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TrueSingle-PhaseAdiabaticCircuitry
SuhwanKim andMariosC. Papaefthymiou

Abstract—Dynamic logic families that rely on energy recovery to achieve
low energy dissipation control the flow of data thr ough gatecascadesusing
multiphase clocks. Consequently, they typically usemultiple clock genera-
tors and can exhibit increasedenergy consumptionon their clock distribu-
tion networks. Mor eover, they are not attractive for high-speeddesigndue
to their high complexity and clock skewmanagementproblems.

In this paper, we presentTSEL, the first energy-recovering (a.k.a. adi-
abatic) logic family that operateswith a single-phasesinusoidal clocking
scheme. We also presentSCAL, a source-coupledvariant of TSEL with
improved supply voltagescalability and energy efficiency. Optimal perfor-
mance under any operating conditions is achieved in SCAL using a tun-
able current source in eachgate. TSEL and SCAL outperform previous
adiabatic logic families in terms of energy efficiencyand operating speed.
In layout-basedsimulations with 0.5� m standard CMOS processparam-
eters, 8-bit carry-lookahead adders (CLAs) in TSEL and SCAL function
correctly for operating fr equenciesexceeding200MHz. In comparisonwith
correspondingCLAs in alternative logic styles that operate at minimum
supply voltages,CLAs designedin our single-phaseadiabatic logic fami-
lies are relatively more energy efficient acrossa broad range of operating
fr equencies.Specifically, for clock rates ranging fr om 10MHz to 200MHz,
our 8-bit SCAL CLAs are 1.5to 2.5times moreenergy efficient than corre-
spondingaddersdevelopedin PAL and 2N2Pand 2.0 to 5.0 times lessdis-
sipative than their purely combinational or pipelined CMOS counterparts.

Keywords—Energy recovery, adiabatic logic, true single-phaseclocking,
high performance,low-power design,low power dissipation,dynamic logic.

I . INTRODUCTION

Energy recovery is a promising approachto the designof
VLSI circuits with extremelylow energy dissipation. Energy-
recovering circuits achieve reducedenergy consumptionby
steeringcurrentsacrossdevices with low voltage differences
and by gradually recycling the energy storedin their capaci-
tive loads[1], [2], [3], [4], [5]. They are thus often referred
to asadiabatic circuits, dueto the resemblanceof their opera-
tion to adiabaticstatechangesin physicalsystems.In general,
adiabaticcircuits that operatevery efficiently at low operating
frequenciesstopfunctioningathighdatarates.Conversely, adi-
abaticcircuitsthatcanfunctioncorrectlyacrossabroadrangeof
operatingfrequenciestendto bedissipative at low frequencies.
Thesecircuit familiesrely on multiphaseclocksto controlcas-
cadedgates.They areconsequentlyunattractive for high-speed
andlow-powersystemdesigndueto theplethoraof designprob-
lemsassociatedwith multiphaseclockingsuchasincreaseden-
ergy dissipation,layout complexity in clock distribution, clock
skew, andmultiplepower-clockgenerators.

Variousadiabaticcircuit familieshavebeenproposedoverthe
pastfew years.They all useat leasttwo power-clock phasesto
controlgatecascades,however. A schemewith asymptotically
zerodissipationthat requiresreversiblecomputationswas de-
scribedin [3]. Several relatively simpleadiabaticlogic styles
thatusediodesto avoid reversibility wereproposedin [6], [7],
[8], [9]. Circuit familiesthat usea pair of cross-coupledtran-
sistorsto adiabaticallycharge and discharge their loadswere
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introducedandevaluatedin [10], [11], [12], [13], [14], includ-
ing 2N2P, 2N-2N2P, pass-transistoradiabaticlogic (PAL), and
clockedCMOSadiabaticlogic (CAL).

This paperpresentsthe first-ever true single-phaseadiabatic
circuit family thatis gearedtowardshigh-speedandlow-energy
VLSI design.The simplestmemberof our family is TSEL. In
TSEL,high speedoperationis ensuredby non-adiabaticallyac-
tivatinga pair of cross-coupledtransistorsandby adjustingtwo
DC referencevoltages.Low energy consumptionis achievedby
adiabaticallycharginganddischargingcapacitive loadsthrough
the cross-coupledtransistors.TSEL cascadesareimplemented
straightforwardly in anNP-dominostyle.

Thesecondmemberof our family is SCAL, anenhancement
of TSELwith improvedscalabilityandenergyefficiency. SCAL
is a source-coupledadiabaticlogic that achieveslower energy
dissipationthanTSEL for a broadrangeof operatingfrequen-
cies. SCAL gatesare derived from TSEL gatesby replacing
eachDC referencevoltageline by acurrentsource.Eachcurrent
sourcecanbe individually tunedby transistorsizing to achieve
optimalnon-adiabaticcharging/dischargingratesfor its operat-
ing conditions. Both TSEL andSCAL gatesaredual-rail and
alwayspresenta balancedload to the clock generator, regard-
lessof the particulardatacomputed.Moreover, they areboth
functionallycomplete.

