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ABSTRACT
This paperpresentsthedesignandevaluationof an8-bit adiabatic
multiplier. Both the multiplier coreandits built-in self-testlogic
have beendesignedusinga truesingle-phaseadiabaticlogic fam-
ily. Energy is suppliedto the adiabaticcircuitry via a sinusoidal
power-clock waveformthat is generatedon-chip. In HSPICEsim-
ulationswith post-layoutextractedparasitics,our designfunctions
correctlyat clock frequenciesexceeding200MHz. The total dis-
sipation of the multiplier core and self-testcircuitry approaches
130pJper operationat 200MHz. Our 11,854-transistorchip has
beenfabricatedin a 0.5� m standardCMOSprocesswith anactive
areaof 0.470mm

�
. Correctchip operationhasbeenvalidatedfor

operatingfrequenciesup to 130MHz,thelimit of ourexperimental
setup.Measureddissipationcorrelateswell with HSPICEsimula-
tions.

Categoriesand SubjectDescriptors
B.7.1 [Hardware]: IntegratedCircuits—Types and Design Styles;
B.8.1[Hardware]: PerformanceandReliability—Reliability, Test-
ing, and Fault-Tolerance; B.8.m [Hardware]: Performanceand
Reliability—Miscellaneous

GeneralTerms
Design,Measurement,Verification

Keywords
Adiabaticlogic,Clockgenerator, CMOS,Dynamiclogic,Low power,
Low energy, SCAL, SCAL-D, Singlephase,Multiplier, VLSI

1. INTRODUCTION
In conventionalCMOS design,charge is transferedduring the

courseof computationbetweencircuit capacitancesandfixedpower
supplyvoltages.Consequently, theenergy consumptionof CMOS
circuitry percycle is proportionalto theproduct ��� �

, where � is
thetotal switchedcapacitance,and � is thedifferencebetweenthe
power andgroundvoltages.Adiabaticcircuitry presentsa promis-
ing alternative to this approach.The main idea behindadiabatic
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designis to transferchargebetweencircuit capacitancesanda time
varying power-clock node. This schemeenablesthecharge trans-
fersto occurin a controlledmanner, limiting thecurrentsandthus
thedissipationacrosstheactive devices. Any undissipatedenergy
storedin circuit capacitanceis recycled throughan inductoror a
network of switchedcapacitors[1, 3, 17]. Thus,adiabaticcircuitry
canpotentiallyachieve sub-��� �

energy dissipationpercycle.
Over the pastdecade,several adiabaticcircuit topologieshave

beenproposedwith verypromisingenergeticsatrelatively low clock
rates[2, 9, 11, 12, 13, 17]. Their useat high clock frequencies
posesseveral practicalchallenges,however, including the imple-
mentationof complex controlschemes,thedistributionof multiple
clock phases,andthemanagementof data-dependentclock capac-
itancefluctuations[15].

Werecentlypresentedanadiabaticlogic family with simpleclock-
ing requirements,specifically gearedtowards high-speeddesign
[6]. Our logic family reliesonasinglephaseof asinusoidalpower-
clock to provide bothcontrol andenergy to thecircuitry. Simula-
tion resultswith our single-phaseadiabaticlogic have beenvery
encouraging,indicatingcorrectand low-energy operationat high
frequencies.

To demonstratetherobustness,efficiency, andpracticalityof our
single-phaseadiabaticfamily, we usedoneof its members,called
SCAL-D, to designan8-bit unsignedmultiplier. Ourchip included
built-in self-testlogic, an integratedresonantclock generator, and
circuitsfor convertingbetweenadiabaticandCMOSsignalingcon-
ventions. With its 11,854transistors,our designwassufficiently
large andcomplex to enablea thoroughexplorationof several is-
suesthatarecentralto SCAL-D designin particularandadiabatic
chip designin general[7]. This paperdescribesour chip and its
empiricalevaluation,includingresultsfor both themultiplier core
andtheclockgenerator.

HSPICEsimulationsof ourmultiplier with post-layoutextracted
parasiticsdemonstrateits correctoperationacrossa broadrange
of frequencies.Our designdissipateslessenergy than a voltage
scaled,pipelined,staticCMOSmultiplier thatwedesignedfor com-
parison.Whileoperatingin self-testmodeataclockrateof 100MHz,
our adiabaticmultiplier dissipatesapproximately91pJper opera-
tion with a 2.2V peaksupply. At 200MHz, it is roughly 4 times
moreenergy efficient thanits CMOScounterpart,dissipatingonly
130pJper operationwith a 2.7V peaksupply. Theseefficiencies
wereobtainedwithout relying on any optimizationtools andde-
spiteourconservative designapproachthatwasprimarily aimedat
obtaininga working chip andthusignoredsubstantialenergy opti-
mizationpotential.

