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Abstract

A methodolgy for supportingdynamicvoltage scaling
(DVS) on commecial FPGAsis described.A logic delay
measuementircuit (LDMC) is usedto determinghespeed
of aninverterchainfor variousoperating conditionsat run
time A desied LDMC value intendedto matd the criti-
cal pathoftheopemting circuit plusa safetymanmin, is then
chosena closedoop contmol schemds usedo maintainthe
desiedLDMC valueaschip tempeature changes,by auto-
maticallyadjustingthevoltage appliedto the FPGA.We de-
scribeexperimentausingthis techniqueon variouscircuits
at different clodk frequenciesand tempeaturesto demon-
strateits utility androbustnessPower savingsbetweer%
and54%for theV, y 1 supplyare observed.

1. Intr oduction

Field Programmablé&ate Array (FPGA) technologyis
gainingimportancefor embeddedppliancesinceit is able
to combinehigh performancewith low costand shortde-
signtime.However, recon gurablearchitecturefiave much
higherparasiticcapacitanceomparedvith an ASIC. As a
result,FPGAscanconsumeconsiderablynorepower than
ASICs, in somecasesup to two ordersof magnitudein
the sametechnology{12]. This makesFPGAslesssuitable
for power sensitve applicationssuchashandhelddevices.
Pawerreductionin FPGAsis hencemportant.

Previous work hasbeenconductedto nd waysto re-
duce power consumptionin FPGAs. Some methodolo-
gies involve modifying the FPGA itself; theseinclude
dual Vgq/V, N 7, gatedclock routing tree and power awvare
FPGA architectureg?, 4]. Othermethodswork with stan-
dard FPGAs; these methodsinclude pipelining, power
aware CAD algorithms and power aware coding of -
nite statemachineg4]. While the rst setof methodologies
canreally only be exploited by FPGA vendors,the sec-
ondsetcanbeexploitedby FPGAusers.

Voltagescalinginvolvesreducingthe supplyvoltageof
a circuit [1]. It canreduceboth dynamicandleakagecur-
rent, but at the expenseof increasingeircuit delay For best
results thecircuit shouldoperateatthevoltagethatreduces
power consumptionas much as possible,while maintain-
ing reliable operation.Finding this thresholdis dif cult,
however, sincethe optimumoperatingvoltagechangesvith
time andbetweerdevices,andvarieswith die temperature.

This paperintroducesa new methodologyto support
dynamic voltage scaling (DVS) on commercial FPGAs.
RatherthanpoweringtheFPGAwith a x edvoltage wedy-
namicallyadjustthe voltagesupplyof the FPGA; the volt-
agereductionleadsto power savings. To avoid over reduc-
ing thevoltage we embedanovel logic delaymeasurement
circuit (LDMC) to measurahe on-chipdelayof a dummy
circuit. TheLDMC readingsareaffectedby thetemperature
andvoltageof the FPGAs logic cells, allowing us to dy-
namicallyadjustthesupplyvoltageof theFPGAIin aclosed
loop fashionaccordingo thesensowalue.Fig. 1 shavsthe
systemarchitectureof our DVS implementation.

In this paperwe investigatethe effectivenesof DVS on
anFPGA.Our contritutionsinclude:

dynamic voltage scaling for reducing FPGA power
consumption:we believe this is the rst reported
methodologyfor applying DVS techniquesto com-
mercialFPGAsS;

anovel Logic DelayMeasurementircuitusingFPGA
resourcesto the rst order the readingproducedby

the LDMC tracksthe critical path delay of a circuit

thatwe wish to operateunderDVS; we alsoshowv ex-

perimentallythat by usinga closedloop DVS system
which keepsthe LDMC readingabove athresholdno

errorsoccur;

demonstrationf theeffectivenessf ourapproachwe
achieve power reductionsfrom 4% to 54% (typically
20-30%)in the V| y 1 supplywhile maintainingcor
rectoperationover awide rangeof temperatures.
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Figure 1. System architecture of our DVS im-
plementation.