Wehavedesignedandsimulatedin HSPICEavarietyof arith-
metic circuits, including carry-lookaheadadders(CLAs) and
HadamardTransform(HT) modulesfor wirelesscommunica-
tion [15], [16]. This paperdescribesour findings with a col-
lection of 8-bit CLAs thatwe designedin TSEL, SCAL, other
adiabaticlogic styles,andstatic CMOS. In layout-basedsim-
ulationswith 0.5� m standardCMOS processparameters,the
8-bit CLAs in TSELandSCAL functioncorrectlyfor operating
frequenciesexceeding200MHz with minimum-sizetransistors
usedin the evaluationtreesof eachgate. In comparisonwith
correspondingaddersin alternative logic stylesandminimum
possiblesupplyvoltages,TSEL andSCAL aremoreenergy ef-
ficient acrossa broadrangeof operatingfrequencies.Specifi-
cally, for clock frequenciesrangingfrom 10MHz to 200MHz,
our 8-bit SCAL CLAs are 1.5 to 2.5 times more energy effi-
cient than correspondingaddersdevelopedin PAL and 2N2P
and 2.0 to 5.0 times lessdissipative than their purely combi-
nationalor pipelinedstaticCMOScounterparts.For clock fre-
quenciesrangingfrom 100MHz to 200MHz, TSEL addersare
asenergy efficientastheir correspondingdesignsin SCAL.

Theremainderof thispaperhasfivesections.In SectionII we
review theadiabaticlogic familiesmostcloselyrelatedto TSEL
andSCAL. Thestructureandoperationof TSEL gatesandcas-
cadesaredescribedin SectionIII. Thestructureandoperation
of SCAL gatesandcascadesarepresentedin SectionIV. Our
adderdesignsaredescribedin SectionV. SectionVI presents
simulation results from layouts of our 8-bit carry-lookahead
addersthatweredesignedusinga 0.5� m standardCMOStech-
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nology. Ourcontributionsandongoingresearcharesummarized
in SectionVII.

I I . OVERVIEW OF ADIABATIC LOGIC FAMILIES

Thissectionhighlightstheoperationof staticCMOSandsev-
eraladiabaticlogic familiesrelatedto TSELandSCAL. We fo-
cuson the characteristicsof the adiabaticlogic families2N2P,
2N-2N2P, PAL, and CAL that use a cross-coupledtransistor
structurefor adiabaticoperationsimilar to TSEL andSCAL.
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Fig. 1. StaticCMOSinverter.

Thedominantfactorin the dissipationof staticCMOSlogic
is thepower requiredto chargecapacitive nodes.In theCMOS
inverterof Figure1, when the power supplydrivesthe output
nodehigh,thevoltage����� is appliedabruptlyresultingin ahigh
voltagedropacrossthePMOSswitchingdevice MP. The total
energy drawn from thepowersupplyis ���
	��
������ , where� is
thecapacitanceof theoutputnodeand � ��� is thesupplyvoltage.
Half of this energy is dissipatedon the on-resistance� of the
deviceMP, andtheotherhalf is storedin theoutputcapacitance.
Whentheoutputis drivenlow at a latercycle, theenergy stored
in the outputcapacitoris dissipatedon the on-resistance� of
thedeviceMN.

In contrastto conventionalCMOScircuits,adiabaticcircuits
chargeor dischargecapacitorswhile striving to keepthepoten-
tial dropacrosstheirswitchingdevicessmall.Thus,only afrac-
tion of the energy suppliedduring eachcycle is dissipatedon
their resistive components.The bulk of the suppliedenergy is
returnedto the power supplyandcanbe reusedin subsequent
cycles.Typically, powersuppliesfor adiabaticcircuitsprovidea
time-varying,periodicoutputsignal,or power-clock, thatgrad-
ually swingsbetween� V and � ��� . The periodof this signalis
long enoughto maintaina small potentialdrop ��� . A simple
form of adiabaticcharging canbeaccomplishedusinga power
supplywith a rampoutput. Sucha signalcanbeapproximated
usingaresonant����� oscillatingstructure.Otheradiabaticgen-
eratordesignshave beenpresentedin [3], [17], [18]. Thenum-
berof power-clocksrequiredto controlcascadedgatesis anim-
portantconsiderationin adiabaticlogic design,sinceit affects
energy dissipation,operatingspeed,anddesigncomplexity.

Figures2 and3 show invertersfrom 2N2Pand2N-2N2P, two
relatedadiabaticlogic familiesthathavenodiodesandusefour-
phaseclocksto control cascades[11]. Thesefamiliesexhibit a
non-adiabaticdissipationproportionalto �
������ , where � ��� is the
thresholdvoltageof PMOSdevices in a pair of cross-coupled
transistors.The non-adiabaticswitchingevent occursduring a
brief interval in thebeginningof the evaluationphaseandpro-
videsthevoltagedifferentialthatactivatesacross-coupledtran-

in

out

in

PC
�

MN1
�

MN2
�

MP1 MP2

out

Fig. 2. A 2N2Pinverter. Cascadesrequirefour power-clock phasesin quadra-
ture.
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Fig. 3. A 2N-2N2Pinverter. Cascadesrequire four power-clock phasesin
quadrature.

sistorstructuresimilar to the oneusedin the Sample-SetDif-
ferentialLogic (SSDL)[19]. 2N2Pand2N-2N2Ppresenta bal-
ancedcapacitive loadandpossesssuperiorspeedcharacteristics
thanother adiabaticfamilies in this section. The primary ad-
vantageof 2N-2N2Pover2N2Pis thatthepairof cross-coupled
NMOS switchesresultsin non-floatingoutputs.
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Fig. 4. A PAL inverter. In this logic family, cascadesrequirea two-phase
power-clock.

Figure4 shows aninverterin PAL, anadiabaticlogic family
similar to 2N2P[13]. In PAL, thegroundnodeof 2N2Pis con-
nectedto the power supplyin orderto eliminatenon-adiabatic
energy consumption.PAL achievesfully adiabaticoperationat
thecostof high-speedoperation.CascadedPAL gatesarecon-
trolled by a two-phaseclock.

