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ABSTRACT

Thispaperescribesheparameterisationimplementatiorandeval-
uation of floating-pointaddersand multipliers for FPGAs. We
have developeda method,basedon the Handel-Clanguage for
producing technology-independergipelined designsthat allow
compile-timeparameterisationf designprecisionandrange,and
optionalinclusionof featuressuchasoverflow protectiongradual
underflav androundingmodesof the IEEE floating-pointformat.
The resultingdesigns whenimplementedn a Xilinx XCV1000
device, achierze 28 MFLOPswith IEEE single precisionfloating-
pointnumbersThesedesignsareusedin anoptimisedimplemen-
tation for computing Two-DimensionalFast Hartley Transform.
Preliminaryresultssuggesthat our implementatioris fasterthan
mary programmabl®SPprocessorandsupercomputers.

1. INTRODUCTION

Floating-pointoperationsare useful for computationsinvolving
large dynamicrange but they requiresignificantlymoreresources
thanintegeroperationsTherapidadwancein Field-Programmable
GateArray (FPGA) technologymakes suchdevicesincreasingly
attractive for implementingfloating-pointarithmetic. FPGAsof-
fer reduceddevelopmenttime and costscomparedo application-
specificintegratedcircuits, and their flexibility enabledfield up-
gradeandadaptatiorof hardwareto run-timeconditiong[10].

Earlyimplementationgitherinvolvedmultiple FPGAsfor im-
plementindEEE 754singleprecisionfloating-pointarithmetic[4],
or they adoptedcustomdataformatsto enablea single-FPGAso-
lution [9]. To overcomedevice sizerestriction,subsequergingle-
FPGA implementationsof IEEE 754 Standardemplog/ed serial
arithmetic[6] or avoidedfeaturessuchassupportinggradualun-
derflon, which areexpensve to implement]5].

Table 1 comparesvariousimplementationsof floating-point
arithmeticunits on FPGAs. Our implementationundertakn as
afinal-yearundegraduateproject,achieres28 MFLOPSandim-
proved performances expectedfrom further hardware optimisa-
tionsandadwancesn FPGAtechnology

2. PARAMETERISATION

Our main aims of designingfloating-pointunits (FPUs)for re-
configurablehardwareimplementatiorare: (a) to parameteriséhe
precisionandrangeof the floating-pointformatto allow optimis-
ing the FPUsfor specificapplicationsand(b) to supportoptional
inclusionof featuressuchasgradualunderflav androunding.An
approachmeetingtheseaimswill achieve effective designtradeof
betweerperformancandrequiredresources.
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Our intentionis to adhereto the structureandfeaturesof the
IEEE 754 Standardto produceimplementationscompliantwith
this standardwhile allowing the precisionand the rangeof the
formatandinclusionof featurego be parameterisablé/Vhende-
terminingwhetherto pipelinethe implementationsyve conclude
thatit is necessargoasto supporimplementationsn which high
datathroughputs moreimportantthanlow lateng.

To supportcustomarithmeticformats,it is necessaryo allow
the width of the exponentandfraction fieldsto be setat compile
time. Allowing suchparameterisationf the format considerably
increaseshe compleity of thedesign. It is alsonecessaryo en-
surethatthe parameterisabldesigndoesnot leadto significantly
largeror slower designs.

ThelEEE 754 Standardspecifiesa numberof featureswhich,
dependingon the datato be processedmay not be neededn the
implementation It is hencedesirableto have the capabilityof se-
lectingwhetherto includethesefeatures This would oftenreduce
the designsizeaswell asimprove the performance.

Thefollowing threefeatureshave beenidentifiedasoptional.
First,gradualunderflav. Gradualunderflav is especiallycostlyto
implementfor the multiplier, asit requiresa full-length shifterin
the normalisationstage. Gradualunderflav is not neededjf it is
safeto regard valuesof magnitudesmallerthan 1.0x 2EMN asQ,
whereEyn depend®nthebiasof theexponent.Secondpverflov
protection. Overflow is usuallyhandledby settingthe resultto a
specifiedbit patternto signalthatthe resulthasthe valueinfinity.
Overflow protectionis not neededf resultsarealwayswithin the
rangerepresentabléy the format used. Third, roundingmodes.
If roundingis not necessaryor if differentroundingmodesare
available,this canbechoserat compiletime.

