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Abstract

A methodology for supportingdynamicvoltage scaling
(DVS) on commercial FPGAsis described.A logic delay
measurementcircuit (LDMC) is usedto determinethespeed
of an inverterchain for variousoperatingconditionsat run
time. A desired LDMC value, intendedto match the criti-
cal pathof theoperatingcircuit plusa safetymargin, is then
chosen;a closedloopcontrol schemeisusedtomaintainthe
desiredLDMC valueaschip temperaturechanges,byauto-
maticallyadjustingthevoltageappliedto theFPGA.Wede-
scribeexperimentsusingthis techniqueon variouscircuits
at different clock frequenciesand temperaturesto demon-
strateits utility androbustness.Powersavingsbetween4%
and54%for theVI N T supplyareobserved.

1. Intr oduction

Field ProgrammableGateArray (FPGA) technologyis
gainingimportancefor embeddedappliancessinceit is able
to combinehigh performancewith low costandshortde-
signtime.However, recon�gurablearchitectureshavemuch
higherparasiticcapacitancecomparedwith anASIC. As a
result,FPGAscanconsumeconsiderablymorepower than
ASICs, in somecases,up to two ordersof magnitudein
thesametechnology[12]. This makesFPGAslesssuitable
for power sensitive applicationssuchashandhelddevices.
Power reductionin FPGAsis henceimportant.

Previous work hasbeenconductedto �nd ways to re-
duce power consumptionin FPGAs. Some methodolo-
gies involve modifying the FPGA itself; these include
dual Vdd /VI N T , gatedclock routing treeandpower aware
FPGAarchitectures[7, 4]. Othermethodswork with stan-
dard FPGAs; these methods include pipelining, power
aware CAD algorithms and power aware coding of �-
nitestatemachines[4]. While the�rst setof methodologies
can really only be exploited by FPGA vendors,the sec-
ondsetcanbeexploitedby FPGAusers.

Voltagescalinginvolvesreducingthe supplyvoltageof
a circuit [1]. It canreduceboth dynamicandleakagecur-
rent,but at theexpenseof increasingcircuit delay. For best
results,thecircuit shouldoperateat thevoltagethatreduces
power consumptionas much as possible,while maintain-
ing reliable operation.Finding this thresholdis dif�cult,
however, sincetheoptimumoperatingvoltagechangeswith
timeandbetweendevices,andvarieswith die temperature.

This paper introducesa new methodologyto support
dynamic voltage scaling (DVS) on commercialFPGAs.
RatherthanpoweringtheFPGAwith a�x edvoltage,wedy-
namicallyadjustthevoltagesupplyof theFPGA; thevolt-
agereductionleadsto power savings.To avoid over reduc-
ing thevoltage,weembedanovel logic delaymeasurement
circuit (LDMC) to measuretheon-chipdelayof a dummy
circuit.TheLDMC readingsareaffectedby thetemperature
andvoltageof the FPGA's logic cells, allowing us to dy-
namicallyadjustthesupplyvoltageof theFPGAin aclosed
loopfashionaccordingto thesensorvalue.Fig. 1 showsthe
systemarchitectureof ourDVS implementation.

In thispaper, we investigatetheeffectivenessof DVS on
anFPGA.Ourcontributionsinclude:

� dynamic voltage scaling for reducingFPGA power
consumption:we believe this is the �rst reported
methodologyfor applying DVS techniquesto com-
mercialFPGAs;

� anovel Logic DelayMeasurementCircuit usingFPGA
resources:to the �rst order, the readingproducedby
the LDMC tracksthe critical path delay of a circuit
thatwe wish to operateunderDVS; we alsoshow ex-
perimentallythatby usinga closedloop DVS system
which keepstheLDMC readingabove a threshold,no
errorsoccur;

� demonstrationof theeffectivenessof ourapproach:we
achieve power reductionsfrom 4% to 54% (typically
20–30%)in the VI N T supplywhile maintainingcor-
rectoperationoverawide rangeof temperatures.



Figure 1. System architecture of our DVS im-
plementation.

