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ABSTRACT

This paperpresentshe designandevaluationof an 8-bit adiabatic
multiplier. Both the multiplier core andits built-in self-testlogic
have beendesignedisingatrue single-phaseadiabaticlogic fam-
ily. Enengy is suppliedto the adiabaticcircuitry via a sinusoidal
power-clock waveformthatis generate@n-chip. In HSPICEsim-
ulationswith post-layoutextractedparasiticspur designfunctions
correctlyat clock frequenciesxceeding200 MHz. Thetotal dis-
sipation of the multiplier core and self-testcircuitry approaches
130pJper operationat 200MHz. Our 11,854-transistochip has
beenfabricatedn a 0.5um standardZMOS processwith anactive
areaof 0.470mni. Correctchip operationhasbeenvalidatedfor
operatingfrequenciesipto 130MHz,thelimit of our experimental
setup. Measuredlissipationcorrelatesvell with HSPICEsimula-
tions.
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B.7.1[Hardware]: IntegratedCircuits—Types and Design Styles;
B.8.1[Hardware]: PerformancendReliability—Reliability, Test-
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Reliability—Miscellaneous
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1. INTRODUCTION

In corventional CMOS design,chage is transferedduring the
courseof computatiorbetweercircuit capacitanceandfixedpower
supplyvoltages.Consequentlthe enegy consumptiorof CMOS
circuitry percycle is proportionalto the productCV 2, whereC' is
thetotal switchedcapacitanceandV is thedifferencebetweerthe
power andgroundvoltages.Adiabaticcircuitry presents promis-
ing alternatve to this approach. The main idea behindadiabatic
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designis to transferchage betweercircuit capacitanceandatime
varying power-clock node. This schemeenableshe chage trans-
fersto occurin acontrolledmannerlimiting the currentsandthus
the dissipationacrossthe active devices. Any undissipateagnegy
storedin circuit capacitances regycled throughan inductoror a
network of switchedcapacitorgl, 3, 17]. Thus,adiabaticcircuitry
canpotentiallyachieve subCV? enegy dissipationpercycle.

Over the pastdecade several adiabaticcircuit topologieshave
beenproposedvith verypromisingenepeticsatrelatively low clock
rates[2, 9, 11, 12, 13, 17]. Their useat high clock frequencies
posesseveral practicalchallengeshowever, including the imple-
mentationof complex controlschemesthe distribution of multiple
clock phasesandthe managememf data-dependeriock capac-
itancefluctuationg15].

Werecentlypresente@nadiabatidogic family with simpleclock-
ing requirementsspecifically gearedtowards high-speeddesign
[6]. Ourlogic family reliesonasinglephaseof asinusoidapower-
clock to provide both control andenegy to the circuitry. Simula-
tion resultswith our single-phasediabaticlogic have beenvery
encouragingjndicating correctand low-enegy operationat high
frequencies.

To demonstratéherobustnessefficiengy, andpracticalityof our
single-phasadiabaticfamily, we usedoneof its memberscalled
SCAL-D, to designan8-bit unsignedmultiplier. Ourchipincluded
built-in self-testlogic, anintegratedresonantlock generatgrand
circuitsfor corvertingbetweeradiabatiandCMOSsignalingcon-
ventions. With its 11,854transistorsour designwas suficiently
large and comple to enablea thoroughexploration of several is-
suesthatarecentralto SCAL-D designin particularandadiabatic
chip designin general[7]. This paperdescribesur chip andits
empiricalevaluation,including resultsfor boththe multiplier core
andtheclock generatar

HSPICEsimulationsof our multiplier with post-layouiextracted
parasiticsdemonstratéts correctoperationacrossa broadrange
of frequencies. Our designdissipatedessenepgy thana voltage
scaledpipelined staticCMOSmultiplier thatwe designedor com-
parison.While operatingn self-testmodeataclockrateof 100MHz,
our adiabaticmultiplier dissipatesapproximately91pJper opera-
tion with a 2.2V peaksupply At 200MHz, it is roughly 4 times
moreenegy efficientthanits CMOS counterpartdissipatingonly
130pJper operationwith a 2.7V peaksupply Theseefficiencies
were obtainedwithout relying on ary optimizationtools and de-
spiteour conserative designapproactthatwasprimarily aimedat
obtaininga working chip andthusignoredsubstantiaénegy opti-
mizationpotential.