Of the threefeaturesdescribedabore, gradualunderflav and
rounding modesare expectedto have the largestimpacton the
logic requirement®f the FPUs. Whendesigningthe FPUs, it be-
comemecessarto addressheissueof pipelineintegrity whendif-
ferentcombinationsof featurescanbeincludedasproposechere.
A modularapproachs desirableto avoid designcompleity. For
instancejnclusionof optionalfeaturesaffectingonepipelinestage
in theimplementatiorshouldnot requiresignificantchangeso be
madeto otherpipelinestages.

We have developedmethoddor producingpipelinedfloating-
pointaddersandmultiplierswith variablenumberof pipelinestages,
suchthat designswith differenttime/space/featurgadeofs can
beimplementedn hardware. Thekey difficultiesin designingpa-
rameterisablgipeline units include: (a) allowing the numberof
pipelinestagego be variedwhile ensuringpipelineintegrity, and
(b) developingindividual operationsuchthatthey will work with
variable width of operandsand optional supportfor algorithmic
featuressuchasgradualunderflav.



Table 1. FPGA Implementation®f floating-pointoperations.The speedentriesfrom [9] arebasedon 16-bit format, while thosefor this
paperarebasedon 32-bitformat. [5] predictsa performancef 33 MFLOPSfor their multiplier ona Xilinx 40250XVFPGA.

Shirazi[9] Louca[6] Ligon[5] This paper
FPGAused Xilinx 4010 AlteraFLEX 81188 Xilinx 4020E Xilinx XCV1000
Dataformat Custom:16/18bit  IEEE singleprecision:32bit IEEE singleprecision:32bit ParameterisabldEEE compliant
Addition bit parallel,3 stages bit parallel,3 stages bit parallel,13 stages bit parallel,8 stagesmin.
9.3MFLOPS 7 MFLOPS 40 MFLOPS 28 MFLOPS
Multiplication  bit parallel,3 stages digit serial,6 stages Booth, 3 stages bit parallel,5 stagesmin.
6 MFLOPS 2.3MFLOPS 5.5MFLOPS 28 MFLOPS

To illustrate our method, we explain belov the designof a
pipelinedfloating-pointmultiplier suchthatthe numberof pipeline
stagess determinedby a userprovided parametetV.

Stagel: extractssigns,exponentsandfractionsfrom theoperand
andmalestheimplicit MSB explicit. If gradualunderflav is sup-
ported, a checkfor whetherthe operandsare denormalsis nec-
essary The outcomewill affect the value of the MSB and the
exponentsettingbothto 1 if adenormalalueis detected.

Stage2to N (N > 2): computesheproductof themantissas.

Stage(NV + 1): evaluateghedistanceanddirectionto shift the
product;only requiredif gradualunderflav is supported.

Stage(N + 2): checksif the normalisationshift, determined
to be necessaryn the previous stage,is indeedallowed, so that
the exponentwill not underflav if the mantissas left shiftedthe
requiredamount;only requiredif gradualunderflav is supported.

Stage(V + 3): providesthe normalisatiorshift, andif round-
ing is requiredthentheroundandsticky bits areupdatedo reflect
the effect of the normalisationshift; only requiredif gradualun-
derflow is supported.

Stagg(IN+1/4): performsrounding;only requiredf rounding
is supported.

Stagg(IV +1/4/5): writestheresultto thedestinatiorregister
If gradualunderflav is not supportedthena right-shift mustbe
performedif thereis a carry-outfrom the multiplier.

A floating-pointmultiplier basedon the above pipelinestage
divisionwill have atleast3 stageswhenthe multiplicationtakesa
singlecycle andgradualunderflav androundingarenotincluded.

3. IMPLEMENTATION

The designsshavn in Table 1, except ours, were producedus-
ing the VHDL language. We have consideredthree languages
for developing our parameterise@rPUs: VHDL, Pebble[7] and
Handel-C[2],[10]. VHDL andPebblesupportstructurahardware
description,while Handel-Ccapturesdesignssimilar in style to
the C language.Handel-Cis chosenbecause(a) we wish to fo-
cus on algorithmic level parameterisatiomnd optimisation,and
a software-stylelanguageappearsbestfor this purpose;(b) the
Handel-Ccompilercontainsinterfacelibrariesfor theRC1000-PP
FPGAsystem[2] which simplified ourimplementation.

