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Abstract

An asynchronouspipelined 32� 32-bit iterative multi-
plier is presentedin this paper. The multiplier supports
32� 32-bit integer multiplication of both signedand un-
signedoperands.A 2-phasemicropipelinelatchcontroller
is usedwhich controlsa 4-phasepipeline with standard
transparentlevel sensitive latches.Thedesignemploys the
modi�ed Boothalgorithmdiminishing8 bitsata timewith
an iterative structure. A sign extensionalgorithm is also
employed in this work. Furthermore,the early termina-
tion schemespeedsup the multiplication operation. The
multiplier consistsof a totalof 10700CMOSelementsand
completesan 32� 32-bit multiplication in 12 ns underthe
typical conditions. This work is alsovery low power and
costsonly 50% energy per operationof that of Amulet3i
multiplier.

1 INTRODUCTION

Asynchronouslogic gained a resurgence of interest
amongacademicand industrial researchersdue to its ad-
vantagesin low powerconsumption,high operatingspeed,
lessemissionof electromagneticnoise(EMI), bettercom-
pensabilityandavoidingclock skew problems[1].

Synchronous design uses global clock to control
data�ow in thedatapath.A clockedsystemcanbeviewed
asa �nite-state machine(FSM) with registers(�ip-�ops)
holding the current state. The clocked systemchanges
from onestateto thenext stateon theedgesof theglobal
clock. Thestateis held in a setof registers,andcombina-
torial logic is usedto derive a new stateandoutputs.The
new stateis copiedthroughtheregisterson every rising or
falling edgeof theglobalclock signal.

Asynchronouslogic usesa differenttiming stratagem-
handshakingprotocol. Therearetwo commonhandshak-
ing protocolsusedby self-timedsystems:4-phaseproto-
col [2] and2-phaseprotocol[3]. Unlike 4-phaseprotocol,
which useslevel-sensitive control signals,2-phaseproto-
col employs events(rising or falling edges)to indicatethe
availability or absorptionof data.The4-phaseprotocolhas
betteradaptabilityto mostof VLSI designsbut its super�u-
ousreturn-tozerotransitionscostunnecessarytimeanden-
ergy. In this work, we proposeanasynchronouspipelined
multiplier usinga 2-phasepipelinecontrol circuit to con-
trol a 4-phasedatapathwith level sensitive latches.Thus,

we cankeepthe advantageof 4-phaseprotocolbut gaina
fasterandlowerpower result.

Theremainderof this paperis arrangedasfollows: Sec-
tion 2 introduceshybrid handshakingprotocol and asyn-
chronousmicropipeline. Section3 providesthe architec-
ture of the multiplier. In section4,detailedcircuit imple-
mentationis givenandtheperformanceis discussed.Sec-
tion 5 presentstheconclusions,and�nally , section6 give
theacknowledgements.

2 HYBRID HANDSHAKING PROTOCOL
AND MICR OPIPELINE

Comparedto 2-phaseprotocol,4-phaseprotocolhasbet-
ter adaptabilitybecausemostVLSI designsuselevel sen-
sitive datapath.The asynchronouscircuits using4-phase
handshakingprotocolcaneasilyusetransparentlatchesin
thepipelinewithout two- to four-phasesignallingconvert-
ers.While 2-phasehandshakingprotocolis fasterandcosts
lower power becauseit eliminatesthe super�uousreturn-
to-zerotransitions. The motivation of employing the hy-
brid handshakingprotocolis to combinetheadvantagesof
both4-phaseprotocoland2-phaseprotocol.

Figure1 illustratesthe block diagramof a hybrid latch
controller. Rin is the requestsignal from the senderand
Rout is therequestsignalto thereceiver. While Ain is the
acknowledgesignalto thesenderandAout is theacknowl-
edgesignalfrom thereceiver. Lt is thecontrol line, which
controlthestatesof levelsensitivelatches.Thecontrol�o w
of thelatchcontrollerusinghybridhandshakingprotocolis
shown asfollows:
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Figure1: Block diagramof ahybrid latchcontroller

� At the beginning, Lt controlsthe stateof latchesas
transparent(open).

� After thesendersetsupdata,it issuesaneventonRin
indicatingthevalidity of data.



� The latch controller changesthe stateof latchesto
opaque(close)and let them absorbthe data. Then
the latchcontrollersendsaneventon Ain backto the
senderto acknowledgethe captureof data. At the
sametime it issuesan event on Rout to indicatethe
availability of data.

� After sometime, the latchcontrollerdetectsanevent
on Aout from the receiver and it changeslatchesto
transparentstateagainto preparenext cycle of data
transmission.

By choosingdifferent events (rising or falling edge),
control circuits canbe composedby differentways. The
Signal TransitionGraph(STG) [4] descriptionof a latch
controlleris shown in Figure2.