Experimentalresultsusing a Xilinx Virtex XCV300E
FPGA are presented,which show that this approach
achieves considerablepower reduction and is robust to
changesin die temperature.The techniquecan be com-
binedwith otherapproaches,andrequiresno modi�cation
to theFPGAitself.

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

2. Background

Power consumptionof a CMOS technologyFPGA has
two major components,staticpower consumptionanddy-
namicpowerconsumption.Staticpowerconsumptionisdue
to gateoxidetunnelingcurrent,subthresholdconductionof
MOStransistorsandleakagein thereversebiasedjunctions.
As thefabricationprocessbecomesmoreadvancedandthe
featuresize of transistorsare decreased,the leakagecur-
rent increasessigni�cantly and becomesa major compo-
nentof thepower consumption.We do not directly address
the problemof reducingstaticpower consumptionin this
work althoughwe notethat reducingtheoperatingvoltage
reducesthestaticpower.

Themainsourceof dynamicpower consumptionis due
to the charging anddischarging of capacitancesin the in-
tegratedcircuit. The dynamicpower consumptioncan be
modeledby thefollowing formula:

P =
X

(C � Vdd2 � f ) (1)

whereC is theparasiticcapacitanceof eachpartof thecir-
cuit, Vdd is the supply voltageand f is the switching fre-
quency of thecircuit. Sincethereis aquadraticrelationship
betweenVdd andthedynamicpower, reducingthevoltage
will reducethedynamicpowersigni�cantly.

Techniquesfor power reductionin FPGAscanbe clas-
si�ed into two groups,thosethat require changesto the
FPGA architectureor circuitry, and thosethat do not re-
quire suchchanges.The latter methods,which arethe fo-
cusof this work, areapplicableto existing devicesandcan
beappliedat thedesignor systemlevel. Someof thesepro-
posedtechniquesinclude:

� Pipelininglong combinationalcircuits.Thedifference
in the arrival time of inputs is reduced.As a result,
glitchesarereducedandthedynamicpowerconsump-
tion is signi�cantly reduced.It hasbeenreportedthat
this methodologycan reducethe power usedfor ev-
eryoperationby 40-90%[8]. As registerresourcesare
abundantin FPGAsandpipelinedcircuit usuallyhave
betterperformance,pipelining is oneof thebestsolu-
tionsfor reducingpower in FPGAs.

� Power-awareCAD algorithmshave beenstudiedand
shown to beeffective for reducingpowerconsumption
[4, 5]. Thesealgorithmsincluderetimingfor powerop-
timisation,reductionof gate-tunnelingleakage,zipper-
ing etc.

Unlike the methodsabove, DVS is appliedat a system
level and can reduceboth staticand dynamicpower con-
sumptionwithoutchangesto thedesign.Anotheradvantage
of DVS is that voltagehasa squarerelationwith the dy-
namic power consumptionso a small decreasein voltage
leadsto signi�cant power reduction.

3. Dynamic VoltageScalingAr chitecture

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

Fig. 1 shows thesystemarchitecture.Thepower supply
of theFPGAis controlledby avoltagecontroller, whichdy-
namicallyadjuststhesupplyvoltageof theFPGA.By low-
ering the voltage,the power dissipatedby the FPGA can
be reduced,at the expenseof reducedperformanceof the
FPGAcircuit. In our implementation,thevoltagecontroller
is implementedin a personalcomputer(PC), however, it
would also be possibleto implementthe controller using
simpleelectronics.

Notethatit is necessaryto keeptheIO voltagelevelsun-
changedto maintaincompatibility with otherchipsat the
board level. Fortunately, modernFPGAshave a separate
supplynetworks for the input outputblocks(VI O ) andin-
ternalcircuit (VI N T ). Our strategy is to apply DVS to the
internalcircuits (logic cells, routing elementsandstorage
cells) while keepingthe input outputblock (IOB) voltage
unchanged.Analoguecomponentsin theFPGA,suchasde-
lay lockedloops(DLL) or phaselock loops(PLL) areoper-



Figure 2. Example of IO error in DVS.

Figure 3. Delay as a function of suppl y volt-
age. Figure sho ws regions where the cir cuit
will operate correctl y and where it will fail.

atedfrom a third, independentsupplyin currentXilinx and
Alteradevices.

