedelaywhich was1 initially will now be
10, we cannow usethe ceil operatorasbeforeto getk,, = 6. The
excessUDFs usedto switch gatew to 2.5V is thereforereduced
from1—-0.582 = 0.418 to (6—5.82)/10 = 0.018. This,however,
increasesherun-timerequirementsonsiderably

@)



Table 1. Simulation results with, Case I: Vi, = 5V, V5, = 3V, unit delay gates with delay(5V) = 1 unit, delay(3V) = 2 units,

i.e., k, = 1 unit for all gates, v € V, delay(level converter) = 0 unit, i
gates with delay(5V) = 1 unit, delay(3V) = 2 units, i.e., k,, = 1 unit

€., diey = 0, Case Il: Vi, =5V, V&, = 3V, unit delay
for all gates, u € V, delay(level converter) = 1 unit, i.e.,

diev = 1, Case lll: VH, =5V, V5, = 2.4, unit delay gates with delay(5V) = 1 unit, delay(2.4V) = 3 units, i.e., k, = 2 units for

all gates, u € V, delay(level converter) = 1 unit, i.e., djey, = 1

Circuit | #gates| %Power | % Pawver CPU % Paver

% Powver | CPU | %Powver | %Pover | CPU

c1908 880 40.2% 47.1% 8123.7 36.2%
c2670 | 1211 43.4% 56.1% 257.7 39.9%
c3540 | 1705 45.2% 57.3% 579 40.7%
c5315 2351 55.1% 58.5% 681.1 52.7%
c6288 2416 56.3% 62.2% 2139.05 55.6%
c7552 | 3624 52.1% 56.2% 2459.3 46.2%

Savings Savings Time Savings Savings | Time | Saings Savings | Time
Greedy | Proposed (s) Greedy | Proposed| (s) Greedy | Proposed| (s)
Approach | Approach Approach | Approach Approach | Approach

Casd Casdl Casell Casdl Casdll Casdlll
c432 160 9.1% 12.4% 5.4 8.5% 12.1% 7.58 9% 16.2% 7.83
c499 202 11.2% 13.6% 6.58 8.7% 11.7% 9.04 8.7% 19% 10.1
c880 383 48.1% 54.3% 24.28 45.6% 54.1% 38.2 31.7% 58.7% 54.4
c1355 546 12% 16.1% 21.3 10.5% 14.6% 42 5% 18.4% 47.2

45.1% 254 31.5% 49.5% 739
54.3% 713 34.6% 57.6% 1229
55.4% 1743 32.1% 57.7% 1743
57.3% 1719 53.9% 62.4% 4243
61.6% 4627 39.8% 62.7% 7736
54.37% | 5235 33.8% 59.6% 9475

5. EXPERIMENTAL RESULTS [2]

We usedthe PROUD formulationto explorethe useof two sup-
ply voltagedfor all thecombinationabenchmarlcircuitsin thelS-
CAS85benchmarlsuite. Thegatesn thecircuit wereassumedo (3]
have acapacitancequalingthemaximumnumberof transistorsn
aworstcasechaging/dischaging path,e.g,a5-inputNAND/NOR
gateis assumedo have a capacitancef 5 units. A togglinglevel  [4]
corverter like the onein Fig. 1a) canbe thoughtof astwo tog-

gling inverters,oneat V5, andthe otherat V2, Thelevel con- 5]
verterwasmodeledashaving a capacitancef 2 unitswith 1 unit

of capacitancewitchingbetweerl/;5, and0 andtheotherunit of

capacitancswitchingbetweer/)', and0, seetheobjective func-
tion COST in (8). Theswitchingactuities for all the gateswere
calculatedusinga monte-carlanethodanda 0 delaymodel. The
clock frequeny, f..x, wasfixed at the critical pathof the bench-  [7]
markcircuit undersimulation.

As canbe seenin Table. 1 three different caseswere simu-
lated which differed in the valuesof V5, and/orthe delay of  [8]
the level corverter As canbe obsered thereis substantialn-
creasen thepower savingsover the greedytechniquen [4] when
PRHEUDENTIs emplo/ed. For case) with the voltagepair (5V,
3V), seeTable.1, thereis 2.5%-12.7%ncreasen power savings
with PRHEUDENT For caseii) with voltagepair (5V, 3V), see
Table.1, theincreasan power savingswith PRHEUDENTgo up
mauginally for eachbenchmarkcircuit and now lie in the range
3%-14.7%.Therealbenefitof PRHEUDENTIs, however, evident
with the solo casewith the voltagepair (5V, 2.4V), seeTable.1,
heretheincreasan power savingslie in therange7.1%-25.8%.

The CPUtime for solvingPRHEUDENT(Ultra-Sparc10how-
ever increasegonsiderablywhenwe handlemore comple situ-
ations. This is evident by the considerabléncreaseén CPUtime
from the simplistic modelCasel to the morecomplicatedmodel
Casdll in Table.1.

We believe that betterCPU timesmay be possibleif we usea
betterLP package. The LP solver currently usedwas Ip_solwe,
availableat ftp://ftp.es.elg¢uenl/pub/ipsolve

In summarywe concludethatwe have developeda usefulfor-
mal mathematicamodel and an effective heuristicfor handling
dual voltagesuppliesto reducepower consumptiorat gate-level.
Futureresearchn this areawould be directedtowardsextending
the schemeo morethantwo supplyvoltages.Also, importantis
to figure outwaysto reducethe executiontime of PRHEUDENT

(6]
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