Figure 5 shows an inverter designedin CAL, an adiabatic
logic relatedto 2N-2N2P[14]. The main structuraldifference
betweenCAL and2N-2N2Pis thepathcontrol switchesin the
pull-down tree.In CAL, cascadedstructuresarecontrolledby a
single-phaseclockandtwo auxiliarysquare-waveclocks.Thus,
eventhoughthis logic is referredto assingle-phase,its cascades
arecontrolledby threewaveforms. In termsof their operating
speed,CAL gatesarecomparableto 2N-2N2Pgates.CAL cir-
cuitsachievehalf thethroughputof corresponding2N-2N2Pcir-
cuits,however, becausethey enablelogic evaluationin alternate
clock cycles. Moreover, CAL designstendto bemoredissipa-
tive than2N-2N2P, dueto their higherdevicecount.
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Fig. 5. A CAL inverter. Cascadesrequirea single-phasepower-clock andtwo
auxiliarysquare-wave clocks.

I I I . TRUE SINGLE-PHASE ENERGY-RECOVERING LOGIC

TSEL is apartiallyadiabaticcircuit family akin to 2N2P, 2N-
2N2P, andCAL. Power is suppliedto TSEL gatesby a single-
phasesinusoidalpower-clock. Cascadesare composedof al-
ternatingPMOSandNMOS gates.Two DC referencevoltages
ensurehigh-speedandhigh-efficiency operation.They alsoen-
ablethecascadingof TSEL gatesin anNP-dominostyle. This
sectiondescribesthestructureandoperationof TSEL.
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Fig. 6. (a) A PMOSand(b) anNMOS inverterin TSEL.

A. TSEL Gates

The basicstructureof a TSEL PMOSgateis shown in the
PMOSinverterof Figure6(a).This invertercomprisesa pair of
cross-coupledtransistors( #%$'& and #($*) ), apairof currentcon-
trol switches( #($*+ and #%$�, ), andtwo function blocks( #%$.-
and #%$./ ). The port PC suppliesthe sinusoidalpower-clock
�*021 . Theport RP suppliesa constantreferencevoltage �.340 to
thePMOSgate. Inputsandoutputsaredual-rail encoded.The
currentcontrolswitchesandthereferencevoltagesarethestruc-
turalcharacteristicsthatdifferentiateTSELfrom otheradiabatic
logic families.

The operationof a TSEL PMOSgatehastwo phases:dis-
charge ( 5 0 ) and evaluate ( 6 0 ). Figure 7 shows thesephases
with respectto the power-clock �.071 . During 580 , the energy
storedin the capacitanceof nodesout or out is recovered. In
thebeginningof this phase,�*071 is high. As �*071 startsramping
down toward low, it pulls both � out and � out down toward the
PMOSthresholdvoltage 9 � ��� 9 . This eventis adiabaticuntil �*071
dropsbelow �*340�:;9 � ��� 9 .

Theoutputof thegateis evaluatedduring 6 0 . Let usassume
that � in is high and � in is low. Initially, �*021 is low. As �*071
startsrising, #($'& and #($*) turn on. While �*021%<=�*340
:=9 � ��� 9 ,
#%$.+ and #($., areconducting.Since � 340 exceeds� 021 , a pull-
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Fig. 7. TSEL timing. DFE : PMOSdischargephase;G4E : PMOSevaluatephase;HJI
: NMOS charge phase; G I : NMOS evaluatephase; K.E , K I : PMOS

andNMOS outputheldstable;L E , L I : adiabaticswitchingfor PMOSand
NMOS; M E , M I : non-adiabaticswitchingfor PMOSandNMOS.

up pathis createdfrom RP to out, andthevoltageat out starts
rising toward �.340 . The pair of cross-coupledtransistors#%$N&
and #%$.) functionsasa sense-amplifierandbooststhevoltage
differenceof the two outputnodes.As soonasthis difference
exceeds 9 � ��� 9 , #($'& turnsoff andout is chargedadiabatically
from that point on. When �.071POQ�*340R:S9 � ��� 9 , #%$*+ and #%$�,
turnoff anddisconnectthefunctionblocksfrom theoutputsout
andout. Hence,any furtherchangesin the inputsdo not prop-
agateto the outputs.out staysat 9 � ��� 9 throughout 6T0 , andout
is chargedup to the peakof �*071 at the endof 6T0 . The output
valuesarereadyto besamplednearthepeakof � 071 .

The TSEL inverter in Figure6(b) shows the basicstructure
of anNMOS gatein TSEL.This gateincludesonly NMOS de-
vicesthatareinterconnectedin a manneridenticalto its corre-
spondingPMOSgate. The referencevoltagelevel � 34U canbe
selectedto maximizethegate’senergy efficiency. Thegatewill
still functioncorrectly, however, evenif �.34U is setequalto �*340 .