Ourmultiplier wasfabricatedn astandar@-metal,1-poly, 0.5um
CMOSprocesghroughMOSIS.We have experimentallyvalidated
the correctoperationof our chip at frequenciesup to 130MHz,



limited by the bandwidthof the off-chip interface. Moreover, we
have obtainedmeasurementsf its power dissipationwhich corre-
late well with simulationresultsunderidentical operatingcondi-
tions. The correctoperationof the integratedclock generatorat
frequencieover 140MHz hasalsobeenexperimentallyvalidated,
althougha similar measuremerttandwidthproblempreventedac-
curatecombinedpover measurementatthesefrequencies.

The remainderof this paperhasfive sections.The architecture
of the 8-bit multiplier, associatedelf-testcircuitry, and internal
power-clock generatoris describedn Section2. Section3 pro-
vides an overview of our designprocess. Section4 presentsa
simulations-basedomparisorof our adiabatiomultiplier with cor-
respondingstaticCMOS designs.Section5 providesresultsfrom
thetestingandexperimentalkvaluationof our fabricatecchip. Our
contributionsandongoingresearctaresummarizedn Section6.

2. MULTIPLIER
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Figure 1: Block diagram of testchip.

A block diagramof our designis givenin Figurel. Our chip
includestwo 8-bit unsignedmultiplier coreswith built-in self-test
logic, asingle-phaspower-clockgeneratgrandadiabatic-to-digital
corvertersto enablethe obsenration of critical signals. The multi-
plier coreandself-testcircuitry wereimplementeckntirelyin SCAL-
D [7]. Ourdesignwasconserative, with the objective of achiev-
ing correctoperatiorandcompetitive enepy efficiency atoperating
frequenciesxceeding200MHz at3.0V. Approximately75%of its
11,854transistoramalke up the multiplier core,with the remaining
25% devoted primarily to the self-testcircuitry. In a 0.5um stan-
dardCMOS processtotal designareais approximately0.710mmn
(=0.829mmx 0.857mm)jncludingthemultiplier coreof 0.470mnd
(=0.781mmx 0.607mm).Themultiplier andtestinglogic have la-
tenciesof 15 and4 cycles,respectiely.

2.1 Partial Product Summation Cell

Two basicoperationsareperformedduringmultiplication: Eval-
uationof partial productsand accumulationof the shifted partial
products.The schemausedto computeandschedulghesetwo op-
erationsdirectly affects the compleity, performanceand power
dissipationof theresultingmultiplier structurg/10].

SinceeachSCAL-D gatecombineshothlogic andstateholding
functions,we choseto implementafully pipelinedcarry-sae mul-
tiplier architecture The mostcritical andcomple of the cellsthat
comprisethis multiplier is the parallelmultiplicationcell [16]. The

of at bf bt cif cit xif xit

&)

PC
------- AR o
e T T
—=| NMOS iEEEl NMOS 1 H .
BN ————— - g
________________ 2
VSS L L
cof cot sf st xof xot

(b)

Figure 2: (a) Schematicand (b) layout of multiplier cell in
SCAL-D.

schematian Figure2(a) shavs how the SCAL-D gatesin this cell
aresuppliedoy a sinusoidapower-clock PC, DC suppliesVq4q and
Vss, andDC biasvoltagesVy, andVy,. Not shown for clarity are
the evaluationtreesthatcomputean AND functionanda 1-bit full
adderfunction. This partial productcell containsthe equivalentof
3 hits worth of statedistributedamong7 SCAL-D gatesthat use
85 transistorstotal. An equivalent static CMOS implementation
would require28 transistordor thelogic and3 flip-flops atroughly
24transistoreach for atotal of 100transistorslf latchesareused
insteadof flip-flops, staticCMOSwould still require80 transistors
(assuminghat®6 staticlatchesreplacethe 3 flip-flops).

