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Abstract— Multiplication is one of the most commonly
usedarithmeticoperationsinawiderange
ofapplications,suchasmultimediaprocessingandartificialneuralnet
works.Multiplier is one of the main causes of energy consumption,
critical path latency, and resource utilization for these kinds of
applications.In designs based on field-programmable gate arrays
(FPGAS), these effects become more noticeable. Still, the majority
of cutting-edge designs were created for ASIC-based
systems.Moreover, the majority of existing field-programmable
gate array (FPGA) designs are restricted to unsigned integers and
necessitate additional circuits to accommodate signed operations.
To address these limitationsfortheFPGA-
basedimplementationsofapplicationsutilizingsignednumbers,thisl
etterpresentsanarea-optimized,low-latency, and energy-efficient
design for an accurate signedmultiplier.Our implementations give
an abrupt 40.0%, 43.0%, and 70.0% reduction in area, latency,
and energy, respectively, as compared to the Vivada area-
optimized multiplier IP.

IndexTerms—
Acceleratorarchitectures,artificialneuralnetworks(ANN),fixed-
pointarithmetic,field-
programmablegatearrays(FPGAs), multiplyingcircuits.

I. INTRODUCTION

PPLICATIONS in the domain of digital signal process-
ingandmachinelearningextensivelyusemultiplication
asoneofthebasicarithmeticoperations. Thearchitectureof a
selected multiplier and its implementation directly affectthe
overall performance, resource utilization, and energy con-
sumption of such applications. The FPGA synthesis tools
tendto use DSP blocks for high-performance multiplication
[1].However, two points are worth noting concerning the

DSPblocksutilization.

1) For many applications, such as artificial neural
networks(ANNS), the 32-b floating-point precision is
often notnecessary for obtaining acceptable quality
results. Asdiscussed in Section IlI, our 8-b quantized
implementa-tion of an ANN reduces the classification
accuracy onlyby 0.42% when compared with full-
precision classifi-
cationaccuracy.Forimplementingmultipliersforthese
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low-precision numbers, the synthesis tools opt to
uselookuptables(LUTSs)insteadofDSPblocks.

2) As noted by Ullah et al. [2] and Kuon and Rose [3], due
tothe nonuniform distribution of these DSP blocks
acrossthe FPGA, the critical path delay could be
adverselyaffected when many of them have to be
concatenated  forlarge  multiplication  operations.
Moreover, DSP resourcesare limited. On the other hand,
the LUT resources aremuch larger. They also offer
comparable performancewithbetterenergy-
efficiencyandflexibilitythantheDSPblocksforsmall-
sizedmultipliers.Therefore,itismoreadvantageoustohavet
heoptiontousethelow-area, high performance, and
energy-efficient LUT-
basedmultiplierbesidetheDSPblocks. Inthisletter,weprovi

de area-optimized, low-latency, and  energy-
efficientaccuratesignedmultipliersforFPGA-
basedsystems.
FPGA vendors, such as Xilinx and Intel, provide
softcoreLUT-

basedmultipliers(signedandunsigned)asdescribedin [4]. These
multipliers can be either area or speed optimized.Booth’s
algorithm [5] is also a commonly wused technique
formultiplicationbecauseitreducesthetotalnumberofgeneratedp
artial products by encoding the multiplier bits. The
widelyknownrelated worksare [7]-[9] and [11]. Kummet al.
[7]andWalters[8]haveusedBooth’salgorithmtopresentarea-
efficient radix-4 multiplier implementations for XilinxFPGAs.
However, these implementations do not use compres-sor trees
for adding the generated partial products and havelarge critical
path delays. More importantly, Kumm et al. [7]has not
discussed the implementations for signed numbers.Parandeh-
Afshar et al. [11] have proposed a partial productcompressor
tree for Altera (now Intel) FPGAs. Nonetheless,their
generalized parallel counters underutilize LUTs in
twoconsecutiveadaptivelogicmodules(ALMs). Theirfollow-
upwork,Parandeh-
Afsharandlenne[9]haveusedtheBooth’sandBaugh-
Wooley’smultiplication[6]algorithmsforarea-
efficientmultiplierimplementation.However,inordertoreduceth
eeffectivelengthofthecarrychains,theirdesign limits the length
of the ALM to five, resulting in
theunderutilizationoftheFPGAresources.