Theoperationof anNMOSgateis complementaryto PMOS.
During each clock cycle, each NMOS gate goes through a
charge ( V U ) phaseand an evaluate ( 6 U ) phase. During 6 U ,
a pull-down path is formed from an output to RN as long as
�*021XWS�.34U�YZ� ��[ , where �.34U and � ��[ arethereferencevoltage
andthethresholdvoltagefor NMOS gates,respectively. When
� 021]\ � 34U Y=� ��[ , the currentcontrol switchesdisconnectthe
function blocks from the outputs,and the recovery of the en-
ergy storedin oneof theoutputnodesis initiated. Any further
changesto theinputsdonot affect thefinal outputvalueswhich
aresamplednearthenadirof � 071 .
B. TSEL Energetics

Thereferencevoltagelevels � 340 and � 34U enablethecascad-
ing of TSEL gateswithout any intermediateinverters. These
voltagesaffect the energy dissipationof the TSEL structures,
andtheir optimalvaluesdependprimarily on theoperatingfre-
quency and the output loadsof the gates. As � 340 decreases,
the durationof the non-adiabaticevent ^_0 in the PMOSgates
is becomingshorterandthevoltagedifferencebetweenthedis-
chargedoutputnodesandRP decreases.Symmetrically, as � 34U
increases,the durationof the non-adiabaticevent ^ U and the
voltagedifferencebetweenthe chargedoutput nodesand RN
decreases.Consequently, the voltagelevels �*340 and �.34U con-
trol boththedurationof theevaluationphaseandthevalueof the
chargingor dischargingcurrent,thusaffectingtheenergy dissi-
pationassociatedwith thenon-adiabaticintervalsduringevalu-
ation.

Increasing� 340 or decreasing� 34U speedsup operationwith-
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out incurring the areaoverheadassociatedwith sizing. On the
otherhand,the closer � 340 and � 34U areto 0V and � ��� , respec-
tively, the lower theenergy dissipationof theTSEL cascadeis.
If �.340 dropsbelow acertainvalue,however, or if �*34U exceedsa
certainvalue,theholdstagesbecometoo short,andthecascade
fails. Thetheoreticalminimumvaluefor � 340 is `bac9 � ��� 9 , whereas
the theoreticalmaximumfor � 34U is � ��� :d`�ae� ��[ . Due to this
restrictionon thescalingof �*340 and �*34U , theenergy efficiency
of TSELat low frequenciesdegrades.This limitation, whichwe
discussin moredetailwith thehelpof simulationresultsin Sec-
tion VI, is remediedin SCAL by the introductionof a tunable
currentsource.

C. TSEL Cascades
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Fig. 8. A 4-stagepipelineof TSEL inverterswith two DC referencevoltages.

TSEL cascadesare built by stringing togetheralternating
PMOSandNMOS gates,asshown in Figure8. The only sig-
nal requiredto control a TSEL cascadeis a singlephaseof a
sinusoidalpower-clock. Eventhougha singlereferencevoltage
sufficesto ensurecorrectoperation,speedandenergy-efficiency
can improve by using separatePMOS and NMOS reference
voltages.

The relative timing of thegatesin a TSEL cascadeis shown
in Figure7. At any timeduringthecircuit’soperation,eitherall
PMOSgatesevaluateandall NMOS gateschargeor all PMOS
gatesdischarge andall NMOS gatesevaluate. The brief time
interval betweenevaluate/discharge or evaluate/charge during
which the outputsof a gateare stableis called the hold ( f_0
or f_U ) phasein thatgate’s operation.While theoutputsof the
oddstagesarestable,theircurrentswitchesareoff. At thesame
time, the function blocks of the even stagesare connectedto
their referencevoltageandcansafelyevaluatetheiroutputs.Af-
terhalf acycle,while thecurrentswitchesof theevenstagesare
off, thefunctionblocksof theoddstagesareconnectedto their
referencevoltage.Thus,theoutputsof theevenstagesaresta-
ble,andtheoutputsof theoddstagescanbeevaluated.

IV. SOURCE-COUPLED ADIABATIC LOGIC

This sectiondescribesSCAL, a partially adiabatic,dynamic
logic family. SCAL retainsall of TSEL’s positive features,
including single-phasepower-clock operation. Moreover, it
achievesenergyefficientoperationacrossabroadrangeof oper-
atingfrequenciesbyusinganindividually tunablecurrentsource
at eachgate.

A. SCAL Gates

Figure9 shows the structureof a PMOSandan NMOS in-
verter in SCAL. The PMOSinverter in Figure9(a) comprises
a pair of cross-coupledtransistors( #($'& and #($*) ), a pair of
currentcontrol switches( #%$*+ and #%$�, ), two functionblocks
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Fig. 9. (a) A PMOSand(b) anNMOSinverterin SCAL.
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Fig. 10. SCAL timing. D*E : PMOS discharge phase; GpE : PMOS evaluate
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PMOSandNMOScurrentsourceconducting;L E , L I : adiabaticswitching
for PMOSandNMOS; M E , M I : non-adiabaticswitching for PMOSand
NMOS.

( #($*- and #%$./ ), anda currentsource( #($*t ) that is biasedby
avoltage �.us0 . A sinusoidalpower-clock �*021 is appliedthrough
the port PC. A constantsupplyvoltage � ��� is requiredfor ac-
tivating the pair of cross-coupledtransistors. The rate of the
chargeflow throughthecurrentsourceis controlledby the vPw4�
ratioof #($*t .

A PMOSSCAL gateoperatesin two phases:discharge ( 580 )
andevaluate ( 6 0 ). Figure10 shows thesephaseswith respect
to the waveform �*021 , which is denotedby thebold waveform.
The thin waveformsabove andbelow �*071 indicatetwo possi-
ble choicesfor thebiasingvoltages�.up0 and �*upU , respectively.
Thesewaveformsareobtainedby level shifting thepower-clock
�*021 andresultin increasedenergy efficiency. SCAL gateswill
still work with aconstantbiasingvoltage,althoughata reduced
efficiency level.

Theenergy storedin thenodeout or out is recoveredduring
5 0 . In this phase,� 021 startsfrom high andrampsdown toward
low, pulling bothout andout down towardthePMOSthreshold
voltage 9 � ��� 9 . This statechangeoccursadiabaticallyuntil �*071
dropsbelow 9 � ��� 9 .