2.2 Self-TestLogic
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Figure 3: 16-stageBILBO in SCAL-D.



Our self-testlogic is basedon Koenemanrs built-in logic block
obserer (BILBO) [4, 8], which usesa linear feedbackshift reg-
isterto eitherfunction asa pseudorandorpatterngeneratoior as
a signatureanalyzer We implementedour self-testlogic entirely
in SCAL-D, thusenablingfull-speedtestingwithout any synchro-
nizationissuesA logic diagramfor the SCAL-D BILBO is shawvn
in Figure3. SinceeachSCAL-D gateimplicitly containsa stateel-
ementno flip-flops areused.To generatehe maximum-lengthse-
quencestheprimitive polynomiall +z +z” +2'° + 2% is usedfor
thelinearfeedbackshift register which functionswhenthe BILBO
isin self-testmode.In normaloperatiormode theBILBO is trans-
parent,acting merely as a setof latches. Specifically BILBO-1
andBILBO-2 in Figure1 are configuredasa pseudorandorpat-
terngeneratoanda multiple inputsignatureanalyzerrespectiely,
whoseoutputsequencebx andox canbeusedto infer thecorrect
operationof theentiremultiplier.

2.3 Power Clock

The voltagesVyd, Vss, and Ve are suppliedto eachSCAL-D
gate.Althoughdistributing the power-clock canbe a difficult prob-
lemfor someadiabatidogic families,our SCAL-D circuitsarenat-
urally resistanto mostof thesedistribution problems.Two major
issuesare associatedvith the distribution of a sinusoidalpower-
clock signal. The first issueis the i(t) - R voltagedrop on the
power-clock distribution network. SCAL-D circuits arerelatively
immuneto thisdrop,becausé occursmostlyduringtherisingand
falling edgeswhenthe circuits are actively driving their outputs.
The i(t) - R voltagedrop can be reducedeven further by using
wider clock distribution wires. Becauseonly a singlepower clock
needgo bedistributed,usingwider wiresis lesscostlyin termsof
wire areathanfor multiple phasesystems.

The secondissuewith sinusoidalclock distribution is the un-
known or variable(data-dependentapacitancattachedo thepower-
clock. Sincethe power-clock is part of a resonanmnetwork, op-
eratingfrequeny varieswith load capacitance.The load capac-
itanceattachedo the power-clock nodehascomponentghat are
data-dependeifsuchasloaddifferencedetweerthetrueandfalse
datarails), and data-independenfsuch as the clock distribution
wires). For example, the capacitanceof our power-clock distri-
bution tree contritutesabout57% of the total capacitancdoading
of the power-clock node. Thus,in our SCAL-D circuits, the rela-
tive magnitude®f thedata-independerinddata-dependertpac-
itancesresultin aninsignificant5% variationin power-clock cur
rent. Theseslight shiftsin operatingfrequeny canbe readily tol-
eratedasthereareno phaserelationshipgo maintain.In addition,
this datadependentapacitanceffect canbe furtherminimizedby
routing dualrail signalsalongsimilar paths,a layout stratgy that
alsohelpsnoiseimmunity.

An internalsingle-phaselock generatowasdesignedisingthe
topologyshavn in Figure4(a). TheresonantLC systemis com-
posedof anoff-chip inductorandthetotal on-chipcapacitve load.
This simple harmonicoscillator is pumpedusing a zero-\wltage
switching schemewith mosfetswitchesS1 and S2. The PMOS
switch (S1)is turnedon atthe peakof the sinusoid whenthe volt-
agedifferencebetweenVyy and Vpc is nearly zero. The NMOS
switch (S2)is turnedon at the negative peakof the sinusoid,when
the voltage differencebetweenVpc and Vs is nearly zero. This
schememinimizesboth conductionlossesand switchinglossesn
thedevices.Conductiorlossesareminimized,becauseachdevice

atmosthasto conduccurrentlitch < (2Fioss hatf—cycle / Lresonant ) /2

Switchinglossesareminimized,sincethe enegy storedin the par
asitic source-to-draircapacitancés nearly zerowhenthe voltage
differencebetweenVyy and Vpc or betweenVpe and Vs is zero.

T <X
8l s

PN

R

@ (b)

Figure 4: (a) Power corversion topology. (b) Block diagram of
control logic.