On the other hand, Kakacak [12] and Kumm et al.
[13]utilized smaller multiplier blocks for designing higher
ordermultipliers. However, such techniques prove to be only
usefulforsmallbit-widthmultipliers;forhigherbit-
widthmultipliers,they consume more FPGA resources. For
example, the logic-basedimplementation(usingthe — “*”
opgration) of anaccurate
88 multiplier on Virtex-7 FPGA in Xilinx Vivado,
withdefaultsynthesisoptions,consumes71LUTs,whereasthe

modularimplementationofanaccurate8 x 8multiplierusingaccurate4 x 4

multipliersconsumes82LUTSs.
A. MotivationforSignedMultipliers
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For some signed numbers-basedapplications, it
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TABLEI
BoOTH ENCODING AND CORRESPONDING SEFOR PARTIAL PRODUCTS.
bm1,bm,ANDBm1AREMULTIPLIERBITS.(a)RADIX-

* 4BoOTHENCODING.(b)SE

@ (b)

utilizing unsigned multiplier designs. For example, we
havequantized the trained parameters (weights and biases) of
alightweightANNto8-bfixed-
pointnumberstoimplementtheANNonFPGA. Theseparametersa
resignednumbers.To implement the ANN hardware using
unsigned multipliers,werequireadditionalsigned-
unsignedconverterstoextractthesign bit from the operands and
compute the final product
sign.Theseconvertersreceive2’scomplementnumbersandproduc
ecorresponding numbers in sign—-magnitude format. After mul-
tiplication in sign-magnitude format, the result is
convertedback to the 2’s complement scheme using signed—
unsignedconverter. Theseadditionalmoduleshaveincreasedthecr
iticalpath delay of each multiplier by 2.061 ns and LUTS
utilizationby 24. Therefore, for the hardware implementations
of appli-cations utilizing signed numbers, it is always
advantageous tohavehighperformancesignedarithmeticunits.

B. NovelContributions

Ourcontributionsincludethefollowing.

1) ANovelArchitectureforBoothMultiplier:Using6-
inputLUTsandassociatedfastcarrychainsofmodernFPGA
s,wepresentanarchitectureforsignedmultipliersthat
provides better performance'than state-of-the-artdesigns.

2) Parallel Generation of Partial Products: We
eliminatethe need for sequential computation of the
partial prod-uctsandgenerateallBooth-
encodedpartialproductsin  parallel; that significantly
reduces the overall criticalpathdelayofthemultiplier.

3) Efficient Partial Products Encoding: Our partial
productencoding technique reduces the length of the
carry chainin each partial product to further reduce the
critical pathofthemultiplier.

Il. PROPOSEDDESIGNSOFACCURATEMULTIPLIERS

Using the concepts of radix-4 Booth’s multiplication algo-
rithm,wepresentourarea-optimized,low-latency,andenergy-
efficient accurate signed multipliers. The correct sign of
apartial product, in booth’s encoding (BE)-based multiplier,
isdecided by the sign of the multiplicand (the MSB) and
thecorrespondingvalueofBE.Tablel(a)and(b)showsthelistof
required sign extensions (SEs) for all possible combinationsof
BE’s values and MSB of the multiplicand. We have
usedBewick’sSEtechnique[16]toimplementthecorrectsignofa
partial product. Unlike state-of-the-art implementations,
ourproposed architecture computes all partial products in

maystillbepossibletoimplementtherequiredhardwareacceler ors

parallelandthenaddsthegeneratedpartialproductsusingmultiple4:2
compressors and a ripple carry adder (RCA). The
parallelgenerationofpartialproductssignificantlyreducesthecritica
|

LCollectiveperformanceconsideringthearea,delay,andenergy.
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Fig.1. ConfigurationofLUTsusedinproposeddesign.(a) Type-A.
(b) Type-B.(c)Type-C.

pathdelayofthemultiplier.Ourimplementationsprovideopti-
mized configurations for the 6-input LUTs and the
associatedcarry chains in a logic slice of modern FPGAs such
as XilinxVirtex-7series.

A. AccurateSignedPartialProductsGeneration

Fig.1showstheconfigurationsofthe6-
inputLUTsusedfortheimplementationoftheproposedaccurate
multiplier. TheBEisimplementedbyLUT Type-
Aconfiguration,asshowninFig.1(a). Itreceivesfiveinputs,i.e.,a
nandani(frommultiplicand)andbmi,bmandbmi (frommultiplier).
TheLUTinternallyimplementsthreeMU Xes.Basedonthevalue
ofBE,thefirstMUX(controlledbyssignal)decideswhetheranor
anishouldbeforwardedforpartialproductgeneration. Thesecon
dMUX,controlledbycsignal,managestheinver-
sionoftheoutputofthefirstMUX.Finally,thethirdMUXcanmak
ethepartialproductzerodependinguponthevalueof the z
signal. This information is forwarded to the
associatedcarrychainascarryingpropagatesignal “pout.” Theinp
utanisusedasthecarrygeneratesignal“goy” forthecarrychain.Be
wick’sSEtechniqueforeachpartialproductrowisimplementedb
yLUT Type-BandLUT Type-
Cconfigurations,asshowninFig.1(b)and(c),respectively. TheL

