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

In this paper, we presentTSEL, the first enemgy-recovering (a.k.a. adi-
abatic) logic family that operateswith a single-phasesinusoidal clocking
scheme. We also presentSCAL, a source-coupledvariant of TSEL with
impr oved supply voltage scalability and eneigy 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 enemy efficiency and operating speed.
In layout-basedsimulations with 0.5um standard CMOS processparam-
eters, 8-bit carry-lookahead adders (CLAs) in TSEL and SCAL function
correctly for operating frequenciesxceeding?g00MHz. In comparisonwith
corresponding CLAs in alternative logic stylesthat operate at minimum
supply voltages,CLAs designedin our single-phaseadiabatic logic fami-
lies are relatively more energy efficient acrossa broad range of operating
frequencies.Specifically for clock rates ranging from 10MHz to 200MHz,
our 8-bit SCAL CLAs are 1.5to 2.5times more enemy efficient than corre-
sponding addersdevelopedin PAL and 2N2Pand 2.0to 5.0times 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

Enegy recovery is a promising approachto the designof
VLSI circuits with extremelylow enegy dissipation. Eneigy-
recovering circuits achiese reducedenegy consumptionby
steeringcurrentsacrossdevices with low voltage differences
and by graduallyregycling the enegy storedin their capaci-
tive loads[1], [2], [3], [4], [5]. They arethus often referred
to asadiabatic circuits, dueto the resemblancef their opera-
tion to adiabaticstatechangesn physicalsystems.In general,
adiabaticcircuits that operatevery efficiently at low operating
frequenciestopfunctioningat high datarates.Corversely adi-
abaticcircuitsthatcanfunctioncorrectlyacrossabroadrangeof
operatingfrequenciegendto be dissipatve at low frequencies.
Thesecircuit familiesrely on multiphaseclocksto controlcas-
cadedgates.They areconsequentlyinattractve for high-speed
andlow-power systendesigndueto theplethoraof designprob-
lemsassociatedvith multiphaseclocking suchasincreasedn-
ergy dissipation Jayoutcompleity in clock distribution, clock
skew, andmultiple power-clock generators.

Variousadiabaticcircuit familieshave beenproposedverthe
pastfew years.They all useatleasttwo power-clock phasego
control gatecascadeshowever. A schemewith asymptotically
zero dissipationthat requiresreversible computationsvas de-
scribedin [3]. Several relatively simple adiabaticlogic styles
thatusediodesto avoid reversibility were proposedn [6], [7],
[8], [9]- Circuit familiesthat usea pair of cross-coupledran-
sistorsto adiabaticallychage and dischage their loadswere
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introducedandevaluatedin [10], [11], [12], [13], [14], includ-
ing 2N2R 2N-2N2R pass-transistoadiabaticlogic (PAL), and
clockedCMOSadiabatidogic (CAL).

This paperpresentghe first-ever true single-phasediabatic
circuit family thatis gearedowardshigh-speedndlow-enegy
VLSI design. The simplestmemberof our family is TSEL. In
TSEL, high speecdbperationis ensuredy non-adiabaticallyac-
tivatinga pair of cross-coupledransistorsandby adjustingtwo
DC referenceroltages.Low enegy consumptions achiezedby
adiabaticallychaging anddischaging capacitie loadsthrough
the cross-coupledransistors. TSEL cascadesreimplemented
straightforvardlyin anNP-dominostyle.

The secondnemberof our family is SCAL, anenhancement
of TSEL with improvedscalabilityandenengy efficiency. SCAL
is a source-couple@diabaticlogic that achieveslower enegy
dissipationthan TSEL for a broadrangeof operatingfrequen-
cies. SCAL gatesare derived from TSEL gatesby replacing
eachDC referencevoltageline by acurrentsource Eachcurrent
sourcecanbe individually tunedby transistorsizingto achieve
optimal non-adiabatichaging/dischaging ratesfor its operat-
ing conditions. Both TSEL and SCAL gatesare dual-rail and
always presenta balancedoad to the clock generatarregard-
lessof the particulardatacomputed. Moreover, they are both
functionallycomplete.