Experimentalresultsusing a Xilinx Virtex XCV300E
FPGA are presented,which shav that this approach
achieves considerablepower reduction and is robust to
changesin die temperatureThe techniquecan be com-
binedwith otherapproachesandrequiresno modi cation
to the FPGAitself.

Theremainerof this paperis organisedasfollows. Sec-
tion 2 provides a brief introduction to power reduction
stratgies. Our approachis describedin Section3 along
with detailsof the LDMC circuit which is neededor our
approachResultsregarding the calibrationof the LDMC
andthe overall power reductionabilities of our technique
areprovidedrespectrely in Sections4 and5. Finally, con-
clusionsaregivenin Section6.

2. Background

Power consumptionof a CMOS technologyFPGA has
two major componentsstatic powver consumptiorand dy-
namicpowerconsumptionStaticpowerconsumptioris due
to gateoxidetunnelingcurrent,subthreshol@¢onductionof
MOStransistorsandleakagen thereversebiasedunctions.
As the fabricationprocesecomesnoreadvancedandthe
featuresize of transistorsare decreasedthe leakagecur-
rent increasessigni cantly and becomesa major compo-
nentof the power consumptionWe do not directly address
the problemof reducingstatic pover consumptionin this
work althoughwe notethatreducingthe operatingvoltage
reduceghe staticpower.

The main sourceof dynamicpower consumptioris due
to the chaging and dischaging of capacitance# the in-
tegratedcircuit. The dynamic power consumptioncan be
modeledby thefollowing formula:

X
P=" (C Vd& f) 1)

whereC is the parasiticcapacitancef eachpart of the cir-
cuit, Vyq is the supply voltageandf is the switching fre-
queng of thecircuit. Sincethereis a quadratiaelationship
betweenVyy andthe dynamicpower, reducingthe voltage
will reducethedynamicpower signi cantly.

Techniquedor power reductionin FPGAscanbe clas-
si ed into two groups,thosethat require changesto the
FPGA architectureor circuitry, and thosethat do not re-
quire suchchangesThe latter methodswhich arethe fo-
cusof thiswork, areapplicableto existing devicesandcan
beappliedatthedesignor systemevel. Someof thesepro-
posedtechniquesnclude:

Pipelininglong combinationakircuits. The difference
in the arrival time of inputsis reduced.As a result,
glitchesarereducedandthe dynamicpower consump-
tion is signi cantly reducedlt hasbeenreportedthat
this methodologycan reducethe power usedfor ev-

ery operatiorby 40-90%)][8]. As registerresourcesire
alundantin FPGAsandpipelinedcircuit usuallyhave

betterperformancepipeliningis oneof the bestsolu-
tionsfor reducingpowerin FPGAs.

Paver-aware CAD algorithmshave beenstudiedand
shown to be effective for reducingpower consumption
[4, 5]. Thesealgorithmsincluderetimingfor powerop-
timisation,reductionof gate-tunnelindeakagezipper
ing etc.

Unlike the methodsabove, DVS is appliedat a system
level and canreduceboth static and dynamicpower con-
sumptionwithoutchangeso thedesign Anotheradvantage
of DVS is that voltage hasa squarerelation with the dy-
namic powver consumptionso a small decreasen voltage
leadsto signi cant power reduction.

3. Dynamic Voltage Scaling Ar chitecture

This section describes our dynamic voltage scal-
ing scheme which includesa Logic Delay Measurement
Circuit (LDMC).

Fig. 1 shaws the systemarchitectureThe power supply
of theFPGA.is controlledby avoltagecontroller whichdy-
namicallyadjuststhe supplyvoltageof the FPGA.By low-
ering the voltage, the power dissipatedby the FPGA can
be reduced at the expenseof reducedperformanceof the
FPGAcircuit. In ourimplementationthevoltagecontroller
is implementedin a personalcomputer(PC), however, it
would also be possibleto implementthe controller using
simpleelectronics.