UTType-

Breceivesfiveinputs,i.e.,bmi,bm,andbmi (frommultiplier),an(the
MSBofthemultiplicand),andpin. Thepinsignalisconstant“1’forth
efirstrowofpartialproductsandforallotherrowsitisconstant“0.”T

heLUTcomputestheSEsignal,performs the Xoroperation on it
and provides the result to
theassociatedcarrychainasthecarrypropagatesignalpout. Thecarr
ygenerate signal goutis directlyprovided by the
pinsignal. LUT Type-
Cisusedtotransferthecorrectsigninformationofitsrespectiveparti
alproductrowtothefollowingpartial

productrow.

Utilizing LUTSs of types A, B, and C, Fig. 2(a) shows thefirst
row of partial products for an 88 mwltiplier. The right-most
LUT of Type-A in each partial product row is used
forcomputing the required input carry. This input carry is
appliedfor representing a partial product in 2’s complement
format.Fgr an 88 multiplier, a total of four partial product rows
willbe generated. The last partial product row does not require
anLUTofType-C.

B. OptimizingCriticalPathDelay

Foran N M multiplier, the length of the carry chain ineach
partial product row is N4 bits. To improve the criticalpath delay
of the multiplier, the length of the carry chain canbe reduced to
N1 bits. A critical path delay-optimized imple-mentation of our
novel multiplier is shown in Fig. 2(b). Thepartial product terms
ppx,0and PP 1), in each partial
productrow,requireoneandtwobitsofthemultiplicand,respective
ly.These two partial product terms can be implemented by
onesingle 6-input LUT “Al.” Similarly, ppw2), in each
partialproduct row, can be independently implemented using
another6-inputLUT*“A2.” Aseparate6-
inputLUT,“CG,”canbeused

+ —
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Fig.2. Firstpartialproductrowforan8 X
8multiplier.(a)Firstversionofmultiplier.(b)Optimizedversionofmultiplier.
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Fig.3. ConfigurationofLUTstypesAl,A2,andCG.(a)LUTAL.(b)LUT
A2/CG.

tocomputethecorrectinputcarryforeachpartialproductrow.Fig. 3
shows the internal configurations of LUT types Al, A2,and CG,
respectively. LUT types A2 and CG only differ in theoutput

signals  ppx2and  cQou. LUT  type A2  utilizes
Pp,2)signalsolely,whereasLUTtypeCGusescgousignalexclu-
sively. ForanN X Mmultiplier,

ti}ent/ngberofLUTsrequiredtogeneratepartialproductsis(N+ 3) X
M/2— 1.

C. AccumulationofGeneratedPartialProducts

For the reduction of generated partial products to computethe
final product, binary adders, ternary adders, and 4:2 com-
pressors[15]canbeutilized. A4:2compressoriscapableof
reducing four partial productrows to two output rows.During
our experiments, we observe that the deployment ofternary
adders might reduce the overall resource utilization.However,
they  have  higher  critical path  delays than
binaryadders.Therefore,inthisletter,the4:2compressorsandbina
ryadders are used for the reduction of the generated partial
prod-ucts. We have used the 6-input LUTs and the associated
carrychainstoimplementthem.

IIl. RESULTSANDDISCUSSION

We have used VHDL for the RTL implementations of
allpresented multipliers. The proposed designs have been syn-
thesized and implemented using Xilinx Vivado 17.4 for
theVirtex-7  xc7v585tffgl157-3 FPGA  (unless stated
otherwise).Powervaluesareestimatedbythesimulatorandpowera
nalyzertoolsprovidedbyVivado.

Wehavecomparedtheimplementationresultsofourproposed
multiplier with the Vivado’s area/speed-
optimizedmultiplierIPs[4],“R1”’[8],“R5[7],and*“R7[14].2Furt
hermore, the proposed design is also evaluated against thestate-
of-the-artapproximatemultipliers“R2”[17],“R3”[2],

2A generic and open-source implementation for every size of multiplier
isnotavailable.Signedmultiplier“mul8s_1KV8.v”’fromthelibraryisused.
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Fig.4.Comparisonoftheproposedsignedmultipliers with

theunsignedmultipliers(withoutthesigned—
unsignedconverters). Theresultsarenormalizedtoourproposedmultipliers.