Ourmultiplierwasfabricatedin astandard3-metal,1-poly, 0.5� m
CMOSprocessthroughMOSIS.Wehaveexperimentallyvalidated
the correctoperationof our chip at frequenciesup to 130MHz,



limited by the bandwidthof the off-chip interface. Moreover, we
have obtainedmeasurementsof its power dissipationwhich corre-
late well with simulationresultsunderidenticaloperatingcondi-
tions. The correctoperationof the integratedclock generatorat
frequenciesover 140MHzhasalsobeenexperimentallyvalidated,
althougha similar measurementbandwidthproblempreventedac-
curatecombinedpower measurementsat thesefrequencies.

The remainderof this paperhasfive sections.The architecture
of the 8-bit multiplier, associatedself-testcircuitry, and internal
power-clock generatoris describedin Section2. Section3 pro-
vides an overview of our designprocess. Section4 presentsa
simulations-basedcomparisonof ouradiabaticmultiplier with cor-
respondingstaticCMOSdesigns.Section5 providesresultsfrom
thetestingandexperimentalevaluationof our fabricatedchip. Our
contributionsandongoingresearcharesummarizedin Section6.

2. MULTIPLIER
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Figure1: Block diagram of test chip.

A block diagramof our designis given in Figure1. Our chip
includestwo 8-bit unsignedmultiplier coreswith built-in self-test
logic,asingle-phasepower-clockgenerator, andadiabatic-to-digital
convertersto enabletheobservationof critical signals.Themulti-
plier coreandself-testcircuitrywereimplementedentirelyin SCAL-
D [7]. Our designwasconservative, with theobjective of achiev-
ing correctoperationandcompetitiveenergy efficiency atoperating
frequenciesexceeding200MHz at3.0V. Approximately75%of its
11,854transistorsmake up themultiplier core,with theremaining
25% devotedprimarily to the self-testcircuitry. In a 0.5� m stan-
dardCMOSprocess,total designareais approximately0.710mm

�
(= 0.829mm� 0.857mm),includingthemultiplier coreof 0.470mm

�
(= 0.781mm� 0.607mm).Themultiplier andtestinglogic havela-
tenciesof 15 and4 cycles,respectively.

2.1 Partial Product SummationCell
Two basicoperationsareperformedduringmultiplication:Eval-

uationof partial productsandaccumulationof the shiftedpartial
products.Theschemeusedto computeandschedulethesetwo op-
erationsdirectly affects the complexity, performance,and power
dissipationof theresultingmultiplier structure[10].

SinceeachSCAL-D gatecombinesbothlogic andstateholding
functions,wechoseto implementa fully pipelinedcarry-savemul-
tiplier architecture.Themostcritical andcomplex of thecellsthat
comprisethismultiplier is theparallelmultiplicationcell [16]. The
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Figure 2: (a) Schematic and (b) layout of multiplier cell in
SCAL-D.

schematicin Figure2(a)shows how theSCAL-D gatesin this cell
aresuppliedby a sinusoidalpower-clock ��� , DC supplies�	��� and����� , andDC biasvoltages����� and ��� � . Not shown for clarity are
theevaluationtreesthatcomputeanAND functionanda 1-bit full
adderfunction. This partialproductcell containstheequivalentof
3 bits worth of statedistributedamong7 SCAL-D gatesthat use
85 transistorstotal. An equivalent static CMOS implementation
wouldrequire28transistorsfor thelogic and3 flip-flopsatroughly
24transistorseach,for a totalof 100transistors.If latchesareused
insteadof flip-flops,staticCMOSwould still require80 transistors
(assumingthat6 staticlatchesreplacethe3 flip-flops).