Notethatit is necessarjo keepthelO voltagelevelsun-
changedo maintaincompatibility with other chips at the
boardlevel. Fortunately modernFPGAs have a separate
supply networks for the input outputblocks (V, o) andin-
ternalcircuit (V, y 7). Our stratgy is to apply DVS to the
internal circuits (logic cells, routing elementsand storage
cells) while keepingthe input outputblock (IOB) voltage
unchangedAnaloguecomponentin theFPGA,suchasde-
lay lockedloops(DLL) or phasdock loops(PLL) areoper



Figure 2. Example of 10 error in DVS.

Figure 3. Delay as a function of supply volt-
age. Figure shows regions where the circuit
will operate correctl y and where it will fail.

atedfrom athird, independensupplyin currentXilinx and
Alteradevices.

The voltage controller is responsiblefor ensuringthe
voltagesupplyto the FPGAIs notloweredsomuchthatthe
FPGAceaseto operateproperly or it doesnotmeetthefre-
queng requirementsf theapplication Clearly, FPGAsare
designedo operatewithin a speci edvoltagerange When
we operatethe FPGAs V, y 1 at a voltagelower thanthis
range errorsmayoccur We nd thattwo typesof errorcan
occur:10 errors anddelayerrors.

Fig. 2 illustratesan IO error In this scenariothe core
is operatingat sucha low voltagethata high outputsignal
from the coreis lessthanthe thresholdvoltageof the IOB.
In this casethe OB may mistalenly interpretthe high sig-
nal asa low value,leadingto an incorrectFPGA output.
Our experimentsin Section4 shaw that the pass/ail volt-
agefor anlO erroris a strongfunctionof the chip tempera-
ture.Notethatthisis nota concernfor FPGAinputs,since
a high signalfrom an I0OB to the corewill still be inter
pretedasahighvalue,sinceV,nt < V0.

The secondtype of error that canoccuris a delay er-
ror. Whenthevoltageis lowered the switchingspeef the
transistorss reducedAs thevoltageis lowered thecritical
pathdelaywill increasegventually becominglongerthan
the clock periodof the systemclock. Whenthis occurs the
FPGA canno longer meetits timing requirementandthe
systermwill fail. Thisis shawvn in Fig. 3.

To ensurethatthe FPGA doesnot experiencelO or de-
lay errors thevoltagecontrollerusesafeedbaclsignalfrom

Figure 4. Schematic of the LDMC.

the FPGAto indicatethe statusof the circuit implemented
on the FPGA. This signalis usedasa “warningsignal” to
indicatewhenthe FPGA is aboutto experiencelO or de-
lay errors.By adjustingthevoltagebasednthis signal,the
voltagecontrollercanensurdghatlO anddelayerrorsdo not
occur

The feedbacksignal is obtainedfrom a Logic Delay
MeasuremenCircuit (LDMC) which, alongwith the user
circuit, isimplementedisingnormalFPGAIlogic resources.
The LDMC consistsof three major componentsa delay
line, registers,and a leadingzero detector The schematic
for the delayline andregistersis shovn in Fig. 4. The de-
lay line consistsof 128 invertersconnectedn series.The
sameCLK signalis connectedo theinputof thedelayline
andusedto clockall of theD ip ops (DFFs).Astheskew
of the FPGAs clock distribution network is very small,we
assumehatthesesignalsarrive almostsimultaneously

On eachfalling clock edge,a wavefrontbegins passing
throughthe inverter chain.Half a cycle later on the rising
clock edge the propa@tedsignalis latchedinto the regis-
ters. At this rising clock edge,someof the registerinputs
will have switched,and somewill not yet have switched.
Thenumberof inputsthathave switchedwill dependnthe
delayof theinverters;the delayof the invertersdependon
the temperatureand supplyvoltage.A leading-zeradetec-
tor is thenusedto estimatethe circuit's propagtion delay
In this way, the LDMC measuresiow mary delay stages
thefalling edgepropagtesin half aclock period.