The FPUsimplementechave the characteristicshavn in Ta-
ble 1. The implementationaddressesll the issuesdiscussedn
theprecedingsection.They canbefully pipelinedandcansupport
both customformatsandthe standardEEE formats.

Thearithmeticoperationsn the FPUshave beenmplemented
usingthe standardHandel-Caddersandmultipliers. Our floating-

point adderis implementedas a multi-stageaddition, with the
width of addersandhencethenumberof cyclesinvolvedasparam-
eters. Our multiplier includesa parameterisablenultiplier-adder
treefor computingthe productof themantissasWe adoptthis ap-
proachmainly for performancg9], andalsoit would have been
cumbersomeéo implement,for instancea pipelinedmultiplier ar-

ray, in anon-structuralanguagdike Handel-C.

A comparisorof costand performanceor differentparame-
terisationshasbeenconductedo gainaninsightinto: (i) the cost
of the differentfeaturesthat can be includedoptionally and (i)
their effect on performance.For this purposethe following con-
figurationsfor eachFPU areconsidered.(a) Basicconfiguration:
denormalsare setto zero. (b) Overflov configuration: the Ba-
sicconfiguratiorplusoverflow protection.(c) GradualUnderflov:
theBasicconfiguratiorplusgradualunderflav. (d) Round:theBa-
sic configurationplus IEEE roundto nearestounding. (e) Com-
plete: the Basic configurationplus overflow protection,gradual
underflav andIEEE roundto nearestounding.

Different configurationsof the arithmetic operationof each
FPUhave alsobeenconsideredusingthe Basicconfigurationand
the IEEE singleprecisionformat. Implementatiorcostsaregiven
by: (a) device independentiguresfrom the Handel-Ccompiler
and (b) device specificfiguresfrom the Xilinx tools which pro-
ducean FPGA configurationfile from the outputof the Handel-C
compiler The Handel-Ccompilerprovidestwo usefulfiguresfor
resourcaisagethe numberof gatesandlatches.The Xilinx tools
provide the numberof 4-inputlookuptables(LUTs) andflip-flops
(Figure 1) aswell asthe numberof Slices(Figure 2) usedby a
designin a Xilinx XCV1000 FPGA. Standardsettingshave been
usedin boththe Handel-Ccompilerandthe Xilinx tools.
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Fig. 1. Thecostin numberof LUTs andflip-flopsfor floating-point
multiplication usingthe Basicconfiguration from Xilinx tools.



The costof implementinga floating-pointmultiplier with dif-
ferent floating-pointbit-size formatsis shawvn in Figurel. The
16-bit format usesa 4-bit exponentandan 11-bit fraction, while
the32-bitformatis equivalentto the|[EEE singleprecisionformat,
namely8-bit exponentand23-bit fraction. The 40-bit formatuses
a 10-bitexponentanda 29-bitfraction.

Thecostsof differentoptionalfeaturesfor floating-pointmul-
tipliers areshavn in Figure2. Thereis significantcostfor adding
gradualunderflav, sincea shifteris requiredfor normalisingthe
product. The normalisationunits contritute significantly to the
costof theadderwhich usesa barrel-shifteranda cheapeimple-
mentatiorshouldbe sought.Moreover, inclusionof properround-
ing adds10-15%to the cost,whichis similarto the costof adding
roundingin theadderimplementation.
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Fig. 2. Floating-pointmultiplier implementationthe costof sup-
portfor overflow is negligible, while supportfor gradualunderflav
nearlydoublesits size.Notethatalogarithmicscaleis used.

As with addersdifferentmultiplier configurationshave been
obseredto have similar longestdelaypaths. Variousparameter
isationsof the arithmeticoperationhave beentried. We divide
eachinput into k partitionsand usea multiplier-addertree with
k? multipliersand2® — 1 adderswhereeachmultiplier hastwo
n/k-bit inputsandone2n/k-bit output. Theimplementatiorcost
risesrapidlywith k, however: sixty-four 3-bit multipliersareabout
75% morecostlythanfour 12-bitmultipliers. Thisincreasen cost
is partly dueto anincreasen the numberof latchesneededasthe
numberof pipelinestagesncreasedrom 5to 9.