2.2 Self-TestLogic
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Figure3: 16-stageBILBO in SCAL-D.



Our self-testlogic is basedon Koenemann’s built-in logic block
observ! er (BILBO) [4, 8], which usesa linear feedbackshift reg-
ister to eitherfunction asa pseudorandompatterngeneratoror as
a signatureanalyzer. We implementedour self-testlogic entirely
in SCAL-D, thusenablingfull-speedtestingwithout any synchro-
nizationissues.A logic diagramfor theSCAL-D BILBO is shown
in Figure3. SinceeachSCAL-D gateimplicitly containsastateel-
ement,noflip-flops areused.To generatethemaximum-lengthse-
quences,theprimitivepolynomial "$#&%'#&%)(*#&%,+ -$#&%.+ / is usedfor
thelinearfeedbackshift register, which functionswhentheBILBO
is in self-testmode.In normaloperationmode,theBILBO is trans-
parent,acting merely as a set of latches. Specifically, BILBO-1
andBILBO-2 in Figure1 areconfiguredasa pseudorandompat-
terngeneratorandamultiple inputsignatureanalyzer, respectively,
whoseoutputsequencesix andox canbeusedto infer thecorrect
operationof theentiremultiplier.

2.3 Power Clock
The voltages �0� � , � ��� , and �)132 are suppliedto eachSCAL-D

gate.Althoughdistributingthepower-clockcanbeadifficult prob-
lemfor someadiabaticlogic families,ourSCAL-D circuitsarenat-
urally resistantto mostof thesedistribution problems.Two major
issuesareassociatedwith the distribution of a sinusoidalpower-
clock signal. The first issueis the 4658769;:=< voltagedrop on the
power-clock distribution network. SCAL-D circuits arerelatively
immuneto thisdrop,becauseit occursmostlyduringtherisingand
falling edges,whenthe circuits areactively driving their outputs.
The 46587>9;:0< voltagedrop can be reducedeven further by using
wider clock distribution wires. Becauseonly a singlepower clock
needsto bedistributed,usingwider wiresis lesscostlyin termsof
wire areathanfor multiple phasesystems.

The secondissuewith sinusoidalclock distribution is the un-
known orvariable(data-dependent)capacitanceattachedto thepower-
clock. Sincethe power-clock is part of a resonantnetwork, op-
eratingfrequency varieswith load capacitance.The load capac-
itanceattachedto the power-clock nodehascomponentsthat are
data-dependent(suchasloaddifferencesbetweenthetrueandfalse
data rails), and data-independent(suchas the clock distribution
wires). For example, the capacitanceof our power-clock distri-
bution treecontributesabout57%of the total capacitanceloading
of thepower-clock node. Thus,in our SCAL-D circuits, the rela-
tivemagnitudesof thedata-independentanddata-dependentcapac-
itancesresult in an insignificant ?A@ variationin power-clock cur-
rent. Theseslight shifts in operatingfrequency canbereadily tol-
eratedasthereareno phaserelationshipsto maintain.In addition,
this datadependentcapacitanceeffect canbefurtherminimizedby
routingdual rail signalsalongsimilar paths,a layoutstrategy that
alsohelpsnoiseimmunity.

An internalsingle-phaseclockgeneratorwasdesignedusingthe
topologyshown in Figure4(a). The resonantBC� systemis com-
posedof anoff-chip inductorandthetotal on-chipcapacitive load.
This simple harmonicoscillator is pumpedusing a zero-voltage
switching schemewith mosfetswitchesS1 and S2. The PMOS
switch(S1)is turnedon at thepeakof thesinusoid,whenthevolt-
agedifferencebetween�0� � and �)1D2 is nearly zero. The NMOS
switch(S2)is turnedon at thenegative peakof thesinusoid,when
the voltagedifferencebetween�)1D2 and � ��� is nearly zero. This
schememinimizesboth conductionlossesandswitchinglossesin
thedevices.Conductionlossesareminimized,becauseeachdevice
atmosthastoconductacurrentE ��F*G H IKJML 5 N*OMP Q ���KR J S P TVU IXW8I P YDZ[B�\ Y � Q�� S � H 9 +�] � .
Switchinglossesareminimized,sincetheenergy storedin thepar-
asitic source-to-draincapacitanceis nearlyzerowhenthe voltage
differencebetween� ��� and � 1D2 or between� 132 and �=��� is zero.
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Figure 4: (a) Power conversion topology. (b) Block diagram of
control logic.