In our implementation,the placementof the inverter
chainis constrainedgothateachdelayline inverterandthe
associated ip-op arein the samelogic cell. Adjacent
cells are placedin adjacentsiteson the FPGA as shavn
in Fig. 5. Sucha placementnsureghat eachdelay stage
have an approximatelyequalpropagtiondelay In ourim-
plementatioron an XCV300E,the LDMC usesl77slices,
asmallfractionof thetotal FPGAresources.

Giventhefeedbaclsignal,thevoltagecontrolleruseshe
following algorithmto control the voltagesuppliedto the
FPGA. In this algorithm, LDMCdenoteshe readingfrom
theLDMC register Voltage denoteshevoltageprovided



Figure 5. Constrained placement of LDMC.

totheFPGA,andThreshold denotethe LDMC thresh-
old indicatingthe onsetof failure modes.

Voltage = InitialVoltage;
while  true
do
if ((LDMC - Threshold) > 8)
Voltage = Voltage - 0.05;
elseif  ((LDMC - Threshold) > 3)
Voltage = Voltage - 0.01;
elseif ((LDMC - Threshold) > 0)
Voltage = Voltage - 0.005;
elseif ((LDMC - Threshold) = 0)
Voltage remain unchanged;
elseif  ((LDMC - Threshold) < 0)
Voltage = Voltage + 0.01;
wait for 200 ms;
done

Asthevoltageis reducedthevaluereadfromtheLDMC
register goesdowvn becausehe propagtion delay of the
inverter chain within the LDMC increasesAs long as
the LDMC is above a prede nedthreshold,the FPGA is
deemedo beworking properly andthe voltageis lowered
further As the LDMC approacheshe thresholdvalue,the
voltageis nolongerlowered,andif it goesbelow thethresh-
old value, the voltageis increasedlIn this way, the volt-
agecanbeadjustedasthe propa@tiondelayof theinverter
chainvarieswith the chip temperatureThe rateof change
of voltageshouldbelargesothattheappliedvoltagecanap-
proachthe lowestpossiblevoltagequickly. However, addi-
tional noisewill beintroducedf thevoltageis changedoo
quickly. We foundthatthevoltagestepsizeand200ms in-
terval usedin the algorithmwassuitablefor our particular
experimentaketup.

Of critical importances theselectiorof aproperthresh-
old value.As describedn Section3, lowering the voltage
too far cancausethe chipto fail in two ways:the corevolt-
agemaybecomedoolow to drive theoutputblocksproperly
or the chip may run slower thanis requiredby the appli-

cation.Experimentallywe candeterminedLDMC threshold
valuesthatindicatetheonsef eachof thesefailuremodes;
clearly thesevalueswould be FPGA-dependentVe have

foundthatthethresholdvaluecorrespondingo the onsetof

both typesof errorsis different,dependingon whetherthe
voltageis changingquickly (we refer to this thresholdas
the dynamicthreshold or slowly (static threshold. Given
thesethresholdswe then calculatethe Threshold  vari-

ablein the above pseudo-codasfollows: Threshold =

max(THgs; THad; THis; THig ) + THsm wWhereTHgys isthe
staticdelaythreshold,THyq is the dynamicdelaythresh-
old, THjs is thestaticlO thresholdvalue, THiq is thedy-

namiclO thresholdvalue,andTH ¢y, is a safetymaigin —

wefoundTHgy, = 2worksfrom experiments.

4. Experiments

In this sectionwe experimentallyevaluateourtechnique
andshowv how the thresholdvaluesdescribedn the previ-
oussectioncanbe obtained.

We usethe Pilchardcard [6] in an 800 MHz Pentium
Il host personalcomputer(PC) asthe hardware platform
for the experimentsPilchardis arecon gurablecomputing
platform that usesthe SDRAM bus insteadof the corven-
tional PCI busfor the hostinterface.The boardcontainsa
Xilinx Virtex 300E-8device,whichcontainsa32 48CLB
array implementedin 0:18 m with 6-layer metal CMOS
technology

To conductdynamic voltage scaling experiments,we
replacethe 1.8 V regulator that suppliesV,yt on the
Pilchard board with the output of a Keithley sourceme-
ter 2400[3]. The V, o for the IOBs is keptat 3.3 V. The
sourcemeters usedas a voltage source,its output being
programmablevith 0.02%accuray via a RS-232interface
of the sourcemeterThe sourcemetecanalsogive current
measurementsith abasicaccuray of 0:22% Thisfeature
is usedto measurehe currentconsumptiorof the FPGA.
In a practicalsystem,the sourcemetecan be replacedby
adigital to analoguecornverterwith sufcient currentdrive
for the FPGA.