EachPMOSgatecomputesanew outputduringthe 6T0 phase.
In thebeginningof this phase,� 071 is low. As � 071 startsrising,
� up0 follows.As longasthegate-to-sourcevoltage� ��� :�9 � up0 9 of
thePMOScurrentsource#%$.t exceeds9 � ��� 9 , #%$.t is turnedon
andthecurrentthrough #%$.t startsraisingthevoltage�Jxy0 of the
internalnodeXP. While � 021 <z� xy0 :z9 � ��� 9 , #%$*+ and #($., are
conducting.Therefore,assumingthat � in is highand � in is low,

apull-uppathis createdfrom {�5|5 to out via }~$ , and � out starts
rising toward � xy0 as � 071 rises. The cross-coupledtransistors
#%$N& and #($*) turnonandboostthevoltagedifferencebetween
the two outputnodes.As soonasthis differenceexceeds9 � ��� 9 ,
#%$N& turnsoff andout is chargedadiabaticallythrough #%$.) .
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When �*021(Wz�Jxy0�:�9 � ��� 9 , #($*+ and #%$�, turnoff anddisconnect
thefunctionblocksfrom theoutputnodesout andout. Hence,
any furtherchangesin theinputsdonotpropagateto theoutputs.
At theendof theevaluation,out hasbeenchargedupto thepeak
of �*071 . Thevoltageswingof theoutputis from � ��� to 9 � ��� 9 . The
outputlogic valuescanbesamplednearthepeakof � 071 .

The inverter in Figure 9(b) shows the basic structureof a
SCAL NMOS gate. The operationof the NMOS gateis sim-
ilar to PMOS.The two phasesin its operationarecharge ( V U )
andevaluate ( 6 U ).
B. SCAL Energetics

Theimpactof thevariouscircuit parameterson theoperation
of SCAL canbebestunderstoodby examiningthebehavior of
ansimplestMOS modelin the linear, saturation,andcutoff re-
gion. The following equationsdescribethe I-V characteristics
in theseregions,respectively.

� ��� 	���
� `J���J� � :�� ��� � ��� :�� ��� ��� �T� � Od� ��� � ��� \ �T� � :P� �

	 � � ��� � � :�� � � � � � � Od� � � � ��� W;� � � :P� �
	�� � � � <d� � �

where
� ��� is thedrain-to-sourcecurrent,�J� � is thegate-to-source

voltageor biasingvoltage, � ��� is the drain-to-sourcevoltage,
� � is the thresholdvoltageof device, � (the so-calleddevice
transconductanceparameter)is definedas ��	����8���P��vPwp� � ,
� is theeffective surfacemobility of thecarrierin thechannel,
and � ��� is the gate-oxidecapacitanceper unit area. From this
equationit follows that theturningof a currentsourceon or off
is controlledby the biasingvoltage. Moreover, the amountof
currentthrougha currentsourceis proportionalto the biasing
voltageandthe vPwp� ratioof thecurrentsource.

In SCAL, thedissipativecurrentthroughthecurrentsourceof
eachgateis usedto activatethe cross-coupletransistors.Even
thoughall thegatesof thesametypehavethesamebiasingvolt-
age,theamountof currentthrougheachgate’scurrentsourceis
individually controlledby the vPw4� ratio of thecurrentsource.
Thus,minimumdissipationcanbeachievedunderany givenop-
eratingconditions,suchasoutputload or operatingfrequency,
by adjustingtheindividual vPwp� ratiosof theSCAL gates.

The main differencein the operationof SCAL andTSEL is
in the methodthat controlsthe currentactivation of the cross-
coupledtransistorsduringtheevaluationphase.Theenergy ef-
ficiency of TSELgatesat low frequenciesis limited by thelimit
to thescalingof theDC referencevoltages.SCAL hasno such
limitation, however, becausethe magnitudeof the currentflow
at the beginning of the 6 0 (or 6 U ) phasecanbe controlledby
adjustingthe vPwp� ratio of #%$.t (or #X^'t ) in eachgate.At the
sametime, the durationof the 6T0 (or 6TU ) phaseis determined
independentlyof thecurrentflow by selectinga biasingvoltage
thatis sharedby all PMOS(or NMOS)gates.Thus,for any op-
eratingfrequency, eachSCAL gatecanbeindividually tunedto
achieveminimumdissipationunderits outputload.

C. SCAL Cascades

To build SCAL cascades,PMOS and NMOS gates are
chainedalternatively. The only signal requiredto control a

SCAL cascadeis a power-clock �*071 . To improve the energy
efficiency of thecascade,two biasingvoltages� us0 and � upU can
beusedthatareobtainedby shifting thelevel of � 071 . Thespeed
andenergy efficiency of a SCAL cascadecanbe tunedby op-
timally sizing the currentsourcein eachgate. Sinceindivid-
ual gatescanbetunedindependently, efficient operationcanbe
achieved for a broadrangeof operatingfrequencies. Energy
consumptionis minimizedby settingthe vPw4� ratioof eachcur-
rentsourceequalto theminimumpossiblevalueandby bringing
thebiasingvoltageof PMOSandNMOScurrentsourcecloseto
thePMOSandNMOSthresholdvoltage,respectively. Thissec-
tion describestheoperationof SCAL cascadesandexplainsthe
dependenceof their efficiency on thesizeof thecurrentsource
throughHSPICEsimulationresults.