SwitchesS1andS2aredrivenby asmallcontrolcircuit asoutlined
in Figure4(b). A 3-elementdifferential ring oscillatorgenerates
pulsesshavn assignali. The pulsewidth andfrequeny is tuned
by adjustingthe two biasvoltageslabeledV;,, and V4, in the fig-
ure. An asynchronoustatemachinealternateshe pulseson into
invertedpulseson a andb, preservingthe pulsewidth and halv-
ing thefrequeny. The pulseson a andb areamplifiedto feedthe
gatesof the PMOSandNMOS mosfetsepresentedly switchesS1
andS2respectrely. This controlcircuitis very smallandefficient,
allowing adjustmentso frequeng andduty cycle large enoughto
matchwith that of the resonant.C system. In addition, the res-
onanttopology chosenis well matchedto the largely capacitve
loadspresentedy the SCAL-D adiabaticlogic andincorporates
thebond-wireandpackageparasiticinductancesndcapacitances
into thetankcircuit.

3. DESIGNING IN SCAL-D

Our methodologydiffersfrom conventionaldesignpracticesfor
several reasons First, eachgateis inherentlya combinationakir-
cuit plus a stateelement. Therefore eachpipeline stageincludes
only onelevel of logic. Secondsinceevery signalis in phasewith
thepower-clock signal,timing analysids replacedvith analogsig-
nal integrity analysis. Phasedelaysare thus interpretedas a re-
ductionin signalamplitude. Third, aseachgateoften only needs
minimum sizedevaluationtransistorsfanoutloadis a function of
thelogic beingimplementedandwire length.

Our designcommencedvith a Verilog behaioral multiplier as
areferencemodel. A structuralmodelwas developedin Verilog
usingalibrary of modulesmodelingthelogic functionsof our adi-
abaticgates.This structuraimodelwassimulatecthoroughlyin the
digital domain.Next, anunsizedtransistotlevel subcircuitof each
adiabaticgatewas dravn. Thesesubcircuitswere connectedo-
getherinto a hierarchicaltransistometlist describingthe adiabatic
multiplier.

As thedesignprogressedhto layout, HSPICEsimulationswvere
run onthe adiabaticsubcircuits.The tracedatafrom thesesimula-
tionswerepost-processelly acustomtool whichverifiedthateach
gatesinputandoutputvoltagewaveformscorrespondetb correct
logical evaluation.The outputof thistool wasa list of failing gates
alongwith layoutcoordinatesthusenablingusto rapidly diagnose
andcorrectfailuresresultingfrom subtleanalogconsiderations.

Verification was primarily done using a customtool that pro-
cessedextractednetlists and HSPICE simulation data, verifying
both the basictopology of eachgateaswell asthe noisemagins



andcorrectoperationof eachgatein thesimulation. Thuswe were
ableto rapidly verify correctoperationwith reasonablsimulation
times. The clock generatowas simulatedseparatelyusingan es-
timatedtotal capacitancenda seriesresistancenodelingthetotal
lossesPackageandpin parasiticsveretakenfrom dataprovide by
MOSISfor their 40-pinceramicdip package.

4. SIMULATION RESULTS
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Figure5: Energy consumptionper cyclevs.frequencyfor mul-
tipliers including self-testlogic.

In this sectionwe presenta simulation-basedomparatie eval-
uationof our adiabaticmultiplier andcorrespondingtaticCMOS
designs.ThreepipelinedCMOS multiplierswith lateny 2, 4, and
8 cycles,respectiely, weresynthesizedisingalibrary of standard
cellsfor the same0.5um processn which we fabricatedour mul-
tiplier. Flip-flops were usedas the stateelements. The EPOCH
designautomationtool was usedto generatehe layoutswith the
OPTIM ZE = | ow power flag set. The static CMOS designs
used5,146,6,518,and 9,926 transistorsfor the 2-stage 4-stage,
and8-stagepipelines respectiely.

Figure 5 gives the enegy consumptionper cycle of our mul-
tipliers with associatedelf-testlogic when operatingat 50MHz,
100MHz,and200MHz. For eachoperatingfrequeng, the enegy
dissipationof eachmultiplier was obtainedusingthe lowestsup-
ply voltagethatensuredts correctoperatioratthatfrequeng. The
valueof the supplyvoltageis shavn next to eachdatapoint.