As thelO bandwidthof the Pilchardboardis lower than
that of circuit undertestandsincelO operationshetween
the FPGAandothercircuit componentsigni cantly affect
the power consumptiontestvectorgeneratioranderrorde-
tectionis doneon-chip.

Next, we describeexperimentsto demonstrateorrela-
tion betweerLDMC readingsand(i) IO errors,and(ii) de-
lay errors.

First, we conductexperimentsto demonstratehe rela-
tion betweenlO errorsandthe LDMC reading.A 64-bit
registeris implementedon the FPGA and presetto output
OxFFFFFFFFFFFFFFFt the businterface. The FPGAIs
also populatedwith dummy linear feedbackshift register



Figure 6. Block diagram of 10 error experi-
ment.

Circuitactvity* | THio_staric | LDMC value
Minimum 1.26V 69
1/6 1.31V 69
2/6 1.36V 69
3/6 1.42Vv 69
4/6 1.45Vv 69
5/6 1.53V 70
Maximum 1.57Vv 68

Circuit actiity is reportedas% of thelogic re-
sourcenthechip.

Table 1. 10 static threshold value and voltage
as a function of circuit activity .

(LFSR) circuits which are usedto simulatedifferentchip
activity, asshavnin Fig.6.WereduceheV, y t supplyvolt-
age,and nd thatthe LDMC outputdecreaseaccordingly
Eventually anlO erroroccursthevaluereadbackfrom the
Pilchardcardis notOxFFFFFFFFFFFFFFFR&ndthethresh-
old voltageis recorded.Table 1 summariseshe resultsof
this experiment.

The table shavs that IO errorsoccur at different volt-
agelevels dependingon the circuit actwvity. This is proba-
bly dueto the LFSRscausingthe temperaturef the die to
rise.lO errorsoccuronly if theLDMC outputdecreasebe-
low a certainvalue(70in ourimplementation)We usethis
valueasour staticlO threshold,TH s .

We alsoinvesticgatewhethera fastchangingV, y t volt-
agelevel changeghe value of LDMC outputat which 10
errorsoccut The sametestingapproachdescribedearlier
is used,but with the V| y 1 level being switchedbetween
the standardevel (1.8 V) andanothervoltageat the maxi-
mum speedachiezableby the sourcemete¢s Hz with each
transitiontaking severalmicroseconds)rhelowestLDMC
valuefor which correctoperationis obsened (the dynamic

Figure 7. Architecture of test circuit.

IO threshold or THjq) is foundto be 71. Onewould ex-
pectthatthis valueis higherthanthe staticthresholdfor the
samecircuit, sincea fastchangingsupply voltagewill in-
troduceadditionalnoiseto the FPGA.

Secondwe usethe LDMC asa referencefor the DVS
only if LDMC outputreadinggrackthedelayerrors.Since,
toa rst order thedelayof botharedominatedy thedelay
of thelogic cellsandroutingresourcein the FPGA,we ex-
pectthis to betrue.We implementthe testcircuit shavn in
Fig. 7 to detectoccurrenceof delayerrorin our circuit un-
dertest.

Uponinitialisation,theLFSRandtheregisteris resetto a
known valueandthecounteris resetto zero.TheLFSRand
circuit undertestwill thenstartto run, generatingan out-
put which is “XOR-ed” with the value of the registerand
storedback to the register This processis repeateduntil
the counterreachesa certainvalue (228 in our implemen-
tation), after which the register checksumvalueis latched
in anotherregisterto be readby the PC host. The testcir-
cuit is constrainedso thatits critical pathis dominatedby
thatof the circuit undertest.We thusensuredelayerrorsin
thecircuitundertestwill occurbeforetherestof thetestcir-
cuit fails. Theentirecircuitis replicatedsoasto Il up most
of theareain theFPGA.Beforewe starttheexperimentthe
circuit is operatedat the standardsoltageto obtainthe cor
rectchecksumAfter that, we decreasé¢he voltagelevel of
Vi n 1 until it fails. Thechecksunwill becorrectonly if 228
computationsrecorrect.