Figure10showsthetiming of thesignalsin aSCAL cascade.
At any timeduringthecircuit’soperation,eitherall PMOSgates
evaluateand all NMOS gatescharge or all PMOS gatesdis-
charge andall NMOS gatesevaluate. The brief time interval
betweenevaluate/dischargeor evaluate/chargeduringwhich the
outputsof a gatearestableis calledthehold ( f�0 or f_U ) phase
in thatgate’s operation.While the currentswitchesof the odd
stagesareoff, their outputsarestable. At the sametime, the
function blocks of the even stagesare connectedto VDD (or
VSS) throughthecurrentsourcesandcansafelyevaluatetheir
outputs. After half a cycle, while the currentswitchesof the
evenstagesareoff, the inputsof theoddstagesarestable,and
their function blocksareconnectedto VSS (or VDD) through
their currentsources.
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Fig. 11. A 4-stagepipelineof SCAL invertersandassociatedbiasingcircuitry.

A PNPNcascadeof SCAL invertersandits biasingcircuitry
for thecurrentsourcesareshown in Figure11. Theblocksde-
notedby LSP and LSN are voltagelevel shifters that gener-
atethebiasingvoltagefor thePMOSandNMOS gates,respec-
tively.

Figure 12 shows the input and output waveformsobtained
from HSPICE simulationsof the 4-stagepipeline from Fig-
ure 11. Thesesimulation resultswere obtainedwhen a pe-
riodic sequence“ a�a2a��J�e�s�_a2a�a ” waspropagatedthroughthe in-
verterchainat 100MHz. The vPwp� ratio for the pair of cross-
coupledtransistorswas5/2. For the function blocks,we used
minimum-sizetransistorsfrom a 0.5� m standardCMOS tech-
nologywith a vPw4� ratio equalto ��ws` . For thecurrentsources
#%$N&7t , #X^�)st , #($*+st and #X^',et , the vPwp� ratioswere ��ws` , ��w�� ,
`ew � and �4wy� , respectively.

Figure13 shows theinternalvoltagesandsourcecurrentsfor
eachstagein the 4-stagepipelineof SCAL invertersfrom Fig-
ure 11. The internalvoltages� xy0�¡ , � xyUe¢ , � xy02£ , and � x Up¤ and
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P C

Fig. 12. Waveformsobtainedfrom HSPICEsimulationsof the 4-stageSCAL
pipeline from Figure11. From top to bottom: (1) power-clock ¥sE�¦ , (2)
inputof 1ststage,(3) outputof 1ststage,(4) outputof 2ndstage,(5) output
of 3rdstage,and(6) outputof 4thstage.

4

P C

Fig. 13. Waveformsobtainedfrom HSPICEsimulationsof the 4-stageSCAL
pipeline from Figure11. From top to bottom: (1) power-clock ¥ E�¦ , (2)
internalvoltages¥7§7E�¨ and ¥�§7Ec© , (3) internalvoltages¥7§ I�ª and ¥�§ I�« , (4)
currentsthroughthecurrentsources¬~q�­�® , ¬�MJ¯�® , ¬~qs°�® , and ¬±M ²�® .

the internalsourcecurrents
� xy0�¡ , � xyUe¢ , � xy02£ , and

� x Up¤ arepro-
portional to the transistorratios in the correspondingcurrent
sources.Thesevoltagesandcurrentsaffect the speedanden-
ergy dissipationof theSCAL structures.As the vPw4� ratio of a
currentsourcetransistorin agatedecreases,thecurrentthatacti-
vatesits cross-coupledtransistorsalsodecreases.Conversely, as
the vPwp� ratio increases,currentflow during the non-adiabatic
event of the gate increases. Individual tuning of the current
sourcesizesat eachgatecanthusdecreasethe energy dissipa-
tion of thecascade.

V. ADDER DESIGNS

In orderto evaluatetheenergyefficiency of TSELandSCAL,
we designeda collectionof CLAs usingstaticCMOS, TSEL,
SCAL,PAL, and2N2P. All CLAs hadthesamegate-level struc-
turebut differedin aspectsthatwerespecificto the logic styles
usedin their design. This sectiondescribesour variousadder

designsthatwereall developedin 0.5� m standardCMOStech-
nology.

a8
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cout
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s6

s5

s4

s3

s2

s1

a7
b7

a6
b6

a5
b5

a4
b4

a2
b2

a1
b1

a3
b3

Fig. 14. Schematicdiagramof 8-bit CLA.

Fig. 15. Full-customlayoutof 8-bit CLA in TSEL.

The gate-level schematicdiagramusedto develop the 8-bit
CLA in staticCMOS, PAL, 2N2P, TSEL andSCAL is shown
in Figure14. Thebuffersshown areusedto propagatethecor-
rect logic valuesin PAL, 2N2P, TSEL, andSCAL andarenot
includedin staticCMOS.Dummycells,indicatedby dotsin the
schematicdiagram,are includedto regularizethe full-custom
layoutsof theadiabaticlogic families.

The full-custom layoutsof the 8-bit CLAs we designedin
TSEL andSCAL areshown in Figure15 andFigure16. Both
designshavealmostthesamenumberof devices:778transistors
for TSELand877transistorsfor SCAL. Theslightdifferencein
thetransistorcountsof thetwo designsstemsfrom theinclusion
of acurrentsourceateachSCAL gate.Theareaof eachof these
CLAs is approximately0.33mm� .
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Fig. 16. Full-customlayoutof 8-bit CLA in SCAL.