We havedesignedindsimulatedn 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 designedn TSEL, SCAL, other
adiabaticlogic styles,and static CMOS. In layout-basedsim-
ulationswith 0.5um standardCMOS processparametersthe
8-bit CLAs in TSELandSCAL functioncorrectlyfor operating
frequenciesexceeding200MHz with minimume-sizetransistors
usedin the evaluationtreesof eachgate. In comparisonwith
correspondingaddersin alternative logic stylesand minimum
possiblesupplyvoltages,TSEL andSCAL aremoreenegy ef-
ficient acrossa broadrangeof operatingfrequencies.Specifi-
cally, for clock frequenciegangingfrom 10MHz to 200MHz,
our 8-bit SCAL CLAs are 1.5 to 2.5 times more enepy effi-
cient than correspondingaddersdevelopedin PAL and 2N2P
and 2.0 to 5.0 times lessdissipatve than their purely combi-
nationalor pipelinedstatic CMOS counterpartsFor clock fre-
guenciegangingfrom 100MHz to 200MHz, TSEL addersare
asenepy efficientastheir correspondinglesignsn SCAL.

Theremaindeof this paperhasfive sectionsln Sectionll we
review theadiabatidogic familiesmostcloselyrelatedto TSEL
andSCAL. Thestructureandoperationof TSEL gatesandcas-
cadesaredescribedn Sectionlll. The structureandoperation
of SCAL gatesandcascadesrepresentedn SectionlV. Our
adderdesignsaredescribedn SectionV. SectionVI presents
simulation resultsfrom layouts of our 8-bit carry-lookahead
adderghatweredesignedisinga 0.5um standardCMOStech-



nology. Our contributionsandongoingresearctaresummarized
in SectionVII.

Il. OVERVIEW OF ADIABATIC LOGIC FAMILIES

This sectionhighlightsthe operatiorof staticCMOSandser-
eraladiabatidogic familiesrelatedto TSEL andSCAL. We fo-
cuson the characteristic®f the adiabaticlogic families2N2R
2N-2N2R PAL, and CAL that use a cross-coupledransistor
structurefor adiabaticoperationsimilarto TSEL andSCAL.

VDD

Fig. 1. StaticCMOSinverter

The dominantfactorin the dissipationof staticCMOS logic
is the power requiredto chaige capacitve nodes.In the CMOS
inverterof Figure 1, whenthe power supply drivesthe output
nodehigh, thevoltageVy, is appliedabruptlyresultingin ahigh
voltagedrop acrossthe PMOS switchingdevice MP. Thetotal
enegy drawvn from the power supplyis E. = CV}, whereC is
thecapacitancef theoutputnodeandVyq is thesupplyvoltage.
Half of this enegy is dissipatedon the on-resistancer of the
device MP, andtheotherhalfis storedin the outputcapacitance.
Whentheoutputis drivenlow atalatercycle,theenegy stored
in the output capacitoris dissipatedon the on-resistance® of
the device MN.

In contrastto conventional CMOS circuits, adiabaticcircuits
chageor dischage capacitorsvhile striving to keepthe poten-
tial dropacrosgheir switchingdevicessmall. Thus,only afrac-
tion of the enegy suppliedduring eachcycle is dissipatedon
their resistve components.The bulk of the suppliedenegy is
returnedto the power supply and canbe reusedin subsequent
cycles. Typically, power suppliesfor adiabaticcircuitsprovidea
time-varying, periodicoutputsignal,or power-clock, thatgrad-
ually swingsbetweernOV andVy4. The periodof this signalis
long enoughto maintaina small potentialdrop V. A simple
form of adiabaticchaging canbe accomplishedisinga power
supplywith arampoutput. Sucha signalcanbe approximated
usingaresonan®? LC oscillatingstructure Otheradiabatiggen-
eratordesignshave beenpresentedn [3], [17], [18]. Thenum-
berof pawer-clocksrequiredto controlcascadedatess anim-
portantconsideratiorin adiabaticlogic design,sinceit affects
enegy dissipationpperatingspeedanddesigncomplexity.

