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ABSTRACT
Given large circuit sizes,high clock frequencies,andpos-
sibly extremeoperatingenvironments,Field Programmable
GateArrays (FPGAs)arecapableof heatingbeyond their
designedthermallimits. As new circuitsaredevelopedfor
FPGAsanddeployedremotely, engineersarechallengedto
determinein advanceif the device will operatewithin rec-
ommendedthermalranges.Theamountof powerconsumed
by thecircuit dependsonhow analgorithmis compiledinto
hardware,how thecircuit is placedandrouted,andthepat-
ternsof datathat passthroughthe system.The amountof
heatthat canbe dissipateddependson the thermaltransfer
characteristicsof thepackage,theair �o w thatpassesover
thepackage,andtheambienttemperatureof theremotesys-
tems. Ratherthandesigninga systemto handleunreason-
ableworst-casesituations,we have implementeda thermal
managementsystemthatcontinuouslymonitorsthetemper-
atureof theFPGAandreprogramsthedevice if thetemper-
ateapproachestheouterlimits of safeoperatingconditions.
Our systemmeasuresthe junction temperatureof a Xilinx
Virtex FPGAusinga built-in thermaldiode.Usingthetem-
peraturemonitoringmechanism,wehavestudiedthesteady-
stateandtransientconditionsof multiplebenchmarkcircuits
implementedin anFPGAlogic on theField-programmable
Port Extender(FPX) developmentplatform. We observed
propertiesof thesebenchmarkcircuitsthatenableusto pre-
dict power andthermalcharacteristicsfor realapplications.
Weproposeanovel DynamicThermalManagement(DTM)
strategy thatmakesuseof transienttemperatureconditions.

1. INTRODUCTION

FPGAsprovide the �e xibility to deploy new circuits into
remotelydeployedsystems.Predictingthepowerconsump-
tion andthermalbehavior of circuits in differentoperating
conditions,however, is dif�cult. Powerconsumptioncanbe
estimatedusingtoolssuchasXpower [1]. Xpower pro�les
power utilization using simulation. The actualpower uti-
lization dependson actualdatapatternsthatpassesthrough

the system. Thermalconsiderationsof the systemcan be
estimatedby analysisof thepackageandsystemhardware.
Althoughsuchestimatesmaybe valuablein characterizing
typical situations,theactualthermalconditionsheavily de-
pendon external factorssuchas the ambienttemperature
andavailableair�o w.

2. MOTIVATION

It is possibleto designFPGA circuits that generatemore
heatthanthe packageandplatform candissipate.This is-
sue is of major concernfor recon�gurableplatforms like
the Field ProgrammablePort Extender(FPX) of Washing-
ton University. The FPX platform containstwo FPGAs: a
smallXilinx Virtex FPGAcalledtheNetwork InterfaceDe-
vice(NID) thatis con�guredwith astaticbit�le andalarger
Xilinx Virtex FPGA calledtheRecon�gurableApplication
Device(RAD) thatis recon�guredoverthenetwork [2]. The
new bit�les aresentto theNID overthenetwork asmodules
that recon�gure the RAD to implementnew network pro-
cessingfunctions[3].

Over sixty moduleshave beendevelopedanddeployed
on theFPX platform [4]. Noneof thesecircuits consumed
morepower thantheFPX coulddissipate.Recentlya RAD
modulewasgeneratedtoperformexcessivecomputationover
a long time period. Themodulewasdeployedontoa RAD
thathadnoheatsink,andtheFPXwasmountedin achassis
without acover to guideair�o w acrossthedevice.

The result of this scenariowas a chain of eventsthat
damagedanFPX platform. Retrospectively, we determined
thatthecircuit loadedinto theRAD consumedalargeamount
of power. Without a heatsinkand suf�cient air-�o w, the
FPGAheatedbecauseit wasnotableto dissipatethepower.
As thetemperatureincreasedbeyondthemaximumtemper-
aturerangeof thedevice (85 degreesC), theSilicon heated
the packageand the FPX printed circuit boardto a point
wherethermalexpansioncausedwarpingof theprintedcir-
cuit board. The warpingbecamesuf�ciently intenseso as
to causea power planeto shortwith anotherpower plane



of oppositepolarity on theprintedcircuit board.Theresult
wasexcessivecurrentthrougha connectorthatcausedheat-
ing thateventuallymeltedtheplasticaroundtheconnector.
The top view, andsideview of the affectedFPX boardare
shown in Figures1 and2.