Lt�

Rin�

Rout+

Aout+

Lt�

Ain�

Rin+

Rout�

Lt+

Ain+

Lt+

Aout�

Figure2: STGdescriptionof a latchcontroller

By asynthesistool - Petrify[5], wecaneasilysynthesize
the latch controller from the STG description. The latch
controlcircuit generatedby Petrify is shown in Figure3.
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Figure3: Latchcontrollerimplementation

But this circuit looks too big andnot optimal. A better
latch controller called “mousetrap”is proposedby Singh
andNowick in [6]. In thiswork,weuse“mousetrap”asthe
latchcontrollerto controlthemicropipeline.

3 MULTIPLIER ARCHITECTURE

Array multipliers [7] andtreemultipliers [7] arerather
fast but, on the other hand,are ratherhardware hungry.
Serial multipliers [7] needlessareabut have a very low
throughput. Iterative multipliers aregoodchoiceconsid-
ering the tradeoff betweenspeedand silicon area. With
pipelinetechnique,iterative multipliers cangain an equal
throughputasthat of parallelmultipliers if we ignorethe
delayof registersor latches[8].

The multiplier of Amult3i [9] uses a synchronous
pipelinestructureclocked by an inverteroscillator. Com-
pared to synchronouspipeline, self-timed pipeline has
threemainadvantages:

� Higherspeed:Asynchronouspipelineuseshandshak-
ing protocolandit operatingspeedis determinedby
actual combinationallogic block latenciesof each
stageratherthanthecritical delayof all thestages.

� Less silicon area: Standardtransparentlatchesare
usedin asynchronouspipelinewhereassynchronous
pipeline must employ edge-triggedregistersto hold
thestages.Edge-triggedregistersoccupy doublesili-
con spacecomparedto transparentlatches. Further-
more, transparentlatchesare two times fasterthan
edge-triggedregisters,which furthersself-timedthe
pipeline'sadvantagein highspeed.

� More robust: Only after the availability andcapture
of data,will the senderandthe receiver sendthe re-
questandacknowledgesignals.While a synchronous
pipeline should satisfy the critical delay of all the
stagecircuits, which perhapschangesfrom time to
time. For example, there comesa bug when the
Amulet3imultiplier changesits statefrom normalcal-
culationto earlytermination.

The multiplier in this paper usesmodi�ed booth al-
gorithm andsupports32� 32-bit integer multiplication of
both signedandunsignedoperands.Themultiplier archi-
tectureis illustratedin Figure4. This is a two-stageasyn-
chronouspipeline structureusing bundled-dataprotocol.
The�rst stageincludesa boothencoder, a pipelinelatches
row anda 4-2compressorsrow. Thesecondstageincludes
a pipelinelatchesrow, a 4-2 compressorsrow anda shift
registersrow. The pipeline latch controllersare “mouse-
trap” introducedin thesecondsection.

4 CIRCUIT IMPLEMENT ATION AND
PERFORMANCE

4.1 Boothmultiplexer (BoothMUX)

TheBoothMUX usedin thismultiplier is composedof 4
transmissiongates.With elegantcontrolsignals,theBooth
MUX canminimisetheshortcircuit currentsfor low power
reasons.The schematicof the Booth MUX is shown in
Figure5.
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Figure5: TheBoothMUX

4.2 4-2Compressor

With 4-2 compressors,we can build a multiplier with
moreregularstructurecomparedto theoneusing3-2com-
pressors.Moreover, 4-2 compressorsrow candiminish 4
partial productsoncecomparedto only 3 partial products
oncefor 3-2 compressorsrow. So the multiplier with 4-
2 compressorsis fasterthan that using 3-2 compressors.
Since the Cout signal is independenton Cin, theredoes
not exist a propagationproblemif several4-2 compressors
with sameweight areabuttedinto the samerow, which is
the key ideabehind4-2 compressor. In this work, a new
proposed4-2 compressorusingdifferentialpass-transistor
logic (DPTL) is employedandbecauseof carefuldesign,
one XOR gatedelay is saved comparedto the 4-2 com-
pressorconstructedfrom two 3-2 compressors.Figure6
shows theschematicof the4-2compressor. FromFigure6
wecanseethatthesumandcarryarebalancedfor decreas-
ing glitches.Balanceddelayalsoresultsalowerworst-case
latency.

4.3 Pipelinelatch andshift register

Consideringbothspeedandhardwareconsumption,we
choosetruesingle-phaseclocking(TSPC)registerto com-
posethe shift register row. The pipeline latchesare nor-

Figure6: Theschematicof the4-2compressor

mal tranparentlatches,which is very simpleandfast. The
schematicof TSPCregisteris illustratedin Figure7.
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Figure7: Theschematicof TSPCregister

4.4 Performance

The multiplier wasanalyzedusingHSPICon extracted
layoutundertheconditionsof 3.3 volt supplyvoltageand
100 degreetemperature.The simulationresultsof delay
(Typical processcaseandWorseprocesscorner)aregiven
in table1.