SCAL-D is moreenenpy efficient thanthe otherpipelinedstatic
CMOS designsacrossthe entire frequeng rangeof our simula-
tions, despitethe factthat we did not optimizethe transistorsizes
in our adiabaticdesign. At 50MHz, the enegy consumptionof
SCAL-D is comparabldo thatof a pipelined,voltagescaledstatic
CMOSdesign.At 100MHzand200MHz, SCAL-D becomesub-
stantially more efficient than the pipelined static CMOS design.
Furthermoreanecdotakvidenceindicatesthat SCAL-D hasroom
for furtherimprovementboth in enegy consumptionand perfor
mance. Thus, SCAL-D presentsa promisingapproachto further
reducingthe dissipationof staticCMOS designghathave reached
their voltagescalinglimits.

It is difficult to compareour resultsdirectly with publishedde-
signsasthetechnologybit width, targetfrequeng, andsimulation
methodologievary widely. For completenesdhowever, we pro-
vide thefollowing information. The serial-parallelocally-clocked

dynamic-logicmultiplier of [5], which was designedin 1.0 yum

CMOSfor atargetthroughpubf 82.5MHz(atabitrateof 660MHz),
uses1,086 transistorsand dissipatess,520pJper cycle for 8 x

8 multiplication. The low-power 8-bit pipelinedmultiplier using
pulse-triggeredlip-flopsin [14] contains3,849transistoranddis-
sipatesl 95 pJpermultiply at 300MHzin 0.6um CMOS.

5. TEST AND MEASUREMENT

Figure 6: Micr ophotograph of testchip.

To demonstrat¢heviability of single-phasadiabatidesignwe
setoutto determinesxperimentallyif SCAL-D wasrobustenough
to function correctly in the presenceof factorsthat are typically
poorly accountedor in simulations. Thesefactorsinclude noise,
dielectricloss, processvariation, latch-up,packageparasiticsand
thermal effects. A die photo of our working multiplier chip is
shawvn in Figure6.

The testand measuremensf the 8-bit SCAL-D multiplier and
its self-testlogic wereto accomplistthreeobjectives:

o Verify thecompletefunctionality of the multiplier.

e Comparethe power consumptiornof the chip with HSPICE
simulationresultsfor identicaloperatingconditions.

o Validatetheoperatiorof theintegratedclock generatounder
theinfluenceof real parasitics.

5.1 Functional Testing

For testingpurposeswe connectedwitchesto theconfiguration
inputs of the SCAL-D self-testlogic, initializing the systeminto
self-testmode. In this mode,BILBO 1 andBILBO 2 in Figurel
are configuredas a pseudorandonpatterngeneratorand a multi-
ple input signatureanalyzeyrespectrely. The outputsequencesf
BILBO 1 andBILBO 2 arethencorvertedto standardtaticCMOS
logic levelsandobsened on the outputpinsto infer the correctop-
erationof the entiremultiplier.

Figure 7 shavs the measuredvaveformsof the SCAL-D mul-
tiplier in self-testmode. The logic was suppliedfrom the sinu-
soidalpower-clock Vpc with a peak-to-pealamplitudeof 3V, and
the 3V DC supply voltage V4q. The operatingfrequeng of the
power-clock was 130 MHz. We verified the functional correct-
nessof storedwaveformsup to 50 x 10~% secondsthe limit of
thedigital oscilloscopenemory The outputsequencesf BILBO-
1 andBILBO-2 arefed throughthe adiabatic-to-digitatorverters
beforebeingbufferedand outputto the pads. The 40-pin ceramic
DIP packageand loading by the oscilloscopeprobeslimited our
measuremerthandwidth,as canbe obsered by the waveformsin
Figure?.
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Figure 8: Setupfor dissipation measuements.