Fig. 1. Top view of theaffectedprintedcircuit board. The
affectedconnectorpinscanbeseenin thelower-left

Fig. 2. Sideview: Notehow layersof theboardwerewarped
becauseof heat

The FPX platform had always included the ability to
monitor and managethermal conditions1. A Maximum
1618temperaturesamplingdeviceinstalledontheFPXcon-
verts the value of the currentpassingthroughthe RAD's
thermaldiode to a digitized value that canbe readover a
two-wire serialbus[5]. TheNID on theFPX thencanread
thatvalueto determinethetemperatureof theRAD. In this
work, we describehow a new circuit implementedon the
NID allows monitoring of the thermalconditionsand en-
forcessafeoperationof thesystems.

The restof this paperis structuredasfollows. Section
3 givesa summaryof therelatedwork in the �eld of Ther-
mal andPower management.Section4 describesthesetup
for gatheringthermaldataandimplementinganautonomous
thermalshutdown safetycircuit for the FPX development
platform.Section5 combinesthetemperaturemeasurement
mechanismwith customdesignedthermal/powerbenchmark
circuitsto pro�le theRAD FPGA.Section6 summarizesthe
paperandsuggestsavenuesof potentialfuturework.

1Thanksaredueto Bill Carterof Xilinx for the suggestionto include
thermalmeasurementcircuitry on theFPXplatform

3. RELATED WORK

Microprocessorshave beenbuilt thatallow thevoltageand
frequency to bescaledto extendbatterylife of mobilecom-
puters.Companieslike Intel andAMD extendthis concept
to manageheatdissipationon servers[6]. By introducing
power managementfeatures,softwarerunningon theCPU
canscalevoltageandfrequency to lowerpowerusagebefore
thedevice overheats.This technologyis critical for servers
locatedin large datacentersthat househundredsandeven
thousandsof computenodes.

Low power embeddedprocessorslike Xscale [7] also
have hooksthat allow voltageandfrequency scalingto in-
creasepowerandthermalef�ciency. Work presentedby [8]
makes useof thesefeaturesto presenta dynamicthermal
management(DTM) systemthatwould scaletheprocessor
frequency in responseto temperaturereadingsfrom an ex-
ternalthermalcouple.

Xilinx Virtex FPGAsembeda sensediodefor measur-
ing the junction temperature(Tj ) of the device. Thermal
managementissueshave becomea prominentissuefor re-
con�gurable systems. The dynamic thermalmanagement
circuit describedin this papermakesuseof thesensediode
to ensuresafeoperationof the FPX platform and charac-
terizationof applicationsprogrammedinto theRAD on the
FPX platform. Embeddedsensediodescanalsobebeused
to regulatefanspeedor shutdown a processorbeforeit be-
comestoohot.

3.1. Measuring Power

Xilinx integratespower estimationtools in their simulation
suite. Thesetoolsenablecomparisonof the relative power
usedbetweencircuit implementations.Thesetoolscanhow-
everdiffer greatlyfrom physicalmeasurements[9].

Onemethodfor physicallymeasuringpower consumed
by circuit involvesinsertingsmall senseresistorsin series
with thecircuit power supply. This is themethodwe useto
makepowermeasurements.Lee[9] presentsanovelmethod
for makingcycle accuratepower measurementsthatmakes
useof theconceptof switchingcapacitance.

3.2. Measuring Thermals

Most tools simulatethermalsat the boardlevel. MIT re-
searchedtoolsthatsimulatethermalsatthedevicelevel [10].
But thisworkwasfocusedonreliability aspectssuchaselec-
tronmigration,andnot for estimatingthermaldissipationof
power from recon�gurableapplications.

Lopez-Buedo[11] describetechniquesto makephysical
temperaturemeasurements.Thesetechniquesuseexternal
thermalcouples,thermalimagingcameras,andsensediodes
embeddedinto thedie. A novel ideais presentedfor recon-
�gurable devicesthatcon�guresring oscillatorsin orderto



infer temperaturemeasurementfrom changesin oscillator
frequencies.Thiswork is laterextendedin [12] usingarrays
of suchoscillatorsto detecthot spotsandthermalgradients
in FPGAs.

4. IMPLEMENT ATION

4.1. Thermal Shutdown Cir cuit on the FPX
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Fig. 3. Shutdown Circuit Architecture

Figure 3 shows the high-level diagramof the thermal
shutdown circuit asit is implementedon theFPX platform.
The RAD containsa built-in thermaldiode in the silicon
of the Xilinx Virtex 2000EFPGA.The anodeandcathode
of this diodeareaccessedthroughI/O pinson the1704-pin
package.Thecurrentpassingthroughthesepinsis thenused
to measuredthejunctiontemperatureof thesilicon.