Both theTSELandtheSCAL CLA generateanew outputon
eachclock cycle. Eachadderhasa latency of 3.0 cycles,since
datapropagationthrougheachgatetakes half a cycle. In the
SCAL adder, the vPw4� ratioof eachcurrentsourcewasselected
individually amongthevalues��wp³ , ��w�� , �4wp` , �4wy� , `ew � , �yw � , and
³�w � , accordingto theoperatingfrequency, thenumberof inputs
to the gate,and the capacitive load at the output of the gate.
For the functionblocksof eachgate,minimum-sizetransistors
wereusedwith vPwp� ratio equalto ��ws` . The vPw4� ratiosof the
cross-coupledtransistorswassetto �7��wp` in everygate.

The 2N2P and PAL CLAs were obtaineddirectly from the
TSEL/SCALdesignsby introducingadditionalclock linesand
replacingtheTSEL/SCALgatesby theircorrespondinggatesin
the otheradiabaticstyles. The areataken by their full-custom
layoutswascomparablewith that of the TSEL/SCAL designs.
The vPw4� ratios of the function blocks and the cross-coupled
transistorswerethesameasin theTSEL/SCALCLAs. All pri-
maryoutputswereconnectedto a60fF load.

Both the 2N2Pandthe PAL addershave the samethrough-
putastheTSEL/SCALdesign,generatinganew outputoneach
clock cycle. Thelatency of thePAL adderis 3.0cycles.Thela-
tency of the2N2PCLA is 1.5cycles,however, sincedataprop-
agationthrougheach2N2Pgatetakes0.25cycle.

In additionto theadiabaticCLAs, wedevelopedtwo CLAs in
staticCMOSbasedon thegate-level schematicdiagramshown
in Figure 14. The first CMOS designwas a purely combi-
nationalCLA. The secondCMOS adderwas a pipelinedver-
sionof thefully combinationalonewith 3 pipelinestages.The
standard-celllayoutsof thesetwo designsweregeneratedusing
EPOCHin a 0.5� m standardCMOStechnology. All transistors
in the evaluationtreesof both CMOS adderswere minimum
size.To meetthetiming constraints,a buffer wasintroducedat
the outputof eachgatein the fully combinationalCLA. Simi-
larly, abuffer wasintroducedaftereachregisterin thepipelined
CLA. In bothcases,the vPw4� ratioof eachbuffer was �2�ywp` .

VI . SIMULATION RESULTS

In this section,we presentHSPICEsimulationresultsfor the
8-bit CLAs we developedin staticCMOS,PAL, 2N2P, TSEL,
and SCAL. Our circuits were designedin a 0.5� m standard
CMOStechnologyandweresimulatedwith distributed-RCpa-
rametersextractedfrom layout. The simulationsaccountedfor
thedissipationof thegatesandinternalclock lines,assuminga
100%energy-efficientclock generator.
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Fig. 17. Energy consumptionpercyclevs.operatingfrequency for 8-bit CLAs.

Figure 17 gives the per-cycle energy consumptionof our
addersoperatingat 10MHz, 100MHz,and200MHz. For each
operatingfrequency, the minimum energy dissipationof each
adderwasobtainedusing the smallestsupplyvoltagethat en-
suredits correctfunction at that frequency. Referenceandbi-
asingvoltagesweredeterminedby trial anderror. The supply
voltagesusedareshown next to theircorrespondingdatapoints.
The minimum possiblesupplyvoltagedictatedby the process
parameterswas1.5V. In general,SCALpossessesexcellentvolt-
agescalingproperties.For every operatingpoint, it canoperate
with the lowestsupply voltageamongall the adderswe have
designed.

Our resultsshow that SCAL is more energy efficient than
theotheradiabaticlogic familiesandbothstaticCMOSdesigns
acrosstheentirefrequency rangeof oursimulations.At 10MHz,
SCAL is 1.5to 2 timesmoreenergyefficientthantheotheradia-
baticdesigns.Moreover, it is 2 timesmoreenergy efficient than
thepurelycombinationalCMOSCLA (denotedbycCMOS)and
3 timesmoreenergy efficient thanthe3-stagepipelinedCMOS
CLA (denotedby pCMOS).At 100MHz, theSCAL CLA is at
least2 timesmoreenergy efficient thanthe otheradiabaticde-
signsand2 to 3 timesmoreenergy efficient thanthetwo CMOS
designs.At 200MHz, the SCAL CLA is about2.5 timesmore
energy efficient than2N2Pandalmost5 timesmoreenergy effi-
cientthanpCMOS.ThePAL andcCMOSCLAs donotfunction
correctlyat thatfrequency.

TheTSEL adderis lessdissipative thanthePAL, 2N2P, and
bothCMOSdesignsfor operatingfrequenciesabove 100MHz.
Its dissipationincreasessharplyat 10MHz,however, becauseat
sucha low operatingfrequency the two DC referencevoltages
usedin the adderreachtheir limits, asdiscussedin Subsection
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III-B. Consequently, the durationof the evaluationphasein-
creases,resultingin higheroverallenergy consumption.

Neitherthefully adiabaticPAL addernor thepipelinedstatic
CMOSadderperformbetterthanSCAL. ThePAL adder, which
is gearedfor very energy efficient operationat low frequencies,
is moredissipative thanSCAL evenat 10MHz andstopsfunc-
tioning above 100MHz. The pipelinedCMOS adderis more
dissipative thaneveryotherdesign,exceptfor TSELat 10MHz.
The flip-flops usedto reducepathdelaysanddecreasethe re-
quired supply voltage in pCMOS end up increasingthe cir-
cuit’seffectivecapacitanceandthuslimit energy savings.Thus,
SCALpresentsapromisingapproachto furtherreducingthedis-
sipationof CMOSdesignsthathave reachedtheir voltagescal-
ing limits.