We testseveral differentcircuits including integer mul-
tipliers, dividers,andCORDIC coresgeneratedy the Xil-
inx CORE Generator{10, 11, 9]. Floating-pointmultipli-
ersfrom opencores.@r[2] arealsotested For eachcircuit,
we usedifferentbit-widths,andtwo differentclock frequen-
cies(66 MHz and100MHz). Table2 shawvs theresults For
eachbenchmarkat eachof the two clock speedswe cal-
culatethetolerancewhich is de ned astheamountwe can
slow down the circuit, by reducingthe supply voltagebe-
fore thecircuit fails to meettiming requirementsMore pre-
cisely thetolerancds de ned as:

Tolerance= (P; P3)=P, 2

whereP;, is the minimum operatingperiodreportedby the
vendortool, andP; is periodof the clock usedto testthe
circuit; in general P, is lessthanP; for a circuit operating



Name | Speed | Tolerancg%) ‘ THstatic | THovn
sqrt8 | 66MHz 26.36 83 89
sqrt8 | 100MHz 88.51 * *
sqrtl2 | 100MHz 17.43 94 97
sqrtl2 | 66MHz 76.51 * *
sqrtl6 | 100MHz 10.19 95 94
sqrtl6 | 66MHz 66.19 * *
sqrt24 | 100MHz -0.45 105 101
sqrt24 | 66MHz 51.19 * *
mul5 | 100MHz 42.94 85 90
mul5 | 66MHz 114.93 * *
mul7 | 100MHz 28.62 89 94
mul7 | 66MHz 92.68 * *
mulll | 100MHz 1.48 115 115
mulll | 66MHz 51.04 81 85
fp84 | 100MHz 17.86 88 92
fp8.8 | 66MHz 16.80 92 92
divd2 | 100MHz 25.72 71 76
div32 | 66MHz 88.56 * *

An asteriskindicatesthatno delayerrorsaredetectede-
fore IO errorsoccur

Table 2. Static and dynamic delay thresholds.

correctly For eachbenchmarlandeachclock speedwe in-

dicatethetoleranceandthemeasuredhestaticdynamicde-

lay threshold(Tg4s andTyq).
FromTable2, we have thefollowing ndings:

Circuits having largertolerancegendto have a lower

thresholdvalue,but thereis no directrelationbetween
toleranceand thresholdvalue. For example, circuits
sqrt8aand div32a have a similar tolerancebut they

have differentthresholdvalues.A possiblereasonis

thatthey may have a differentratio of logic delayand
routing delay onebeinglesssensitve to voltagescal-
ing thanthe other

For circuits having large tolerance(more than 60%),
IO errorsoccur beforedelay errors.In this case,the
THis and THig will determinethe thresholdvalue
usedby thevoltagecontrolcircuit.

In this experiment,it is importantthatthe input vectors
exercisethe critical path of the circuit. As an example,a
128-bitaddercircuit has2?°¢ input combinationsandran-
dominputsare not likely to resultin the critical path be-
ing tested.Thisis a limitation of our experimentaimethod,
andmayresultin athresholdvaluethatis smallerthanwhat
it shouldbe. IncreasingT Hg, will compensatsomevhat
for thesesortsof errors.

Circuit | LDMC threshold| SuppliedVoltage(Vin 1)

35 Cc|50C|65C
sgrt8a 89 141 | 1.42 1.45
sgrtléa 101 152 | 154 1.56
sqrtléb 75 1.28 1.29 1.30
sqrt24a 111 1.78 1.81 1.87
fp8_8a 98 157 | 1.60 1.63
mull2b 87 142 | 1.42 1.45
mul7a 95 146 | 1.48 1.50
reg64? 72b 165 | 1.68 | 1.71

a Circuit for 10 errortesting.
b 10 errorthreshold.