TheFPXplatformincludesanonboardtemperaturemea-
surementchip (Maxim 1618)to computethe Tj of the sil-
icon from the currentgeneratedby the sensediode. The
MAX1618 collectstemperaturesamplesat rateof 16 sam-
ples/secondandcommunicatestemperaturereadingsusing
theSMBusserialprotocol. Thesebussignalsareroutedto
testpins on the FPX that aremonitoredby eitherthe NID
(thestatically-programmedcontrolandcon�gurationFPGA
on theFPX platform). Thetemperatureof theRAD is then
monitoredby sendinga querymessageover thenetwork to
the NID. The NID respondswith a statusmessagethat in-
cludesthetemperatureof theRAD.

TheNID alsocomparesthe temperatureof theRAD to
a presetvalue to ensurethat the RAD always operatesin
a safemode.If thetemperatureapproachesthethresholdof
safeoperation,theNID caninstantlyandautomaticallyissue
a commandthroughthe SelectMAPinterfaceof the RAD
to reprogramthe device. This commandclearsthe RAD
con�gurationmemorytherebyreinitializing thedevice.

Figure4 showsa plot of temperatureover time for a cir-
cuit that causesthe RAD to surpassa thermalthresholdof
70C.As canbeseenneartime400seconds,thetemperature
exceededthethresholdandthethermalshutdown circuit re-
programmedthe RAD. Immediatelythereafter, the RAD's
temperaturerapidly dropsand eventually reachesit' s idle
(i.e. nocon�guration)temperatureof 32C.

The statuscells returnedby the NID allow an external
PCto remotelyquerythe temperatureof theRAD. There-

Temperature vs. Time
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Fig. 4. FPGAbeingreprogrammedby theShutdown Circuit
uponreachinga thermalthresholdof 70C

motePC canbe locatedanywhere,just so long asthereis
a path through the network wherequery and statusmes-
sagescan�o w. For thethermalpro�ling experimentsranfor
thispapertheexternalsoftwaremadetemperatureupdatere-
questapproximatelyevery 50 ms,andloggedresponsesto
a text �le alongwith a timestamp.Section 5 makesuseof
theselog �les to helpperforma thermalcharacterizationof
theRAD.

4.2. Accounting for Noise

Temperaturemeasurementson sensewires aresensitive to
crosstalkby signal transitionson nearbyhigh speeddata
buses.Temperaturemeasurementerrorswereobservedon
theFPXplatformdueto suchcrosstalk.TheSRAM2 mem-
ory module(oneof thefour memorymodulesattachedto the
RAD) usedaddressanddataI/O pinsthatwerelocatednear
the two wires connectingthe thermalsensediode. Inter-
ferencefrom datasignaltransitionscausedthe temperature
readingto appear+30C toohighwhentheSRAM2memory
modulewasheavily utilized. In extremecases,thetempera-
turespikedby +60C.

Two stepswhere taking to mitigate the effects of the
crosstalk.First,a 2200pF capacitorwasaddedbetweenthe
currentsensinginputsof the MAX 1618that connectedto
theVirtex FPGA.Second,theslew rateof theSRAM2 I/O
pinswherecon�gured from fastto slow slew rate. Thead-
dition of thecapacitor(asrecommendedby the MAX data
sheet)removed the temperaturespikescausedby crosstalk
from the SRAM2 moduleanddecreasedthe averagetem-
peratureerror from +30 C to +20 C. The slower slew rate
on the SRAM2 I/O signalsdecreasedthe couplingcurrent
effectandloweredthetemperatureerrorto +9 C.

4.3. Thermal Benchmark Cir cuit Description

Benchmarkcircuits were createdto characterizethe ther-
mal behavior of the RAD. The Benchmarkcircuits where
to developedto have four importantproperties. First, the



benchmarkcircuits scaleto operateover a wide frequency
range.Second,thebenchmarkcircuitsscalein thenumber
of on-chipresourcesutilized. Third, thecircuitsusea reg-
ular structurethat canbe readilyanalyzed.Fourth, thecir-
cuitsareplacedandroutedevenly over thedevice to avoid
creationof a largetemperaturegradientacrossthedevice.

