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Abstiact

An asynchronougipelined 32 32-bit iteratve multi-
plier is presentedn this paper The multiplier supports
32 32-bit integer multiplication of both signedand un-
signedoperandsA 2-phasemicropipelinelatchcontroller
is usedwhich controls a 4-phasepipeline with standard
transparentevel sensitve latches.Thedesignemplgys the
modi ed Boothalgorithmdiminishing8 bits atatime with
an iterative structure. A sign extensionalgorithmis also
employed in this work. Furthermore the early termina-
tion schemespeedsup the multiplication operation. The
multiplier consistf atotal of 10700CMOSelementsand
completesan 32 32-bit multiplicationin 12 ns underthe
typical conditions. This work is alsovery low power and
costsonly 50% enegy per operationof that of Amulet3i
multiplier.

1 INTRODUCTION

Asynchronouslogic gained a resugence of interest
amongacademicandindustrial researcherglueto its ad-
vantagesn low power consumptionhigh operatingspeed,
lessemissionof electromagnetinoise(EMI), bettercom-
pensabilityandavoiding clock skew problemg1].

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

Asynchronoudogic usesa differenttiming stratagem
handshakingprotocol. Therearetwo commonhandshak-
ing protocolsusedby self-timedsystems:4-phaseproto-
col [2] and2-phaseprotocol[3]. Unlike 4-phaseprotocol,
which useslevel-sensitve control signals,2-phaseproto-
col employs events(rising or falling edges)o indicatethe
availability or absorptiorof data. The4-phaseprotocolhas
betteradaptabilityto mostof VLSI designsutits super u-
ousreturn-tozerotransitionscostunnecessaryme anden-
ergy. In this work, we proposean asynchronougpipelined
multiplier using a 2-phasepipeline control circuit to con-
trol a 4-phasedatapathwith level sensitve latches. Thus,

we cankeepthe advantageof 4-phaseprotocolbut gaina
fasterandlower power result.

Theremaindeof this paperis arrangedasfollows: Sec-
tion 2 introduceshybrid handshakingorotocol and asyn-
chronousmicropipeline. Section3 providesthe architec-
ture of the multiplier. In section4,detailedcircuit imple-
mentationis givenandthe performancés discussedSec-
tion 5 presentghe conclusionsand nally , section6 give
theacknavledgements.

2 HYBRID HANDSHAKING PROTOCOL
AND MICR OPIPELINE

Comparedo 2-phaserotocol,4-phaserotocolhasbet-
ter adaptabilitybecausenostVLSI designsuselevel sen-
sitive datapath. The asynchronousircuits using 4-phase
handshakingprotocolcaneasilyusetransparentatchesin
the pipelinewithout two- to four-phasesignallingcorvert-
ers.While 2-phaséhandshakingrotocolis fasterandcosts
lower power becauseét eliminatesthe super uousreturn-
to-zerotransitions. The motivation of employing the hy-
brid handshakingprotocolis to combinethe advantage ®f
both4-phaseprotocoland2-phaseprotocol.

Figure 1 illustratesthe block diagramof a hybrid latch
controller Rin is the requestsignal from the senderand
Routis therequessignalto the receiver. While Ain is the
acknavledgesignalto the sendemandAout is the acknawl-
edgesignalfrom therecever. Lt is the controlline, which
controlthestateof level sensitvelatches.Thecontrol o w
of thelatchcontrollerusinghybrid handshakingrotocolis
shawn asfollows:
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Figurel: Block diagramof a hybrid latchcontroller

At the beginning, Lt controlsthe stateof latchesas
transparenfopen).

After thesendessetsup data,it issuesaneventon Rin
indicatingthevalidity of data.



The latch controller changesthe state of latchesto
opaque(close) and let them absorbthe data. Then
the latch controllersendsaneventon Ain backto the
senderto acknavledgethe captureof data. At the
sametime it issuesan eventon Rout to indicatethe
availability of data.

After sometime, the latch controllerdetectsan event
on Aout from the recever andit changedatchesto
transparenstateagainto preparenext cycle of data
transmission.

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

Figure2: STGdescriptionof alatchcontroller

By asynthesidool - Petrify[5], we caneasilysynthesize
the latch controller from the STG description. The latch
controlcircuit generatedby Petrifyis shovn in Figure3.
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Figure3: Latchcontrollerimplementation

But this circuit lookstoo big andnot optimal. A better
latch controller called “mousetrap”is proposedby Singh
andNowick in [6]. In thiswork, we use“mousetrap’asthe
latch controllerto controlthe micropipeline.