Figures2 and3 shaw invertersirom 2N2Pand2N-2N2R two
relatedadiabatidogic familiesthathave no diodesandusefour-
phaseclocksto controlcascadefl1]. Thesefamiliesexhibit a
non-adiabati@issipationproportionalto CVtﬁ, whereV;, is the
thresholdvoltageof PMOS devicesin a pair of cross-coupled
transistors.The non-adiabatiswitchingevent occursduring a
brief interval in the beginning of the evaluationphaseandpro-
videsthevoltagedifferentialthatactivatesa cross-coupletran-
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Fig. 2. A 2N2Pinverter Cascadesequirefour power-clock phasesn quadra-
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Fig. 3. A 2N-2N2Pinverter Cascadesequirefour powver-clock phasesn
quadrature.

sistor structuresimilar to the one usedin the Sample-SeDif-
ferentialLogic (SSDL)[19]. 2N2Pand2N-2N2Ppresent bal-
ancedcapacitve loadandpossessuperiorspeeccharacteristics
than other adiabaticfamiliesin this section. The primary ad-
vantageof 2N-2N2Pover 2N2Pis thatthe pair of cross-coupled

NMOS switchesresultsin non-floatingoutputs.
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Fig. 4. A PAL inverter In this logic family, cascadesequire a two-phase
power-clock.

Figure4 shows aninverterin PAL, anadiabatidogic family
similarto 2N2P[13]. In PAL, thegroundnodeof 2N2Pis con-
nectedto the power supplyin orderto eliminatenon-adiabatic
enegy consumption.PAL achiesesfully adiabaticoperationat
the costof high-speedperation.CascadedPAL gatesarecon-
trolled by atwo-phaseclock.

Figure 5 shawvs an inverter designedin CAL, an adiabatic
logic relatedto 2N-2N2P[14]. The main structuraldifference
betweenCAL and2N-2N2Pis the pathcontrol switchesin the
pull-downtree.In CAL, cascadedtructuresarecontrolledby a
single-phaselock andtwo auxiliary square-vave clocks. Thus,
eventhoughthislogic is referredto assingle-phasdis cascades
are controlledby threewaveforms. In termsof their operating
speedCAL gatesarecomparabldo 2N-2N2Pgates.CAL cir-
cuitsachieve half thethroughpubf correspondin@N-2N2Pcir-
cuits,however, becausehey enabldogic evaluationin alternate
clock cycles. Moreover, CAL designgendto be moredissipa-
tive than2N-2N2R dueto their higherdevice count.



Fig.5. A CAL inverter Cascadesequirea single-phasgower-clock andtwo
auxiliary square-wave clocks.

I1l. TRUE SINGLE-PHASE ENERGY-RECOVERING LOGIC

TSEL s apartially adiabaticcircuit family akinto 2N2R 2N-
2N2R andCAL. Pawer is suppliedto TSEL gatesby a single-
phasesinusoidalpower-clock. Cascadesre composedf al-
ternatingPMOSandNMOS gates.Two DC referencevoltages
ensurehigh-speedandhigh-eficiency operation.They alsoen-
ablethe cascadingf TSEL gatesin an NP-dominostyle. This
sectiondescribeghe structureandoperationof TSEL.
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Fig.6. (a) A PMOSand(b) anNMOS inverterin TSEL.
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A. TSEL Gates

The basicstructureof a TSEL PMOS gateis shavn in the
PMOSinverterof Figure6(a). This invertercomprises pair of
cross-coupletransistorfMP1 andMP2), apair of currentcon-
trol switches(MP3 and MP4), andtwo function blocks (MP5
and MP6). The port PC suppliesthe sinusoidalpower-clock
Vec. Theport RP suppliesa constanteferencevoltageVgrp to
the PMOSgate. Inputsandoutputsaredual-railencoded.The
currentcontrolswitchesandthereferencevoltagesarethestruc-
tural characteristicthatdifferentiateT SEL from otheradiabatic
logic families.