5.2 Power Measurement

Figure8 givesa schematidiagramof the experimentaketupwe
usedfor measuringhepower dissipatiorof thelC chips.Measure-
mentsweretaken on a 4-channelTektronix digitizing oscilloscope
(TDS754D)with high-speedactive probes. The AC currentmea-
surementsveremadeusinga 1.0 GHz Tektronixdifferentialactive
probe. To obtainaccuratepover measurementsye monitoredthe
waveformsof theDC currentslypp, Irc, Isn andIgp, the AC cur
rentipc, the DC voltagesVa, Van, andVap, the AC voltagewith
DC biasVpc, andthe AC voltagewithout DC biasvpc. We then
calculatedhepercycle enegy consumptiorof our multiplier chip,
Eyce, usingtheequation:

oo = /N'T (Zvop - Vaa/2 + (Ivop + Irc) - Vad/2)
e Jo +(vpc - irc) + (Vap - Inp)

whereN is thenumberof measuredycles,andT is cycletime.
We measuredhe enegy consumptiorpercycle of themultiplier
andits self-testiogic upto 130MHz. Figure9(a)shavs theenegy
dissipationof the multiplier andthe self-testiogic in thefrequeny
rangeof 40—130MHzwith variousPMOSandNMOS biasingvolt-
agesfor afixed supplyvoltageandpower-clock amplitudeof 3V.
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Figure 9: (a) Measured dissipation and (b) relative error with
respectto simulation-basedestimates.

We comparedhesemeasurementsith the HSPICEsimulationre-
sultsfor the sameoperatingfrequenciesamplitudeof sinusoidal
power-clock, constantsupply voltage,and PMOS/NMOSbiasing
voltages. The relative error betweenour simulationsand experi-
mentalmeasurements shavn in Figure9(b).

Measureddissipationcorrelatedwell with HSPICE simulation
resultsunderthe sameoperatingconditions,including operating
frequeng, power-clockamplitude constansupplyvoltage andbi-
asingvoltages Figure9(b) shavsthattherelative differenceof per
cycle enegy consumptionbetweenTDS754D measuremenand
HSPICEsimulationis lessthan20% belov 100 MHz. The band-
width limitationsandcombinedparasiticof our testsetupdramat-
ically reducepower measuremerdccurag abose 100MHz.

5.3 Clock Generator Testing

A separatdestboardwasmadefor testingthe clock generatar
so that the parasiticsassociatedvith the power-clock nodecould
be varied. We tried several differenttypesof inductors,including
atunablechoke, a surfacemountinductor a wire-woundresistor
anda shortsolderlead. Shawvn in Figure 10 arethe waveformsof
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theclock generatooperatingcorrectlyat 140MHz,usinga surface
mountinductor The large sinusoidis the power-clock signalwith

anamplitudeof 3.1V. The two otherwaveformsare buffered ver-

sionsof thesignalsdriving the PMOSandNMOS pawer switches.
Becausef testequipmentandbandwidthlimitations, we wereun-

ableto simultaneouslygheckboththeoperationof theclock gener

atorandthemultiplier.

6. CONCLUSION

We presentedhe designandexperimentalevaluationof an 8-bit
adiabatianultiplier with aninternalsingle-phassinusoidapower-
clock generatofabricatedn a0.5um standardCMOS processTo
provide design-fortest capability our chip includedbuilt-in self-
testcircuitry basedon built-in logic block obseration. Both the
multiplier andthe self-testcircuitry have beendesignedn SCAL-
D, anadiabatidogic family thatoperatesvith asingle-phassinu-
soidalpower-clock.

Several CAD toolsweredevelopedto aid with the designverifi-
cationof our adiabaticcircuits. Our tools were primarily focused
on performinganalysistaskssuchasvalidationof signallevelsand
translationsof circuit descriptionsat different abstractionlevels.
We hadno automatedsupportfor tuning our designsby transistor
sizing or optimal selectionof biasingvoltages.

The correctoperationof our designwas validatedexperimen-
tally for operatingrequenciesip to 130MHz,limited primarily by
our testervironment. Moreover, dissipationmeasurementsorre-
latedwell with HSPICEsimulationresults.Ourresultssuggesthat
for throughput-intense applicationsthe adiabaticfamily SCAL-
D presentsa viable and attractize alternatve to static CMOS for
low-enengy, high-speeclectronicdesign.

Futureresearchirectionsincludefastersingle-phaséow-enegy
logic families,automateaircuit optimizationsandlow-enegy bus
protocols. The investigationof algorithmsfor optimizing the per

formanceof single-phasadiabatidamiliessuchasSCAL-D presents

animportantandpromisingdirectionof futureresearch.
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