Table 3. Impact of Chip Temperature on VinT.

Finally, we shav thatourtechniquecanmaintaincorrect
operationevenasthetemperaturef the FPGAchanges.

The FPGA chip surfacetemperaturds increasedising
a hair dryer. During the experiment,we recordthe correct-
nessof thecircuitandtheV, y 1+ voltageat differenttemper
atures Resultsaresummarisedn Table3. We nd thatthe
circuitsundertestdonothave ary errorif theLDMC is kept
at the LDMC threshold.When the chip surfacetempera-
tureincreaseshesupplyvoltageis automaticallyincreased
to keepthe LDMC readingat the threshold.If the supply
voltageis notincreasedvhentemperatureas increasedthe
LDMC readingwill decreasandthecircuit undertestfails.

5. Power Savings and Trade-offs

In this section,we illustratethe effectivenesof the pro-
posedDVS methodologyfor power reduction,andprovide
guidelinesfor applyingthis methodology

We rst apply the DVS methodologyto sometest cir-
cuits at room temperaturend recordthe power consump-
tion using DVS. A summaryof the resultsis givenin Ta-
ble 4.

As shavn in the table, the power reductionachieved
variesfrom 4% to 54%. Typically we canachie/e 20-30%
power savings. Circuitshaving aLDMC thresholdnearthe
IO error LDMC thresholdhave the bestpower reduction.
Circuits having larger toleranceusually have large power
savzingssoamaximallypipelinedversionof acircuit results
in the largestpower savings. It shouldalso be notedthat
a pipelinedversionof a circuit canreducethe power con-
sumptioneven if voltage scalingtechniqueis not applied
becaus@ipeliningcanreduceglitches.

Usingthistechniquean FPGArunscorrectlyevenif the
operatingrrequeng is higherthanthe maximumfrequeny
reportedby the vendortools (suchasfor circuit sqrt24a).



Name* | Area** | Tolerancg%) | LDMC threshold| Powerat Power at Power save (%)
(Slices) 1.8V (mW) | LDMC thresholdmw)

sqrt8a 787 26.36 89 361.52 225.85 37.53
sqrtl2a 907 17.43 100 481.89 348.57 27.67
sqrtléa| 1043 10.19 101 576.30 418.99 27.30
sgrt20a| 1203 4.18 105 759.24 617.54 18.66
sgrt2d4a| 1379 -0.45 111 915.10 845.04 7.66
sqrt8b 787 88.51 73 322.52 148.46 53.97
sqrt12b 907 76.51 73 405.12 190.72 52.92
sqrtléb | 1043 66.19 75 464.10 219.89 52.62
sqrt20b | 1203 56.81 74 597.34 295.13 50.59
sqrt24b | 1379 51.19 74 697.03 378.04 45.76
mul5a 743 42.94 91 307.43 203.09 33.94
mul7a 795 28.62 95 350.99 241.35 31.24
mul9a 879 3.38 117 453.61 397.79 12.31
mullla 975 1.48 121 539.12 513.85 4.69
mul5b 743 114.93 75 273.54 125.20 54.23
mul7b 795 92.68 75 308.75 142.94 53.70
mul9b 879 54.64 88 371.14 223.91 39.67
mulllb 975 51.04 87 435.16 258.38 40.62
divliea 1166 69.03 76 190.66 88.72 53.47
div32a 2196 25.72 77 662.73 357.99 45.98
diviéb 1166 151.55 75 215.76 98.84 54.19
div32b 2196 88.56 75 644.02 314.90 51.10
fp8_4a 1071 17.86 94 500.59 333.37 33.40
fp8_8a 1932 16.80 98 768.42 554.23 27.87

Circuitswith sufx "a' have aclockfrequeng of 100MHz;
circuitswith sufx “b' have aclockfrequeny of 66 MHz.