The voltage controller is responsiblefor ensuringthe
voltagesupplyto theFPGAis not loweredsomuchthatthe
FPGAceasesto operateproperly, or it doesnotmeetthefre-
quency requirementsof theapplication.Clearly, FPGAsare
designedto operatewithin a speci�edvoltagerange.When
we operatethe FPGA's VI N T at a voltagelower thanthis
range,errorsmayoccur. We�nd thattwo typesof errorcan
occur:IO errorsanddelayerrors.

Fig. 2 illustratesan IO error. In this scenario,the core
is operatingat sucha low voltagethata high outputsignal
from thecoreis lessthanthethresholdvoltageof theIOB.
In thiscase,theIOB maymistakenly interpretthehighsig-
nal as a low value, leadingto an incorrectFPGA output.
Our experimentsin Section4 show that the pass/fail volt-
agefor anIO erroris astrongfunctionof thechip tempera-
ture.Notethat this is not a concernfor FPGAinputs,since
a high signal from an IOB to the core will still be inter-
pretedasahighvalue,sinceVI N T < VI O .

The secondtype of error that can occur is a delay er-
ror. Whenthevoltageis lowered,theswitchingspeedof the
transistorsis reduced.As thevoltageis lowered,thecritical
pathdelaywill increase,eventuallybecominglonger than
theclock periodof thesystemclock.Whenthis occurs,the
FPGA canno longermeetits timing requirement,andthe
systemwill fail. This is shown in Fig. 3.

To ensurethat theFPGAdoesnot experienceIO or de-
layerrors,thevoltagecontrollerusesafeedbacksignalfrom

Figure 4. Schematic of the LDMC.

theFPGAto indicatethestatusof thecircuit implemented
on theFPGA.This signalis usedasa “warningsignal” to
indicatewhenthe FPGA is aboutto experienceIO or de-
lay errors.By adjustingthevoltagebasedonthissignal,the
voltagecontrollercanensurethatIO anddelayerrorsdonot
occur.

The feedbacksignal is obtainedfrom a Logic Delay
MeasurementCircuit (LDMC) which, alongwith the user
circuit, is implementedusingnormalFPGAlogic resources.
The LDMC consistsof threemajor components:a delay
line, registers,anda leadingzerodetector. The schematic
for thedelayline andregistersis shown in Fig. 4. Thede-
lay line consistsof 128 invertersconnectedin series.The
sameCLK signalis connectedto theinputof thedelayline
andusedto clockall of theD �ip �ops (DFFs).As theskew
of theFPGA's clock distribution network is very small,we
assumethatthesesignalsarrivealmostsimultaneously.

On eachfalling clock edge,a wavefrontbegins passing
throughthe inverterchain.Half a cycle later on the rising
clock edge,thepropagatedsignalis latchedinto the regis-
ters.At this rising clock edge,someof the register inputs
will have switched,andsomewill not yet have switched.
Thenumberof inputsthathaveswitchedwill dependonthe
delayof theinverters;thedelayof theinvertersdependson
the temperatureandsupplyvoltage.A leading-zerodetec-
tor is thenusedto estimatethecircuit's propagationdelay.
In this way, the LDMC measureshow many delaystages
thefalling edgepropagatesin half aclockperiod.

In our implementation,the placementof the inverter
chainis constrainedsothateachdelayline inverterandthe
associatedD �ip-�op are in the samelogic cell. Adjacent
cells are placedin adjacentsiteson the FPGA as shown
in Fig. 5. Sucha placementensuresthat eachdelaystage
have anapproximatelyequalpropagationdelay. In our im-
plementationon anXCV300E,theLDMC uses177slices,
asmallfractionof thetotalFPGAresources.

Giventhefeedbacksignal,thevoltagecontrollerusesthe
following algorithmto control the voltagesuppliedto the
FPGA. In this algorithm,LDMCdenotesthe readingfrom
theLDMC register, Voltage denotesthevoltageprovided



Figure 5. Constrained placement of LDMC.

to theFPGA,andThreshold denotestheLDMC thresh-
old indicatingtheonsetof failuremodes.