SwitchesS1andS2aredrivenby asmallcontrolcircuit asoutlined
in Figure4(b). A 3-elementdifferential ring oscillatorgenerates
pulsesshown assignal 4 . Thepulsewidth andfrequency is tuned
by adjustingthe two biasvoltageslabeled �hg i and �hg8j in thefig-
ure. An asynchronousstatemachinealternatesthepulseson 4 into
invertedpulseson k and l , preservingthe pulsewidth andhalv-
ing thefrequency. Thepulseson k and l areamplifiedto feedthe
gatesof thePMOSandNMOSmosfetsrepresentedby switchesS1
andS2respectively. Thiscontrolcircuit is verysmallandefficient,
allowing adjustmentsto frequency andduty cycle largeenoughto
matchwith that of the resonantLC system. In addition, the res-
onant topology chosenis well matchedto the largely capacitive
loadspresentedby the SCAL-D adiabaticlogic and incorporates
thebond-wireandpackageparasiticsinductancesandcapacitances
into thetankcircuit.

3. DESIGNING IN SCAL-D
Our methodologydiffersfrom conventionaldesignpracticesfor

several reasons.First, eachgateis inherentlya combinationalcir-
cuit plus a stateelement.Therefore,eachpipelinestageincludes
only onelevel of logic. Second,sinceevery signalis in phasewith
thepower-clocksignal,timing analysisis replacedwith analogsig-
nal integrity analysis. Phasedelaysare thus interpretedas a re-
ductionin signalamplitude.Third, aseachgateoften only needs
minimumsizedevaluationtransistors,fanoutload is a functionof
thelogic beingimplementedandwire length.

Our designcommencedwith a Verilog behavioral multiplier as
a referencemodel. A structuralmodelwasdevelopedin Verilog
usinga library of modulesmodelingthelogic functionsof ouradi-
abaticgates.Thisstructuralmodelwassimulatedthoroughlyin the
digital domain.Next, anunsizedtransistor-level subcircuitof each
adiabaticgatewas drawn. Thesesubcircuitswere connectedto-
getherinto a hierarchicaltransistornetlistdescribingtheadiabatic
multiplier.

As thedesignprogressedinto layout,HSPICEsimulationswere
run on theadiabaticsubcircuits.Thetracedatafrom thesesimula-
tionswerepost-processedby acustomtool whichverifiedthateach
gate’s inputandoutputvoltagewaveformscorrespondedto correct
logicalevaluation.Theoutputof this tool wasa list of failing gates
alongwith layoutcoordinates,thusenablingusto rapidlydiagnose
andcorrectfailuresresultingfrom subtleanalogconsiderations.

Verification was primarily doneusing a customtool that pro-
cessedextractednetlistsand HSPICEsimulationdata, verifying
both the basictopologyof eachgateaswell asthe noisemargins



andcorrectoperationof eachgatein thesimulation.Thuswe were
abletom rapidly verify correctoperationwith reasonablesimulation
times. Theclock generatorwassimulatedseparately, usinganes-
timatedtotal capacitanceanda seriesresistancemodelingthetotal
losses.Packageandpin parasiticsweretakenfrom dataprovideby
MOSISfor their 40-pinceramicdip package.

4. SIMULA TION RESULTS
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Figure5: Energy consumptionper cyclevs. fr equencyfor mul-
tipliers including self-testlogic.

In this sectionwe presenta simulation-basedcomparative eval-
uationof our adiabaticmultiplier andcorrespondingstaticCMOS
designs.ThreepipelinedCMOSmultiplierswith latency 2, 4, and
8 cycles,respectively, weresynthesizedusinga library of standard
cells for thesame0.5� m processin which we fabricatedour mul-
tiplier. Flip-flops wereusedas the stateelements.The EPOCH
designautomationtool wasusedto generatethe layoutswith the
OPTIMIZE = low power flag set. The staticCMOS designs
used5,146,6,518,and9,926transistorsfor the 2-stage,4-stage,
and8-stagepipelines,respectively.

Figure 5 gives the energy consumptionper cycle of our mul-
tipliers with associatedself-testlogic whenoperatingat 50MHz,
100MHz,and200MHz. For eachoperatingfrequency, theenergy
dissipationof eachmultiplier wasobtainedusingthe lowestsup-
ply voltagethatensuredits correctoperationat thatfrequency. The
valueof thesupplyvoltageis shown next to eachdatapoint.