CircuitsaresynthesizedisingXilinx 1SE6.2,optimizedfor speed

All experimentsareconductedatroomtemperature.

Table 4. Power reduction achieved using DVS.

Applying DVS allows the voltageto be reducedeven in

suchcircuits,anda 7.66%power saving is achiezed. Thisis

becaus&PGAvendorsusea x edsupplyvoltagewith mar

ginsfor chipandtemperatureariation.Our DVS methodol-
ogy canreducethis maigin becauseve monitorthe FPGAs
delayandadjustthe supplyvoltageaccordingly

Next, we explore designtradeofs betweenthroughput,
power consumptionand area using the DVS technique.
Each benchmarkcircuit can operateat two frequencies,
100 MHz and 66 MHz, and with the appropriatethresh-
old settings.Thethroughputperjoule (million operationg
joule) andthroughpuperarea(thousandsperationg slice)
of eachimplementatiorarerecordedn Table5.

It can be seenthat running a circuit at a lower clock
speedresultsin alower LDMC threshold.The savingsre-

sultingfrom DVS canthenbeincreasedFromthetablewe
nd thatif the original circuit, suchassqrt24,hasa large
LDMC thresholdreducingthe operatingfrequeng canin-

creasethe throughputper joule signi cantly. At the same
time, the throughputper areawill decreaseso thereis a
tradeof. If the original circuit, suchassqrt8,hasa LDMC

thresholdhearthelO errorthresholdreducingtheoperating
frequeng woulddecreasghethroughpuperareawhile the
throughputperjoule doesnotincrease.

Theresultsof theseexperimentsareimportant,because
they suggesthat we candecreaséhe operatingfrequeny
of somecircuits to increasethe savings due to DVS. To
compensatéor thelossin processingpower dueto there-
ductionin frequeng, we canincreasahe numberof paral-
lel functionalunits. Clearly, oneneedsto be carefulto en-



Name Speed | Tolerancg%) | LDMC threshold | PaweratthresholdmW) | Throughput Enegy | Throughput Area
(MOp/J) (KOp/ Slice)
sgrt8a | 100MHz 26.36 89 221.98 450.49 127.06
sqrt8b | 66MHz 88.51 73 151.33 436.12 83.86
sqrtl6a| 100MHz 10.19 101 439.05 227.77 95.88
sqrtléb | 66MHz 66.19 76 231.90 284.61 63.28
sqrt24a | 100MHz -0.45 111 904.83 110.52 72.52
sqrt24b | 66MHz 51.19 74 365.86 180.40 47.86
mul5a | 100MHz 42.94 91 193.17 517.68 134.59
mul5b | 66MHz 114.93 75 132.71 497.32 88.83

Theareaof eachcircuit canbe obtainedirom Table4.

Table 5. Table showing tradeoff between throughput, energy and area.

surethat the decreasén power consumptiondue to DVS
outweighgheincreasen powver consumptiordueto thein-
creasechumberof functionalunits.

6. Conclusion

This papershavs that an LDMC implementationfor
FPGA technologycanbe usedasa referencefor dynamic
voltagescaling.We have alsoshavn thatthe DVS method-
ology canprovide up to 56% power reduction.Oneimpor-
tantadvantageof ourmethodologys thatit doesnotrequire
additionaldesigneffort or changedo the FPGAitself. The
methodologycanbe appliedto the applicationafterits de-
velopmentandno changego the circuit arerequired.An-
otherimportantadwantageof this methodologyis thatDVS
reducegower consumptiorat physicallevel. It canbeused
with system-lgel power reductiontechniquedik e pipelin-
ing to provide additionalpower reduction.

Themainlimitation of thisapproachs thatit requiresx-
perimentatiorto nd appropriatehresholdvaluesfor each
FPGA. For someapplications,however, the reductionin
power consumptiomrmay be sufcient to motivatethis addi-
tional system-lgel effort. Ourcurrentandfuturework is fo-
cusedon applyingthe proposedechniquego awide range
of applicationssuchthatthe experiencegainedwill enable
usto re ne andgeneralis®ur approach.
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