3 MULTIPLIER ARCHITECTURE

Array multipliers [7] andtree multipliers [7] arerather
fast but, on the other hand, are rather hardware hungry
Serial multipliers [7] needlessareabut have a very low
throughput. Iterative multipliers are good choiceconsid-
ering the tradeof betweenspeedand silicon area. With
pipelinetechnique jterative multipliers cangain an equal
throughputasthat of parallelmultipliersif we ignorethe
delayof registersor latched8].

The multiplier of Amult3i [9] usesa synchronous
pipeline structureclocked by aninverteroscillator Com-
pared to synchronouspipeline, self-timed pipeline has
threemainadwantages:

Higherspeed:Asynchronougpipelineuseshandshak-
ing protocolandit operatingspeeds determinedby
actual combinationallogic block latenciesof each
stageratherthanthe critical delayof all the stages.
Lesssilicon area: Standardtransparentatchesare
usedin asynchronougpipeline whereassynchronous
pipeline mustemploy edge-triggedregistersto hold
the stages.Edge-triggedegistersoccupy doublesili-
con spacecomparedo transparentatches. Further
more, transpareniatchesare two times fasterthan
edge-triggedegisters,which furthers self-timedthe
pipeline'sadwantagdn high speed.

More robust: Only after the availability and capture
of data,will the senderandthe recever sendthe re-
questandacknavledgesignals.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 changedts statefrom normalcal-
culationto earlytermination.

The multiplier in this paperusesmodi ed booth al-
gorithm and supports32 32-bit integer multiplication of
both signedand unsignedoperands.The multiplier archi-
tectureis illustratedin Figure4. Thisis a two-stageasyn-
chronouspipeline structureusing bundled-dataprotocol.
The rst stageincludesa boothencodera pipelinelatches
row anda4-2 compressorsow. Thesecondstageincludes
a pipelinelatchesrow, a 4-2 compressorsow anda shift
registersrow. The pipeline latch controllersare “mouse-
trap” introducedn the secondsection.

4 CIRCUIT IMPLEMENT ATION AND
PERFORMANCE

4.1 Boothmultiplexer (BoothMUX)

TheBoothMUX usedin this multiplier is composeaf 4
transmissiomgates With elegantcontrolsignals the Booth
MUX canminimisetheshortcircuit currentsfor low power
reasons. The schematicof the Booth MUX is shavn in
Figure5.
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Figure5: The BoothMUX

4.2 4-2Compessor

With 4-2 compressorswe can build a multiplier with
moreregularstructurecomparedo theoneusing3-2 com-
pressors.Moreover, 4-2 compressorsow candiminish 4
partial productsoncecomparedo only 3 partial products
oncefor 3-2 compressorsow. So the multiplier with 4-
2 compressorss fasterthan that using 3-2 compressors.
Sincethe Cout signalis independenbn Cin, theredoes
not exist a propagatiorproblemif seseral4-2 compressors
with sameweight are aluttedinto the samerow, which is
the key ideabehind4-2 compressor In this work, a new
proposed-2 compressousingdifferential pass-transistor
logic (DPTL) is employed and becausef careful design,
one XOR gatedelayis saved comparedto the 4-2 com-
pressorconstructedrom two 3-2 compressors.Figure 6
shavs the schematiof the 4-2 compressor-rom Figure6
we canseethatthesumandcarryarebalancedor decreas-
ing glitches.Balancedielayalsoresultsalowerworst-case
latengy.

4.3 Pipelinelatch andshift register

Consideringooth speedandhardwareconsumptionwe
chooséruessingle-phaselocking (TSPC)registerto com-
posethe shift registerrow. The pipeline latchesare nor-

Figure6: Theschematiof the4-2 compressor

mal tranparentatcheswhich is very simpleandfast. The
schematiof TSPCregisteris illustratedin Figure?7.
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Figure7: Theschematiof TSPCregister

4.4 Performance

The multiplier wasanalyzedusingHSPIC on extracted
layoutunderthe conditionsof 3.3 volt supplyvoltageand
100 degreetemperature.The simulationresultsof delay
(Typical processaseandWorseprocessorner)aregiven
in tablel.