The internal nodecapacitancesof the adiabaticdesignswe
usedin ourexperimentswereroughlyequal.Thus,aclock gen-
eratorwith efficiency lessthan100%wouldmerelyshift thedis-
sipationvaluesof the adiabaticdesignswithout changingtheir
relative orderor ratio. Therelative energy savingswith respect
to CMOSwouldbelower, however, for all adiabaticfamilies.
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Fig. 18. Energy consumptionvs. peakpower-clock voltagefor 8-bit TSEL
CLA.

Figure 18 revealsa paradoxin the operationof TSEL: En-
ergy consumptiondecreaseswith increasingvoltageswing! The
graphsin this figureshow theenergy consumptionof theTSEL
addersfor 10MHz, 100MHz,and200MHzasa functionof the
peakpower-clock voltage. Eachpoint was obtainedwith op-
timal referencevoltages �*0�3 and �.Uy3 that were computedby
trial anderror. At 200MHz and100MHz, as the peakpower-
clock voltagedecreases,the energy dissipationalsodecreases.
At 10MHz,however, energy consumptiondecreasesby increas-
ing thepeakpower-clockvoltage.

This seeminglycounterintuitive behavior can be explained
with thehelpof thewaveformsin Figure19. Both power-clock
waveformsin this figure have a 10MHz frequency. At sucha
low operatingfrequency, theDC referencevoltageshavealready
reachedtheminimumvaluesthatallow correctcircuit function.
Therefore,thedurationof theevaluationphasescannotbecon-
trolled by adjustingthe referencevoltagevaluesandcan thus
beexcessively long,resultingin higheroverallenergyconsump-
tion. By increasingthepeakpower-clockvoltage,theevaluation
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Fig. 19. Adjustmentof non-adiabaticswitching interval in TSEL by voltage
scaling.

phasesbecomeshorter. This factis straightforwardto verify by
comparingthe lengthsof the intervals ^_0pº £¼» ½¿¾ and ^�0pº ¡�» À¿¾ that
correspondto the non-adiabaticswitchingstagesfor PMOSat
3.0V and1.8V, respectively. The reductionin the lengthof the
non-adiabaticstageoffsetsany increasedenergy lossesdueto
thehighervoltageswing. Thus,theoverall energy efficiency of
theTSELgatesincreases.
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Fig. 20. Energy consumptionvs. peakpower-clock voltagefor 8-bit SCAL
CLA.

Contraryto TSEL, the operationof the SCAL adderunder
voltagescalingfollows commonwisdom. Figure20 shows the
energy dissipationof threeSCAL addersas a function of the
power-clock voltage. Eachof the threeadderswasderived by
tuningthecurrentsourcesof theoriginal adderdesignfor min-
imum energy dissipationat 10MHz, 100MHz, and 200MHz.
For example, the SCAL adderat 10MHz was optimized for
a 1.5V power-clock voltage. Similarly, the adderssimulated
at 100MHz and 200MHz were optimizedfor supply voltages
of 1.8V and2.1V, respectively. As expected,the energy con-
sumptionof the addersincreasesmonotonicallyas their peak
power-clockvoltageincreases.Moreover, astheiroperatingfre-
quenciesincrease,their dissipationbecomesmoresensitive to
changesin thepower-clockvoltage.

VI I . CONCLUSION

We presentedthe first-ever true single-phaseadiabaticlogic
family with a broadoperatingrange. The simplestmemberof
our family is TSEL.Theothermemberof our family is SCAL,
a source-coupledvariantof TSEL that achieves increaseden-
ergy efficiency by usinga tunablecurrentsourceto control the
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rateof chargeflow into or out of eachgate. Our adiabaticcir-
cuitry avoids a numberof problemsassociatedwith multiple
power-clock schemes,including increasedenergy dissipation,
layout complexity in clock distribution, clock skew, andmulti-
plepower-clockgenerators.

In HSPICEsimulationsof layoutsin astandard0.5� mCMOS
technology, TSEL andSCAL addersoutperformedcorrespond-
ing designsin staticCMOS, PAL and2N2Pthat wereoperat-
ing with power-clock voltagesscaledfor minimumenergy dis-
sipation. In comparisonwith static CMOS, PAL, and 2N2P,
SCAL was 1.5 times more energy efficient at 10MHz and at
least 2 times more energy efficient at higher operatingfre-
quencies. Moreover, our SCAL adderswere 2 to 5 times
more energy-efficient than correspondingcombinationaland
pipelinedCMOSdesignsin the10–200MHzrange.TSEL was
lessdissipativethanPAL, 2N2P, andbothCMOSdesignsfor op-
eratingfrequenciesabove 100MHz. Althoughour single-phase
designsweretunedmanuallyby trial anderror, theresultsof our
investigationsuggestthatTSEL andSCAL areexcellentcandi-
datesfor high-speedandlow energy VLSI design.

We have recently designedan 8 Â 8 SCAL multiplier with
built-in self-test(BIST) and a single-phasesinusoidalpower-
clock generatorwith a surfacemount inductor. Although the
resonantclock drivers proposedby most previous paperscan
be usedto generatea single-phasepower-clock, we designed
our own single-phasegeneratorthat resemblesa zero-voltage
switchedresonantpower converter. A key featureof our gener-
atoris thatit only conductsasmallfractionof theentireinductor
current.Wehavealsodevelopedasetof CAD toolsfor automat-
ing theverificationandoptimizationof largeadiabaticdesigns.
Our chip hasbeenfabricatedin a standard0.5� m CMOS pro-
cessandis currentlybeingtested.
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