SCAL-D is moreenergy efficient thantheotherpipelinedstatic
CMOS designsacrossthe entire frequency rangeof our simula-
tions,despitethe fact thatwe did not optimizethe transistorsizes
in our adiabaticdesign. At 50MHz, the energy consumptionof
SCAL-D is comparableto thatof a pipelined,voltagescaledstatic
CMOSdesign.At 100MHzand200MHz,SCAL-D becomessub-
stantially more efficient than the pipelinedstatic CMOS design.
Furthermore,anecdotalevidenceindicatesthatSCAL-D hasroom
for further improvementboth in energy consumptionandperfor-
mance. Thus,SCAL-D presentsa promisingapproachto further
reducingthedissipationof staticCMOSdesignsthathave reached
their voltagescalinglimits.

It is difficult to compareour resultsdirectly with publishedde-
signsasthetechnology, bit width, targetfrequency, andsimulation
methodologiesvary widely. For completeness,however, we pro-
vide thefollowing information.Theserial-parallellocally-clocked

dynamic-logicmultiplier of [5], which was designedin 1.0 � m
CMOSfor atargetthroughputof 82.5MHz(atabitrateof 660MHz),
uses1,086 transistorsand dissipates5,520pJper cycle for 8 �
8 multiplication. The low-power 8-bit pipelinedmultiplier using
pulse-triggeredflip-flops in [14] contains3,849transistorsanddis-
sipates195pJpermultiply at 300MHzin 0.6� m CMOS.

5. TEST AND MEASUREMENT

Figure6: Micr ophotographof test chip.

To demonstratetheviability of single-phaseadiabaticdesign,we
setout to determineexperimentallyif SCAL-D wasrobustenough
to function correctly in the presenceof factorsthat are typically
poorly accountedfor in simulations.Thesefactorsincludenoise,
dielectricloss,processvariation,latch-up,packageparasitics,and
thermal effects. A die photo of our working multiplier chip is
shown in Figure6.

The testandmeasurementof the 8-bit SCAL-D multiplier and
its self-testlogic wereto accomplishthreeobjectives:n Verify thecompletefunctionalityof themultiplier.n Comparethe power consumptionof the chip with HSPICE

simulationresultsfor identicaloperatingconditions.n Validatetheoperationof theintegratedclockgeneratorunder
theinfluenceof realparasitics.

5.1 Functional Testing
For testingpurposes,weconnectedswitchesto theconfiguration

inputs of the SCAL-D self-testlogic, initializing the systeminto
self-testmode. In this mode,BILBO 1 andBILBO 2 in Figure1
areconfiguredasa pseudorandompatterngeneratoranda multi-
ple input signatureanalyzer, respectively. Theoutputsequencesof
BILBO 1 andBILBO 2 arethenconvertedto standardstaticCMOS
logic levelsandobservedon theoutputpinsto infer thecorrectop-
erationof theentiremultiplier.

Figure7 shows the measuredwaveformsof the SCAL-D mul-
tiplier in self-testmode. The logic was suppliedfrom the sinu-
soidalpower-clock � 1D2 with a peak-to-peakamplitudeof 3V, and
the 3V DC supply voltage �0� � . The operatingfrequency of the
power-clock was 130 MHz. We verified the functional correct-
nessof storedwaveformsup to ?[op�q"ro U / seconds,the limit of
thedigital oscilloscopememory. Theoutputsequencesof BILBO-
1 andBILBO-2 arefed throughtheadiabatic-to-digitalconverters
beforebeingbufferedandoutputto thepads.The40-pinceramic
DIP packageand loading by the oscilloscopeprobeslimited our
measurementbandwidth,ascanbeobserved by thewaveformsin
Figure7.



Figure 7: Measured waveforms of multiplier operating at 130
MHz in self-testmode: Ch1 thr oughCh4 show the power-clock� 132 , the BILBO control signal S2, the pattern generator se-
quenceix, and the signature analyzer sequenceox, respec-
tively.
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5.2 Power Measurement
Figure8 givesaschematicdiagramof theexperimentalsetupwe

usedfor measuringthepowerdissipationof theIC chips.Measure-
mentsweretakenon a 4-channelTektronixdigitizing oscilloscope
(TDS754D)with high-speedactive probes.The AC currentmea-
surementsweremadeusinga1.0GHzTektronixdifferentialactive
probe.To obtainaccuratepower measurements,we monitoredthe
waveformsof theDC currentsEtsAuAu , Ev1D2 , E[wrx and E[wr1 , theAC cur-
rent 4y1D2 , the DC voltages�0z , �)wrx , and �)wr1 , the AC voltagewith
DC bias �)1D2 , andthe AC voltagewithout DC bias {|1D2 . We then
calculatedtheper-cycleenergy consumptionof ourmultiplier chip,O IXWKI P Y , usingtheequation:

O IXWKI P Y	} ~���� �
-

� 58EDsAuAu�:v�0� �tZAN�#�5KEDsAuAu�#�E[1D2*9�:r�0���tZAN*9#�5K{|1D2;:r4y1D2A9.#�5 �)wr1M:rEvwr1*9�#�5 �)wrx�:�E[wrx�9���� 76Zt���
where � is thenumberof measuredcycles,and � is cycle time.