Table1: Simulatedresultsof theComponentsDelay
Components Typical Worse
BoothMUX 0.61ns 0.72ns
4-2 Compressor 1.10ns 1.40ns
Transparentlatch 0.18ns 0.22ns
TSPCregister 0.66ns 0.88ns

The critical pathof the �rst pipelinestageincludesone
Booth MUX, one 4-2 compressorand one pipeline latch
andis totally equalto 2.34ns (Underthe worst-casecon-
ditions: Vdd = 3.3v, Vss= 0.1v, 100degreetemperature).
The critical pathof the secondpipelinestageincludeone
pipelinelatch,one4-2compressorandoneshift TSPCreg-
ister and is totally equal to 2.5 ns. From the datagiven



above,wecanknow thatit takes12.34ns(2:34+ 2:50� 4)
to complementa 32� 32-bit multiplication without using
early termination. With 20% commercialtiming margin,
the multiplier completesa multiplication in 14.8ns under
worst-caseconditions. The power of this work is about
80mwwith full loadin “peaktime” andtheaveragepower
is about50mw.

Up to now, we have not designedthe layoutof themul-
tiplier. Sowe cannotgive theperformanceof siliconarea.

5 CONCLUSIONS

A high performance,low hardwarecostandlow power
asynchronousiterative multiplier has beendevelopedin
this work. Themultiplier totally consistsof 10700CMOS
elementsandcompletesa32� 32-bitmultiplicationin 12ns
underthe typical-caseconditions. It suitsfor both signed
and unsignedoperands. The design usesthe modi�ed
Boothalgorithm.An earlyterminationschemeis employed
whichef�ciently speedsup theoperation.

Table2 shows the comparisionbetweenthis multiplier
andAmulet3imultiplier (* Thenumbersmeanthemultipli-
cationcycles).Comparedto Amulet3imultiplier, thismul-
tiplier is smaller. It contains10700CMOSelements,while
Amulet3imultiplier contains13600CMOSelements.This
duesto thesimplify of thecontrolcircuit andtheemploy-
mentof transparentlatches.And thismultiplier is also10%
fasterthanAmulet3i multiplier becausethedelayof trans-
parentlatchesis shorterthan that of edge-triggledregis-
ters. Forthermore,this multiplier is more robust because
the handshakingprotocol can matchthe exact latency of
eachpipelinestage. Underthe sameconditionsandwith
the sameoperands,this multiplier costsonly 50% energy
peroperationof thatof Amulet3imultiplier.

Table2: Thecomparisionbetweentwo multipliers
Multiplier This work Amulet3's Ratio
CMOS 10700 13600 1/1.27

Latency(4*) 12.3ns 14.0ns 1/1.14
Latency(3) 11.4ns 13.4ns 1/1.18
Latency(2) 9.9ns 11.7ns 1/1.18
Latency(1) 8.0ns 10.7ns 1/1.34
Power(4) 80.0mw 86.2mw 1/1.08
Power(3) 67.4mw 82.1mw 1/1.22
Power(2) 50.0mw 82.7mw 1/1.66
Power(1) 25.1mw 66.0mw 1/2.63

Power� Latency is oftenusedasametricfor thepower
consumptionof aCMOSsystem.Giventwo designsA and
B, if the Power � Latency of A is smallerthan that of
B, then A consumeslesspower then B when they oper-
atethesamenumberinstructions.From Figure8, we can
seethe averagePower � Latency of this work is only
1=2 of that of Amulet3 multiplier. So this work is much
morepower ef�cient thanAmulet3multiplier. The reason

is eliminating the propagationof the glitchesthroughthe
whole datapath.The unnecessaryswitcheswastequite a
lot powerespeciallywhenthey arepropagatedthroughthe
whole datapath. The immediatelyclosing of the latches
proventsglitchesfrom propagatingto thenext stages,thus
savespower. From this example,we canseethat the hy-
brid handshakingprotocolis a goodchoicefor low power
circuits.Anotherreasonis thatduringearlyterminationpe-
riod, only shift registersrow consumespower, while com-
pressorsrowsare“free”. But for synchronoussystem,it is
verydif�cult to stopsomepartsof thedatapath.

Moreover, this work introducesa STG descriptionfor
the hybrid pipeline latch controllerswhich uses2-phase
protocolto control level sensitive latchesandgivesanex-
ampleof the latch control circuit synthesizedby Petrify.
The hybrid pipeline latch controllersmake datapathsrun
fastercomparingto thoseusing traditional 4-phaselatch
controlleresbecausethey avoid the super�uousreturn-to-
zerotransitions.

Figure8: Thecomparisionof Power � Delay
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