Our currentimplementationsdo not involve FPGA-specific
optimisationsmakingthemportableacrosdlifferentdevices.Such
optimisations,while likely to be tediousand errorprone,should
improve performanceand device utilisation. For instance,it has
beernreportedhat4-2 addersanddelayedadditiontechniquesvork
well for FPGAs,achiering a clock speedof 97 MHz on a Xilinx
XCV100Edevicefor 32-bitfloating-pointaccumulatiorwith over-
flow detectionandhandling[8].

4. CASE STUDY: 2D FAST HARTLEY TRANSFORM

This sectiondescribesheuseof ourfloating-pointbuilding blocks
forimplementingheFastHartley Transform(FHT) onaXCV1000
FPGAin anRC1000-PRsystem[2]. The FHT canbe considered
anoptimisationof the FFT whenonly realvaluesarerequired[3].
Our FHT processoachiezesa significantreductionin the number
of clock cycles by acceleratinghe updatingof the control vari-
ables,andby fusingthe transposepermutatiorandthe first stage
of the FHT. Its performanceas comparedo variousdedicatedand

programmabléFT processorsandtheresultsareencouraging.

Thetargetfor ourimplementations a Xilinx XCV1000FPGA
in an RC1000-PRsystem containingfour banksof 2MB SRAM.
Due to the costof settingup DMA channelsbetweenthe FPGA
boardandthe host PC, it hasbeendecidedthat the entire FHT
would beimplementedn hardware. Thismeanghatto procesghe
dataset,the FPGAwould needto have accesgo all four memory
bankswhile computingthe FHT, not allowing the interleaving of
computatioranddatatransfer

The first stageis split from the subsequenstagesasit only
usesthe add/subtractnit. Dueto memoryaccessonstraintswe
arelimited to readingone operandfrom eachmemorybank per
cycle; it would be inefficient to processa singlerow of dataat a
time with the FPUs.Our solutionis to interleave the processingf
two rows from two memorybanks readinga pair of operandgind
writing a pair of resultsevery cycle.

An elegant solution hasbeenfound which allows us to fuse
thetransposepermutatiorandthefirst stageof the FHT. We have
obsered that a specialtransposeperationis not required,since
thesameeffectcanbeobtainedby addressingherows ascolumns
andvice versain the memoryspace.Examinationof the permu-
tationtablerevealsthatthefirst stage which alwayscomputeghe
addition and subtractionof two adjacentpairs of operandsdoes
not have to be performedinterleaved if combinedwith both the
transposeandthe permutation. The permutationfunction always
replacegthe pairs of operandseededby the add/subtracbpera-
tion in thefirst stagewith oneoperandrom the lower half of the
row, andthe otheroperandrom the upperhalf. By combiningthe
first stagewith both the transposendthe permutationoperation,
theseaccesset thetwo halvesof arow becomeaccesseto two
differenthalvesof a column,involving two memorybanks.

Anotherimprovementhasbeenachiezed by iteratingover all
the rows for eachstateof the control variablesratherthan com-
putingthe FHT of two rows at atime. This optimisationreduces
thenumberof cyclesspentupdatingcontrolvariableshalvingthe
numberof cyclesrequiredto computethe FHT.

A further optimisationconcerningmemory accesshasbeen
applied. We have obsered thatthe inner mostloop containstwo
operationswvhich usean identicalpair of operands.Oneof these
operationss conditionalupontwo controlvariableseingunequal.
During theiterationswherebothareexecutedwhichis themajor
ity, thetwo operationcouldbeinterleaved suchthatthe operands
arenot readfrom memorytwice. This enablesusto reada third
operandequiredby the operation.

We employ aDoubleLoop approachnsteadf usingshift reg-
istersto delay control dataspecifyingthe destinationaddressof
resultsof computationscarriedout by the FPUs. This approach
involvestwo similar implementation®f the sameloop construct,
one startingexecutiondelayedby the numberof cyclesgiven by
the lateny of the FPU, from which it readsthe results. One of
the loopsthenissuesoperandgo the FPU, usingthe stateof its
control variablesto index RAM reads,andthe otherrecevesthe
resultsfrom the FPU and writes theminto two RAMs using its
local controlvariablesto index RAM writes.

Our FHT implementatiorprovidesa casestudyfor analysing
the suitability of FPGAsfor floating-pointarithmetic. The costof
theimplementatiorvarieswith thesizeof thedataset,asthewidth
of the controlvariableschangesinddifferentamountsof on-chip
RAM is neededo storethetrigonometricandpermutatiortables.