“R4” [18], and an 488 multiplier “R6” from [14].3 For
theunsigned numbers-based architectures in “R1,” “R2,”
“R3,”R4,” and “R5,” we have implemented signed—unsigned
con-

verters. Toshowafaircomparison,wehavereportedtheperforman
ce results of the state-of-the-art multipliers with
andwithoutusingthesesigned—-unsignedconverters.

A. ImplementationResults

Table Il presents the resource consumption (LUTSs), CPD,
andEDP requirements of our proposed design and different
state-of-the-art accurate and approximate multipliers. In the
table,the results for “R2,” “R3,” “R4,” “R5,” and “R6”
multipliersareinclusiveofthesigned—
unsignedconverters.For“R6”multiplier, there is only one design
point with the input bit-widthof88.

AsshowninTablell,exceptfor“R1”[8]and“R5[7],our
proposed multiplier always requires less number of LUTsthan
other state-of-the-art multipliers for different bit-widths.“R1”
and “R5” multipliers utilize sequential computation ofpartial
products to obtain area gains at the cost of high criticalpath
delays. The area savings offered by our designs increasewith
the size of the multiplier, up to 16% when compared
withVivadogd232area/speed-optimizedIP.

Our proposed multiplier provides higher performance
thanstate-of-the-art accurate and approximate multipliers. For
exam-ple, compared tp the 88 Vivado speed-optimized
multiplierIP, our multiplier reduces the critical path delay by
21%. “R17and “R5” accurate multipliers have higher critical
path delaysamongallpresentedmultipliers.

The energy efficiency of the presented multiplier designs
ischaracterized by the EDP as illustrated in Table II. It can
bedrawn from the table that our proposed multipliers have
betterenergy efficiency than state-of-the-art across different
sizes. Forexamplg, our 1616 multiplier delivers up to 23.6%
reductioninEDPwhenitiscomparedagainst*R1.”

To further elaborate on the efficacy of our proposed imple-
mentation, TablelIshowstheaveragesoftheproductsofthe
normalized values of LUTs utilization, CPD, and EDP(Average
[Norm. LUTsNorm. CPDNorm. EDP]) aerossdifferent sizes of
multipliers. All individual performance met-
ricsofeachmultiplierhavebeennormalizedwithrespecttothecorre
spondingperformancemetricsofVivadoarea-optimized
multiplier IP. Our proposed multiplier outperformsstate-of-the-
artimplementationsintheoverallscore.

Wehavealsocomparedourproposedsignedmultiplierstothesta
te-of-the-
artaccurateandapproximateunsignedmultiplierswithoutdeployi
ngsigned-unsignedconverters.Fig. 4 presents the resougce
utilization, CPD, and EDP of 88and 1616proposed
implementations, “R2,” “R3,” “R4,”“R5,” and “R6” multipliers.
These results have been
normalizedtotheimplementationresultsofourproposedimplemen
tations.
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TABLEII
IMPLEMENTATION RESULTS OF DIFFERENT MULTIPLIERS.“R2,7“R3,7“R4,”*“R5,”AND “R6”MULTIPLIERS ARE IMPLEMENTED WITH THE
SIGNED—UNSIGNED CONVERTERS. THE RESULTS WITH SHADING ARE THE LOWEST IN THEIR RESPECTIVE COLUMN
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Fig. 5.Results of the neural network use-case. The LUT resources and
EDPobtainedfordesignswithdifferentmultiplierarenormalizedtoVivado-area.

Compared to the accurate 1646 “R5” multiplier, our imple-
mentation provides 39.0% and 42.0% reduction in CPD
andEDP,respectively.

B. CaseStudies

1) Artificial Neural Network’s Inference With Small-
SizeMultiplier: We have also applied our multiplier for the
infer-
encestageofaneuralnetwork[19]. Thenetworkisusedfortheclassi
ficationofhandwrittendigitsfromMNISTdatabase. Theinference
accuracy of the ANN, for 10 000 images with 8-b
fixedpointnumbersandour88multiplieris96.67%. Theoriginalac
curacy with 64-b number and multiplier is 97.09%. The lossin
classification accuracy for the multiplier is negligible. If
thenetwork was implemented on the FPGA with our proposed
accu-rate multiplier instead of the Vivado’s area-optimized
multiplier,theestimatedLUTsavingis17.5%.

2) ArtificialNeuralNetwork sInferencelmplementationonFP
GA:The target FPGA is Xilinx Zynq Ultrascale xczu3egused in

€s.

IV. CONCLUSION

A unique area-optimized, low-latency, and energy-efficient
accurate signed multiplier architecture for FPGA-based
systems was given in this letter. The advantages of our
multipliers in neural network applications have also been
assessed. We will make available the RTL models of our
designs at https://cfaed.tu-dresden.de/pd-downloads as an
open-source library..
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