The core building block of the benchmarkcircuits is
shown in Figure5. This circuit is madeup of an8x6 array
of LUTs (Look Up Tables)eachof which is followedby a
DFF (D Flip-Flop). TheLUTs arecon�gured to be4-input
AND gates. Core blocks constructthe smallestworkload
usedin this papercall a ThermalWorkloadUnit. Figure6
shows thestructureof a ThermalWorkloadUnit. It is made
up of two parts1.) Input Generator2.) ComputationRow.
The Input Generatoris responsiblefor toggling the inputs
of the ComputationRow every clock cycle. The Compu-
tation Row is madeup of an array of 18 CoreBlocks. A
singleworkloadunit uses876LUTs and876DFFs(2.25%)
of a the VirtexE2000(RAD)resources,approximatelytwo
rowsof theFPGA. Xilinx speci�c VHDL directivesallowed
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Fig. 5. 8x6 arrayof pipelinedLUTs con�gured as4 input
AND gates
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Fig. 6. ThermalWorkloadUnit

very controlleda preciselayout. This allows for creation
of high-speedThermalWorkloadUnits that canbe evenly
distributed over the FPGA. Figure 7 gives the FPGA re-
sourcesusedfor eachbenchmark.The benchmarkcircuits
usebetween9% and90%of thechip resources.Also each
of thesecircuits placeand route at 370-407MHz. These
circuitssatisfythedesiredpropertiesof scalabilitywith re-
spectto circuit sizeandoperatingfrequency. Thevariation
in themaximumfrequency wasaresultof variationsin rout-
ing. Specifyingthattheroutingtool try harderto maximize
the frequency could allow all benchmarkcircuits to run at
400 MHz. The benchmarkcircuits hadadditionalcharac-
teristics.First,eachbenchmarkcircuit hasanequalnumber
of LUTs andD Flip-�ops. Second,eachbenchmarkcircuit
usesa multiple of the Cfg1x benchmarkresources.Third,
theoutputof every LUT andDFF within a benchmarktog-
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Fig. 7. BenchmarkFPGAresourceusage

glesevery clock cycle (i.e. 100%activity rate),producing
themaximumthermalheatingfor thechip resourcesused.

Scalingby activity rateappropriatelycould potentially
allow themeasurementsmadewith thesebenchmarkcircuits
to provideaccurateestimatesof thermalbehavior of realap-
plicationsthat usesimilar chip resources.A tool suchas
Xpowerwould bea practicalmethodfor extractingapplica-
tion speci�c activity rates. Also even thoughthesebench-
mark circuits useequalnumbersof LUTs andDFFs, they
can be easily modi�ed to implementvariousratios. Fur-
ther examinationof how accuratean estimationof power
and thermalbehavior sucha methodwould yield is worth
exploring further.

Thenext sectionpresentsanddiscussesresultsobtained
usingthesebenchmarkcircuits.

5. BENCHMARK RESULTS AND ANALYSIS

5.1. SteadyStateTemperatureMeasurements

Figure8 shows thedatacollectedfrom runninga subsetof
the benchmarkcircuit from 10 - 200 MHz. Eachexperi-
ment was run approximately20 minutes,this was empir-
ically found to be the amountof time for a given circuit
to reachits maximum steadytemperature. Figure 9 and
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Fig. 8. JunctionTemperature(Tj ) measuredfor eachbench-
mark(degreesC)

10 show plots of this datafor temperatureverseschip re-
sourcesandtemperatureversesfrequency. The datashows
that temperaturehasa linear relation with respectto chip
resourcesand frequency. This is to be expectedsince1.)
The �rst orderapproximationof power dissipatedby a cir-
cuit is givenasPower � CV 2F . Giving a linear relation
betweenpower with respectto capacitance(proportionalto
circuit size),andandfrequency. 2.) TherelationPower =
Energy=second, and� Energy � cp� Temperatur e(where
cp is aconstant)showstemperatureis proportionalto power.



Between100and200MHz thereis abendin theTj vs. Fre-

Temperature vs. Chip Resources
(Varying Clock Frequency from 10 MHz to 200 MHz)
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Temperature vs. Frequency
(For several Benchmark sizes)
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Fig. 10. Tj vs. Frequency for eachbenchmark

quency plot thisappearsto beasideaffectof needingto use
aninternal4x clock multiplier to stepup thebaseinput fre-
quency of 50 MHz to 200MHz. All otherexperimentsuse
the baseclock asis. Sincethe baseclock usedis 50 MHz
insteadof 200 MHz it is believed the reducedpower con-
sumedby theclock input pin is themaincontributer to the
sublinear temperatureincrease.This observationsuggests
thermalandpowersavingsmaybegainbydesigningcircuits
thatuselow inputbaseclocksandinternalclockmultipliers
to createhigh speedclock to drive logic.