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

As thevoltageis reduced,thevaluereadfrom theLDMC
register goesdown becausethe propagation delay of the
inverter chain within the LDMC increases.As long as
the LDMC is above a prede�ned threshold,the FPGA is
deemedto beworking properly, andthevoltageis lowered
further. As the LDMC approachesthe thresholdvalue,the
voltageis nolongerlowered,andif it goesbelow thethresh-
old value, the voltage is increased.In this way, the volt-
agecanbeadjustedasthepropagationdelayof theinverter
chainvarieswith thechip temperature.The rateof change
of voltageshouldbelargesothattheappliedvoltagecanap-
proachthelowestpossiblevoltagequickly. However, addi-
tionalnoisewill beintroducedif thevoltageis changedtoo
quickly. Wefoundthatthevoltagestepsizeand200ms in-
terval usedin thealgorithmwassuitablefor our particular
experimentalsetup.

Of critical importanceis theselectionof aproperthresh-
old value.As describedin Section3, lowering the voltage
too far cancausethechip to fail in two ways:thecorevolt-
agemaybecometoolow to drivetheoutputblocksproperly,
or the chip may run slower than is requiredby the appli-

cation.Experimentally, wecandetermineLDMC threshold
valuesthatindicatetheonsetof eachof thesefailuremodes;
clearly, thesevalueswould be FPGA-dependent.We have
foundthatthethresholdvaluecorrespondingto theonsetof
both typesof errorsis different,dependingon whetherthe
voltageis changingquickly (we refer to this thresholdas
the dynamicthreshold) or slowly (static threshold). Given
thesethresholds,we thencalculatethe Threshold vari-
able in the above pseudo-codeas follows: Threshold =
max(TH ds ; TH dd ; TH is ; TH id ) + TH sm whereTHds is the
staticdelay threshold,TH dd is the dynamicdelay thresh-
old, TH is is thestaticIO thresholdvalue,TH id is thedy-
namicIO thresholdvalue,andTH sm is a safetymargin –
we foundTH sm = 2 worksfrom experiments.

4. Experiments

In thissection,weexperimentallyevaluateourtechnique
andshow how the thresholdvaluesdescribedin the previ-
oussectioncanbeobtained.

We usethe Pilchardcard [6] in an 800 MHz Pentium
III hostpersonalcomputer(PC) as the hardwareplatform
for theexperiments.Pilchardis a recon�gurablecomputing
platform that usesthe SDRAM bus insteadof the conven-
tional PCI bus for 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
replace the 1.8 V regulator that suppliesVI N T on the
Pilchard board with the output of a Keithley sourceme-
ter 2400 [3]. The VI O for the IOBs is kept at 3.3 V. The
sourcemeteris usedas a voltagesource,its output being
programmablewith 0.02%accuracy via a RS-232interface
of the sourcemeter. The sourcemetercanalsogive current
measurementswith abasicaccuracy of 0:22%. This feature
is usedto measurethe currentconsumptionof the FPGA.
In a practicalsystem,the sourcemetercanbe replacedby
a digital to analogueconverterwith suf�cient currentdrive
for theFPGA.

As theIO bandwidthof thePilchardboardis lower than
that of circuit undertestandsinceIO operationsbetween
theFPGAandothercircuit componentssigni�cantly affect
thepowerconsumption,testvectorgenerationanderrorde-
tectionis doneon-chip.

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

First, we conductexperimentsto demonstratethe rela-
tion betweenIO errorsand the LDMC reading.A 64-bit
register is implementedon the FPGA andpresetto output
0xFFFFFFFFFFFFFFFFto thebusinterface.TheFPGAis
also populatedwith dummy linear feedbackshift register



Figure 6. Bloc k diagram of IO error experi-
ment.

Circuit activity* TH I O S T AT I C LDMC value

Minimum 1.26V 69
1/6 1.31V 69
2/6 1.36V 69
3/6 1.42V 69
4/6 1.45V 69
5/6 1.53V 70

Maximum 1.57V 68
� Circuit activity is reportedas% of thelogic re-

sourceson thechip.

Table 1. IO static threshold value and volta ge
as a function of cir cuit activity .