We have found that the implementationscalewell in terms
of logic andflip-flop requirementsFor the IEEE singleprecision



formatwith 32-bitdata,the FHT compiledfor 1024 elemenidata
setsusesaround59% of Slicesin a Xilinx XCV1000. The on-
chip RAM requirementsare affectedby the size of the dataset,
asthey are usedto storethe trigonometricand permutationta-
bles, An M?-elementdatasetwill requiretwo M /4 word P-bit

of RAMs to storethetrigonometrictables whereP is thewidth of

the floating-pointformatused,andone M word log M-bit RAM

for the permutatiortable. As thereare131,072Block RAM bits
in the Xilinx XCV1000, FHT implementationsvith up to 40962

elementsequiring115Kbits canbeaccommodateth the chip.

As expected,the numberof cycles that our processottakes
to computethe 2D FHT is roughly proportionalto O(N log N),
the numberof operationgequiredto performthe calculation. In
calculatingthe 2D FHT of small datasets,more cycles are lost
relative to the sizeof the datasetthanin the largerdatasets.This
is dueto theimplementatiorwaiting for the FPU pipelineto empty
beforemoving onto the next stateof controlvariables.

Our designis scalable sincemore rows canbe processedn
parallel. Computatiortime canbe reducedby 45-50%by having
eight IMB RAM s ratherthanfour 2MB RAMs, andinstantiating
anothersetof FPUs.Suchsystematicalving canbe continuedas
long assufiicientlogic is availablefor theadditionalFPUs.

Thecurrentimplementatiorcanbeclockedataround22 MHz,
producingthe2D FHT of a1024%-elementatasetin around0.52
second. Table2 comparest againstother systemsrom [1] and
alab PC.Our 2D designperforms20481D FHT transformsof a
1024-pointdatasetandadatatransposén 520ms, sothefigure of
254 s (=520ms/2048)s anoverestimatef thetime for eachl1K-
pointtransform.However, the othersystemgexceptthe Pentium)
computethe FFT, which involvestwice asmary computationsas
the FHT. DedicatedFFT processorshowever, may not be able
to take adwantageof the reducedcomputationsn the FHT unless
designedo do so. We have notincludedthe FHT processoin [3]
sinceit is basednfixed-pointarithmeticwith block-floating-point
scaling.

We obsenre the following from Table2. (a) Our FHT proces-
sor hasthe lowest clock speed,while it is fasterthan mostpro-
grammableDSP and supercomputeimplementationsMoreover,
unlike someFPGA implementationg5], our designis compliant
with IEEE 754format. (b) Handel-Chasprovedusefulparticularly
for algorithmiclevel optimisations The combinationof Handel-C

Table 2. Performancecomparisonof our FHT processomwith
other systemsn [1], which computethe FFT. The first two are
dedicated=FT devices,while therestareprogrammabl®SPpro-
cessor®r supercomputersihe Pentium,in aPC,runs2D FHT.

Processor Time for 1K-point Clock
transform(us) SpeedMHz)

DoubleBWpowerFFT 10 128
TexasMem SysTM-66 65 50
Our FHT Processor 254 22
SharcADSP-21061 460 40
Pentium-Ill 469 800
CrayY-MP (1-CPU) 600 159
Cray?2 (1-CPU) 1000 244
TMS 320C40 1298 60
LucentDSP16000 2110 80

andthe RC-1000PPRsystempravidesa powerful vehiclefor rapid
prototypinghardware designs;it enablesfor instance final-year
undegraduateprojectssuchasthis projectto involve comple cir-
cuit implementations(c) Thereis muchscopefor improving our
design,suchasusingafaster-PGA,includingdevice-specificop-
timisations[8], and having multiple FHT processorand custom
externalinterfaceson the samechip if desired.

5. CONCLUSION

Wehave presente@dnapproachor developingparameteriseBPUs
for hardware implementation.Our designscanbe usedas build-
ing blocksfor floating-pointapplicationscustomisedo meetuser
constraintsfor instanceby varyingtheprecisionroundingmodes,
or thenumberof pipelinestagesCurrentandfuturework includes
optimisingour hardwareimplementatiorto exploit FPGA-specific
features,and developing tools which can automaticallyproduce
designsthat meetgiven numericalcharacteristicaswell as per
formance sizeandpower consumptiorrequirements.
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