Wemeasuredtheenergy consumptionpercycleof themultiplier
andits self-testlogic upto 130MHz. Figure9(a)shows theenergy
dissipationof themultiplier andtheself-testlogic in thefrequency
rangeof 40–130MHzwith variousPMOSandNMOSbiasingvolt-
ages,for a fixedsupplyvoltageandpower-clock amplitudeof 3V.
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Figure 9: (a) Measured dissipation and (b) relative error with
respectto simulation-basedestimates.

Wecomparedthesemeasurementswith theHSPICEsimulationre-
sults for the sameoperatingfrequencies,amplitudeof sinusoidal
power-clock, constantsupplyvoltage,andPMOS/NMOSbiasing
voltages. The relative error betweenour simulationsandexperi-
mentalmeasurementsis shown in Figure9(b).

Measureddissipationcorrelatedwell with HSPICEsimulation
resultsunderthe sameoperatingconditions,including operating
frequency, power-clockamplitude,constantsupplyvoltage,andbi-
asingvoltages.Figure9(b)showsthattherelativedifferenceof per-
cycle energy consumptionbetweenTDS754Dmeasurementand
HSPICEsimulationis lessthan20%below 100MHz. Theband-
width limitationsandcombinedparasiticsof our testsetupdramat-
ically reducepower measurementaccuracy above 100MHz.

5.3 Clock Generator Testing
A separatetestboardwasmadefor testingtheclock generator,

so that the parasiticsassociatedwith the power-clock nodecould
be varied. We tried several differenttypesof inductors,including
a tunablechoke, a surfacemountinductor, a wire-woundresistor,
anda shortsolderlead. Shown in Figure10 arethewaveformsof



Figure10: Measuredoperation of clock generator, showing a,b
and PC signals.

theclockgeneratoroperatingcorrectlyat140MHz,usingasurface
mountinductor. The largesinusoidis thepower-clock signalwith
an amplitudeof 3.1V. The two otherwaveformsarebufferedver-
sionsof thesignalsdriving thePMOSandNMOS power switches.
Becauseof testequipmentandbandwidthlimitations,wewereun-
ableto simultaneouslycheckboththeoperationof theclockgener-
atorandthemultiplier.

6. CONCLUSION
We presentedthedesignandexperimentalevaluationof an8-bit

adiabaticmultiplier with aninternalsingle-phasesinusoidalpower-
clock generatorfabricatedin a 0.5� m standardCMOSprocess.To
provide design-for-testcapability, our chip includedbuilt-in self-
testcircuitry basedon built-in logic block observation. Both the
multiplier andtheself-testcircuitry have beendesignedin SCAL-
D, anadiabaticlogic family thatoperateswith asingle-phasesinu-
soidalpower-clock.

SeveralCAD toolsweredevelopedto aid with thedesignverifi-
cationof our adiabaticcircuits. Our tools wereprimarily focused
onperforminganalysistaskssuchasvalidationof signallevelsand
translationsof circuit descriptionsat different abstractionlevels.
We hadno automatedsupportfor tuning our designsby transistor
sizingor optimalselectionof biasingvoltages.

The correctoperationof our designwas validatedexperimen-
tally for operatingfrequenciesup to 130MHz,limited primarily by
our testenvironment. Moreover, dissipationmeasurementscorre-
latedwell with HSPICEsimulationresults.Ourresultssuggestthat
for throughput-intensive applications,theadiabaticfamily SCAL-
D presentsa viable andattractive alternative to staticCMOS for
low-energy, high-speedelectronicdesign.

Futureresearchdirectionsincludefastersingle-phaselow-energy
logic families,automatedcircuit optimizations,andlow-energy bus
protocols.The investigationof algorithmsfor optimizing theper-
formanceof single-phaseadiabaticfamiliessuchasSCAL-Dpresents
animportantandpromisingdirectionof futureresearch.
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