(LFSR) circuits which areusedto simulatedifferentchip
activity, asshown in Fig.6.WereducetheVI N T supplyvolt-
age,and�nd that theLDMC outputdecreasesaccordingly.
Eventually, anIO erroroccurs:thevaluereadbackfrom the
Pilchardcardis not0xFFFFFFFFFFFFFFFFandthethresh-
old voltageis recorded.Table1 summarisesthe resultsof
thisexperiment.

The table shows that IO errorsoccur at different volt-
agelevels dependingon the circuit activity. This is proba-
bly dueto theLFSRscausingthetemperatureof thedie to
rise.IO errorsoccuronly if theLDMC outputdecreasesbe-
low a certainvalue(70 in our implementation).We usethis
valueasourstaticIO threshold,TH is .

We alsoinvestigatewhethera fastchangingVI N T volt-
agelevel changesthe valueof LDMC outputat which IO
errorsoccur. The sametestingapproachdescribedearlier
is used,but with the VI N T level being switchedbetween
thestandardlevel (1.8 V) andanothervoltageat themaxi-
mumspeedachievableby thesourcemeter(5 Hz with each
transitiontakingseveralmicroseconds).ThelowestLDMC
valuefor which correctoperationis observed(thedynamic

Figure 7. Architecture of test cir cuit.

IO threshold, or TH id ) is found to be 71. Onewould ex-
pectthatthisvalueis higherthanthestaticthresholdfor the
samecircuit, sincea fastchangingsupplyvoltagewill in-
troduceadditionalnoiseto theFPGA.

Second,we usethe LDMC asa referencefor the DVS
only if LDMC outputreadingstrackthedelayerrors.Since,
to a �rst order, thedelayof botharedominatedby thedelay
of thelogic cellsandroutingresourcesin theFPGA,weex-
pectthis to betrue.We implementthetestcircuit shown in
Fig. 7 to detectoccurrenceof delayerror in our circuit un-
dertest.

Uponinitialisation,theLFSRandtheregisteris resetto a
known valueandthecounteris resetto zero.TheLFSRand
circuit undertestwill thenstart to run, generatingan out-
put which is “XOR-ed” with the valueof the registerand
storedback to the register. This processis repeateduntil
the counterreachesa certainvalue(228 in our implemen-
tation),after which the registerchecksumvalueis latched
in anotherregisterto be readby the PC host.The testcir-
cuit is constrainedso that its critical pathis dominatedby
thatof thecircuit undertest.We thusensuredelayerrorsin
thecircuit undertestwill occurbeforetherestof thetestcir-
cuit fails.Theentirecircuit is replicatedsoasto �ll upmost
of theareain theFPGA.Beforewestarttheexperiment,the
circuit is operatedat thestandardvoltageto obtainthecor-
rectchecksum.After that,we decreasethevoltagelevel of
VI N T until it fails.Thechecksumwill becorrectonly if 228

computationsarecorrect.
We testseveral differentcircuits including integer mul-

tipliers,dividers,andCORDICcoresgeneratedby theXil-
inx CORE Generator[10, 11, 9]. Floating-pointmultipli-
ersfrom opencores.org [2] arealsotested.For eachcircuit,
weusedifferentbit-widths,andtwo differentclockfrequen-
cies(66MHz and100MHz). Table2 showstheresults.For
eachbenchmark,at eachof the two clock speeds,we cal-
culatethetolerancewhich is de�ned astheamountwe can
slow down the circuit, by reducingthe supplyvoltagebe-
forethecircuit fails to meettiming requirements.Morepre-
cisely, thetoleranceis de�ned as:

Tolerance= (P1 � P2)=P2 (2)

whereP2 is theminimumoperatingperiodreportedby the
vendortool, andP1 is periodof the clock usedto test the
circuit; in general,P2 is lessthanP1 for a circuit operating



Name Speed Tolerance(%) TH S T AT I C TH D Y N

sqrt8 66MHz 26.36 83 89

sqrt8 100MHz 88.51 * *

sqrt12 100MHz 17.43 94 97

sqrt12 66MHz 76.51 * *

sqrt16 100MHz 10.19 95 94

sqrt16 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 * *

mul11 100MHz 1.48 115 115

mul11 66MHz 51.04 81 85

fp8 4 100MHz 17.86 88 92

fp8 8 66MHz 16.80 92 92

div32 100MHz 25.72 71 76

div32 66MHz 88.56 * *
� An asteriskindicatesthatno delayerrorsaredetectedbe-

fore IO errorsoccur.