5.2. Transient Thermal Analysis

SinceRAD temperaturereadingscanbe updatedat 50 ms
intervals, the transientthermalbehavior of the benchmark
circuitsfrom idle to steadystatecanbeexamined.Figure11

givesexamplesof thepro�le of theRAD duringthis transi-
tion periodfor two benchmarkcircuits. Theseplotsappear

Analytical Thermal Trajectory Compared to Measured
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to follow an exponentialfunction. Using the generalform
of:

Temperatur e(t) = Ae� t=� + B (1)

andthedatafrom eitherplot (Top in this case)the thermal
time constant(� ) canbedeterminedusing

Tj (1 ) = B (2a)

Tj (0) = A + B ; A = Tj (0) � B (2b)

Tj (t = � ) = Ae� 1 + B = A � :386+ B (2c)

Tj (1 ) = B = 71 (Final steadystatetemperature).A = 30
- 71 = -41. Now Tj (t=� ) is computedto be 55.8C, which
occursataboutt = 69.4seconds.Therefore� = 69.4.

Referringagain to Figure 11, the analyticalmodel of
temperaturevs. time usingtheaboveequation�ts themea-
sureddatawell for a �rst orderapproximation.Now that �
is known for the RAD only Tj (0) andTj (1 ) is neededto
predicttransitionbehavior for othercon�gurations. This is
shown in thebottomplot of Figure11.

We observe that therelative time betweentheclock pe-
riod andthetemperaturechangesaredramaticallydifferent
(� =69.4seconds).The thermalmassof a real systemlike
theFPXplatformallowstheFPGAto operateathighpower
for relatively long intervals beforethe maximumtempera-
ture is exceeded.The highesttemperaturetransitionspeed
observed for the benchmarkcircuitswasapproximately10
degrees/second,andthis rateslows exponentiallyassteady
stateis approached.If a circuit hasmultiple thermaloperat-
ing modes,thenonecouldperformusefulcomputationuntil
a thresholdis reached,thenallow the FPGA to cool while
operatingin a lower thermalmode.This is usefulfor appli-
cationsthatprocessat bursty rates.This temperaturebased
modecontrol would alsoallow applicationsto temporarily



operatein a modethatwould normallyexceedsafethermal
limits of thedevice.

5.3. TemperatureversesPower

TheFPX platformwasmodi�ed to enablepower consump-
tion measurementsby placinga .008ohmsenseresistorin
serieswith the1.8 V FPGAcorepower supply. Measuring
voltageacrossthis senseresistorenablescalculatingpower
consumptionatany instanceof time.

Figure12 shows the power measurementscorrespond-
ing to eachthermalexperimentrun. As with thetemperature
measurements,datapointswereobtainedfrom runningeach
experimentfor 20 minutes. Unlike the transientanalysis
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Fig. 12. Power(W)consumedby eachBenchmarkCon�gu-
ration

for temperaturewhich exhibits swingsof up to 40C, power
consumptionstaysfairly constantovertimefor largethermal
transitions.Thelargestchangein power consumptionfrom
theinitial time of theexperimentto thepoint wherethecir-
cuit reacheda steadystatetemperaturewasonly 3.5%.

The Xilinx Device PackageUserGuide [13] gives the
following equation:

TJ = Power � � J A + TA

� J A = (TJ � TA )=Power
(3)

for estimatingTJ for a given power consumption.Where
� J A is the thermalresistancefrom junction to ambientand
TA is the ambienttemperature.This equationcanbe �rst
appliedto thedatacollectedin Figure8 and 12 to calculate
the empiricalvalueof � J A for the RAD (Figure13). The
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Fig. 13. Junctionto Ambient ThermalResistance(� J A )
computedfrom empiricaldata(C/W), TA = 26C

UserGuidespeci�esthepackageusedfor theRAD (FG680)
shouldhave a � J A of 7.6 C/W for an air �o w of 250 LFM

(LinearFeetperMinute). Theempiricalvalue(5.4� .5C/W)
differsfrom thisby about27.6%.Thisdifferencemayoccur
becausethe FPX platform sinksmoreheatthanthe Xilinx
testboard. The documentationaboutthe Xilinx testboard
reportsthattheirFPGAismountedonaprintedcircuit board
with only onepower andonegroundplanewhile the FPX
hastwo groundandtwo power planes. This shouldallow
theFPXcircuit boardto effectively actasanlargerheatsink
thantheXilinx testboard.