Tablel: Simulatedresultsof the Component®elay

Components Typical | Worse |
BoothMUX 0.61ns | 0.72ns
4-2 Compressor | 1.10ns | 1.40ns
Transparentatch | 0.18ns | 0.22ns
TSPCregister 0.66ns | 0.88ns

The critical pathof the rst pipelinestageincludesone
Booth MUX, one 4-2 compressoland one pipeline latch
andis totally equalto 2.34 ns (Underthe worst-casecon-
ditions: Vdd = 3.3y, Vss= 0.1y, 100 degreetemperature).
The critical pathof the secondpipeline stageinclude one
pipelinelatch,one4-2 compressoandoneshift TSPCreg-
ister andis totally equalto 2.5 ns. From the datagiven



above,we canknow thatit takes12.34ns(2:34+ 2:50 4)
to complementa 32 32-bit multiplication without using
early termination. With 20% commercialtiming mamin,
the multiplier completesa multiplicationin 14.8 nsunder
worst-caseconditions. The power of this work is about
80mwwith full loadin “peaktime” andthe averagepower
is about50mw

Up to now, we have not designedhe layoutof the mul-
tiplier. Sowe cannotgive the performancef silicon area.

5 CONCLUSIONS

A high performancelow hardware costandlow power
asynchronousterative multiplier has beendevelopedin
this work. The multiplier totally consistsof 10700CMOS
elementsindcompletes32 32-bitmultiplicationin 12ns
underthe typical-caseconditions. It suitsfor both signed
and unsignedoperands. The design usesthe modi ed
Boothalgorithm.An earlyterminationschemeés employed
which ef ciently speedaip the operation.

Table 2 shows the comparisionbetweenthis multiplier
andAmulet3imultiplier (* Thenumbersneanthemultipli-
cationcycles). Comparedo Amulet3i multiplier, this mul-
tiplier is smaller It containsL0700CMOS elementsyhile
Amulet3i multiplier contains13600CMOS elementsThis
duesto the simplify of the control circuit andthe employ-
mentof transpareniatches. And this multiplier is also10%
fasterthan Amulet3i multiplier becaus¢he delayof trans-
parentlatchesis shorterthanthat of edge-triggledregis-

ters. Forthermore this multiplier is more robust because

the handshakingprotocol can matchthe exact latengy of
eachpipeline stage. Underthe sameconditionsand with
the sameoperandsthis multiplier costsonly 50% enegy
peroperationof thatof Amulet3i multiplier.

Table2: Thecomparisiorbetweertwo multipliers

Multiplier This work | Amulet3's | Ratio

CMOS 10700 13600 | 1/1.27
Lateng/(4*) 12.3ns 14.0ns | 1/1.14
Lateng/(3) 11.4ns 13.4ns | 1/1.18
Lateng/(2) 9.9ns 11.7ns | 1/1.18
Lateng/(1) 8.0ns 10.7ns | 1/1.34
Pawver(4) 80.0mw 86.2mw | 1/1.08
Pawver(3) 67.4mw 82.1mw | 1/1.22
Pawver(2) 50.0mw 82.7mw | 1/1.66
Pawver(1) 25.1mw 66.0mw | 1/2.63

Power Latency is oftenusedasametricfor thepower

consumptiorof a CMOSsystem.Giventwo designsA and
B, if thePower Latency of A is smallerthanthat of
B, then A consumedesspower then B whenthey oper
atethe samenumberinstructions.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 thanAmulet3 multiplier. Thereason

is eliminating the propagatiorof the glitchesthroughthe
whole datapath. The unnecessargwitcheswastequite a
lot power especiallywhenthey arepropagatedhroughthe
whole datapath. The immediatelyclosing of the latches
proventsglitchesfrom propagatingo the next stagesthus
savespower. From this example,we canseethatthe hy-
brid handshakingrotocolis a good choicefor low power
circuits. Anotherreasoris thatduringearlyterminationpe-
riod, only shift registersrow consumegpower, while com-
pressorgows are“free”. But for synchronousystemit is
very dif cult to stopsomepartsof thedatapath.

Moreover, this work introducesa STG descriptionfor
the hybrid pipeline latch controllerswhich uses2-phase
protocolto controllevel sensitve latchesand givesan ex-
ample of the latch control circuit synthesizedoy Petrify.
The hybrid pipeline latch controllersmake datapathsun
fastercomparingto thoseusing traditional 4-phaselatch
controlleresbecausehey avoid the super uousreturn-to-
zerotransitions.

Figure8: Thecomparisiorof Power Delay
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