Table 2. Static and dynamic delay thresholds.

correctly. For eachbenchmarkandeachclockspeed,wein-
dicatethetoleranceandthemeasuredthestaticdynamicde-
lay threshold(Tds andTdd ).

FromTable2, wehave thefollowing �ndings:

� Circuitshaving larger tolerancestendto have a lower
thresholdvalue,but thereis nodirectrelationbetween
toleranceand thresholdvalue. For example,circuits
sqrt8aand div32a have a similar tolerancebut they
have different thresholdvalues.A possiblereasonis
that they mayhave a differentratio of logic delayand
routingdelay, onebeinglesssensitive to voltagescal-
ing thantheother.

� For circuits having large tolerance(more than60%),
IO errorsoccur beforedelay errors.In this case,the
TH is and TH id will determinethe thresholdvalue
usedby thevoltagecontrolcircuit.

In this experiment,it is importantthat the input vectors
exercisethe critical path of the circuit. As an example,a
128-bit addercircuit has2256 input combinationsandran-
dom inputsarenot likely to result in the critical pathbe-
ing tested.This is a limitation of our experimentalmethod,
andmayresultin athresholdvaluethatis smallerthanwhat
it shouldbe. IncreasingTH sm will compensatesomewhat
for thesesortsof errors.

Circuit LDMC threshold SuppliedVoltage(VI N T )

35 � C 50 � C 65 � C

sqrt8a 89 1.41 1.42 1.45

sqrt16a 101 1.52 1.54 1.56

sqrt16b 75 1.28 1.29 1.30

sqrt24a 111 1.78 1.81 1.87

fp8 8a 98 1.57 1.60 1.63

mul12b 87 1.42 1.42 1.45

mul7a 95 1.46 1.48 1.50

reg64a 72 b 1.65 1.68 1.71
a Circuit for IO errortesting.
b IO errorthreshold.

Table 3. Impact of Chip Temperature on VI N T .

Finally, weshow thatour techniquecanmaintaincorrect
operationevenasthetemperatureof theFPGAchanges.

The FPGA chip surfacetemperatureis increasedusing
a hair dryer. During theexperiment,we recordthecorrect-
nessof thecircuit andtheVI N T voltageatdifferenttemper-
atures.Resultsaresummarisedin Table3. We �nd that the
circuitsundertestdonothaveany errorif theLDMC is kept
at the LDMC threshold.When the chip surfacetempera-
tureincreases,thesupplyvoltageis automaticallyincreased
to keepthe LDMC readingat the threshold.If the supply
voltageis not increasedwhentemperatureis increased,the
LDMC readingwill decreaseandthecircuit undertestfails.

5. Power Savingsand Trade-offs

In this section,we illustratetheeffectivenessof thepro-
posedDVS methodologyfor power reduction,andprovide
guidelinesfor applyingthismethodology.

We �rst apply the DVS methodologyto sometest cir-
cuits at room temperatureandrecordthe power consump-
tion usingDVS. A summaryof the resultsis given in Ta-
ble4.

As shown in the table, the power reductionachieved
variesfrom 4% to 54%.Typically we canachieve 20-30%
power savings.Circuitshaving a LDMC thresholdnearthe
IO error LDMC thresholdhave the bestpower reduction.
Circuits having larger toleranceusually have large power
savingssoamaximallypipelinedversionof acircuit results
in the largestpower savings. It shouldalso be notedthat
a pipelinedversionof a circuit canreducethe power con-
sumptioneven if voltagescalingtechniqueis not applied
becausepipeliningcanreduceglitches.

Usingthis technique,anFPGArunscorrectlyevenif the
operatingfrequency is higherthanthemaximumfrequency
reportedby the vendortools (suchas for circuit sqrt24a).