Now at any instancethe�rst orderthermaltrajectoryof
theRAD canbeestimatedfrom themeasuredinstantaneous
power(Power(t=0)� Power(t=1 )). Power(t=0)canbeused
to estimateTj (t=1 ) via equation3. Tj (t=1 ) can in turn
be usedto completeequation1, which givesthe �rst order
thermaltrajectory.

The thermaltrajectoryallows estimationof how long a
circuit canoperatein a givenmodebeforereachinga ther-
mal threshold.This informationcanbeusedby a dynamic
thermalmanagementsystemto help schedulewhat jobs to
processduringa thermaltransition.

6. CONCLUSION

A thermalmanagementsystemwasmotivatedanddescribed
for the FPX platform. The mechanismusedfor measur-
ing FPGA temperaturewas then usedto explore in depth
the thermal characteristicsof the RAD on the FPX plat-
form. The thermalsteadysteadyandtransientbehavior of
theRAD, andthermalrelationshipto powersuggeststhatthe
thermaldelaybetweenmodesof a circuit couldbe usedto
implementnew dynamicthermalmanagementapproaches.
It wasthenproposedthatestimationof thermaltrajectories
could help thesemanagementapproachesbetter schedule
work during thermal transitions. The benchmarkcircuits
werealsoshown to have characteristicsthatmayleadto an
approachfor moreaccuratelypredictingthethermalbehav-
ior of applicationsimplementedon recon�gurabledevices
at designtime. The thermalmanagementmethodologyde-
scribedin this papercan be appliedto other platformsto
enablemodulesto operatein shortburstsat a higherpower
level thansteadystatethermaldissipationwouldallow.

7. REFERENCES

[1] S.WenandeandR.Chidester, “Xilinx takespoweranalysisto
new levels with xpower,” Xcell Journal Online, vol. 41, pp.
26–27,2001.

[2] J. W. Lockwood, J. S. Turner, andD. E. Taylor, “Field pro-
grammableport extender(FPX) for distributed routing and
queuing,” in ACM International Symposiumon Field Pro-
grammableGateArrays(FPGA'2000), Monterey, CA, USA,
Feb. 2000,pp.137–144.

[3] J. W. Lockwood, N. Naufel, J. S. Turner, and D. E. Tay-
lor, “ReprogrammableNetwork Packet Processingon the



Field ProgrammablePort Extender(FPX),” in ACM Inter-
national Symposiumon Field ProgrammableGate Arrays
(FPGA'2001), Monterey, CA, USA, Feb. 2001,pp.87–93.

[4] J. W. Lockwood, C. Neely, C. Zuver, and D. Lim, “Auto-
matedtools to implementandtestinternetsystemsin recon-
�gurable hardware,” SIGCOMMComputerCommunications
Review, vol. 33,no.3, pp.103–110,July2003.

[5] MAXIM RemoteTemperature Sensorwith SMBusSerial In-
terface.

[6] I. Corporation,“Addressingpower andthermalchallengesin
thedatacenter,” 2005.

[7] Intel 80200Processorbasedon Intel XScaleMicroarchitec-
ture Developer's Manual, 2003.

[8] E. Wirth, “Thermal managementin embeddedsystems,”
Master's thesis,Universityof Virginia,2004.

[9] Y. C. HyungGyuLee,KyungsooLeeandN. Chang,“Cycle-
accurateenergy measurementandcharacterizationof fpgas,”
Analog Integrated Circuits and Signal Processing, vol. 42,
pp.239–251,2005.

[10] D. T. S.M.Alam andC.Thompson,“Circuit andsystemlevel
toolsfor thermal-awarereliability assessmentsof ic designs,”
MIT, Cambridge,MA, Tech.Rep.RLE ProgressReport146,
2004.

[11] E. B. Sergio Lopez-Buedo,Javier Garrido,“Thermal testing
onrecon�gurablecomputers,” IEEEDesignandTestof Com-
puters, vol. 17,pp.84–91,2000.

[12] S. Lopez-BuedoandE. I. Boemo,“Making visible the ther-
mal behaviour of embeddedmicroprocessorson fpgas: a
progressreport.” in FPGA, 2004,pp.79–86.

[13] DevicePackage UserGuide, 2005.