Name* Area** Tolerance(%) LDMC threshold Powerat Powerat Powersave (%)

(Slices) 1.8V (mW) LDMC threshold(mW)

sqrt8a 787 26.36 89 361.52 225.85 37.53

sqrt12a 907 17.43 100 481.89 348.57 27.67

sqrt16a 1043 10.19 101 576.30 418.99 27.30

sqrt20a 1203 4.18 105 759.24 617.54 18.66

sqrt24a 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

sqrt16b 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

mul11a 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

mul11b 975 51.04 87 435.16 258.38 40.62

div16a 1166 69.03 76 190.66 88.72 53.47

div32a 2196 25.72 77 662.73 357.99 45.98

div16b 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 suf�x `a' haveaclock frequency of 100MHz;

circuitswith suf�x `b' haveaclock frequency of 66MHz.

�� CircuitsaresynthesizedusingXilinx ISE6.2,optimizedfor speed
All experimentsareconductedat roomtemperature.

Table 4. Power reduction achieved using DVS.

Applying DVS allows the voltage to be reducedeven in
suchcircuits,anda7.66%powersaving is achieved.This is
becauseFPGAvendorsusea�x edsupplyvoltagewith mar-
ginsfor chipandtemperaturevariation.OurDVSmethodol-
ogycanreducethismargin becausewemonitortheFPGA's
delayandadjustthesupplyvoltageaccordingly.

Next, we explore designtradeoffs 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.Thethroughputper joule (million operations/
joule)andthroughputperarea(thousandsoperations/ slice)
of eachimplementationarerecordedin Table5.

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

sultingfrom DVS canthenbeincreased.Fromthetablewe
�nd that if the original circuit, suchassqrt24,hasa large
LDMC threshold,reducingtheoperatingfrequency canin-
creasethe throughputper joule signi�cantly. At the same
time, the throughputper areawill decrease,so thereis a
tradeoff. If theoriginal circuit, suchassqrt8,hasa LDMC
thresholdneartheIO errorthreshold,reducingtheoperating
frequency woulddecreasethethroughputperarea,while the
throughputperjouledoesnot increase.

Theresultsof theseexperimentsareimportant,because
they suggestthat we candecreasethe operatingfrequency
of somecircuits to increasethe savings due to DVS. To
compensatefor the lossin processingpower dueto the re-
ductionin frequency, we canincreasethenumberof paral-
lel functionalunits.Clearly, oneneedsto becarefulto en-



Name Speed Tolerance(%) LDMC threshold Powerat threshold(mW) Throughput/ Energy Throughput/ Area

(MOp / J) (KOp / Slice)

sqrt8a 100MHz 26.36 89 221.98 450.49 127.06

sqrt8b 66MHz 88.51 73 151.33 436.12 83.86

sqrt16a 100MHz 10.19 101 439.05 227.77 95.88

sqrt16b 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 canbeobtainedfrom Table4.

Table 5. Table sho wing tradeoff between thr oughput, energy and area.

surethat the decreasein power consumptiondue to DVS
outweighstheincreasein powerconsumptiondueto thein-
creasednumberof functionalunits.

6. Conclusion

This papershows that an LDMC implementationfor
FPGA technologycanbe usedasa referencefor dynamic
voltagescaling.We have alsoshown thattheDVS method-
ology canprovide up to 56%power reduction.Oneimpor-
tantadvantageof ourmethodologyis thatit doesnotrequire
additionaldesigneffort or changesto theFPGAitself. The
methodologycanbeappliedto theapplicationafter its de-
velopment,andno changesto thecircuit arerequired.An-
otherimportantadvantageof this methodologyis thatDVS
reducespowerconsumptionatphysicallevel. It canbeused
with system-level power reductiontechniqueslike pipelin-
ing to provideadditionalpower reduction.

Themainlimitationof thisapproachis thatit requiresex-
perimentationto �nd appropriatethresholdvaluesfor each
FPGA. For someapplications,however, the reductionin
powerconsumptionmaybesuf�cient to motivatethisaddi-
tionalsystem-level effort. Ourcurrentandfuturework is fo-
cusedon applyingtheproposedtechniquesto a wide range
of applications,suchthattheexperiencegainedwill enable
usto re�ne andgeneraliseourapproach.
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