The operationof a TSEL PMOS gatehastwo phases:dis-
charge (Dp) and evaluate (Ep). Figure 7 shows thesephases
with respectto the power-clock Vec. During Dp, the enegy
storedin the capacitancef nodesout or out is recovered. In
the beginningof this phaseVec is high. As Vp¢ startsramping
down toward low, it pulls both Vo, and Vo down toward the
PMOSthresholdvoltage|V;,|. This eventis adiabaticuntil Ve
dropsbelon Vep — |V4p|.

The outputof the gateis evaluatedduring Ep. Let usassume
that Vi, is high and VE is low. Initially, Vpc is low. As Vpc
startsrising, MP1 andMP2 turn on. While Voc < Vrp — |V4pl,
MP3 andMP4 areconducting.SinceVgp exceedsVpc, apull-

VRN + Vin

Vre - | Vip |

Fig. 7. TSELtiming. Dp: PMOSdischage phasefp: PMOSevaluatephase;
Cn: NMOS chage phase;Ey: NMOS evaluate phase;Hp,Hy: PMOS
andNMOS outputheld stable;Ap, Ay: adiabaticswitchingfor PMOSand
NMOS; Np,Ny: non-adiabatiswitchingfor PMOSandNMOS.

up pathis createdrom RP to out, andthe voltageat out starts
rising toward Vgp. The pair of cross-coupledransistorsMP1
andMP?2 functionsasa sense-amplifieandbooststhe voltage
differenceof the two outputnodes. As soonasthis difference
exceeds|V;,|, MP1 turnsoff and out is chaged adiabatically
from that pointon. WhenVec > Vip — |V4p|, MP3 andMP4
turn off anddisconnecthefunctionblocksfrom the outputsout
andout. Hence ary further changesn the inputsdo not prop-
agateto the outputs. out staysat |V}, | throughoutEp, andout
is chagedup to the peakof Vpc attheendof Ep. The output
valuesarereadyto be samplechearthe peakof Vpc.

The TSEL inverterin Figure 6(b) shaws the basicstructure
of anNMOS gatein TSEL. This gateincludesonly NMOS de-
vicesthatareinterconnectedh a manneridenticalto its corre-
spondingPMOS gate. The referencevoltagelevel Vgy canbe
selectedo maximizethe gates enepy efficiency. The gatewill
still functioncorrectly however, evenif Vrn is setequalto Vrp.

The operationof anNMOS gateis complementaryo PMOS.
During eachclock cycle, eachNMOS gate goesthrough a
charge (Cy) phaseand an evaluate (Ey) phase. During Ey,
a pull-down pathis formed from an outputto RN aslong as
Vee > Vrn + Vin, WhereVry andV;, arethereferencevoltage
andthethresholdvoltagefor NMOS gatesrespectiely. When
Vec < Vkn + Vi, the currentcontrol switchesdisconnecthe
function blocks from the outputs,andthe recovery of the en-
ergy storedin oneof the outputnodesis initiated. Any further
changedo theinputsdo not affectthe final outputvalueswhich
aresampledhearthe nadirof Vpc.

B. TSEL Energetics

Thereferencevoltagelevels Vgp andVry enablethe cascad-
ing of TSEL gateswithout any intermediateinverters. These
voltagesaffect the enegy dissipationof the TSEL structures,
andtheir optimal valuesdependorimarily on the operatingfre-
gueny andthe outputloadsof the gates. As Vrp decreases,
the durationof the non-adiabatievent Np in the PMOS gates
is becomingshorterandthe voltagedifferencebetweerthe dis-
chagedoutputnodesandRP decreasesSymmetricallyasVgry
increasesthe durationof the non-adiabaticevent Ny andthe
voltage differencebetweenthe chaged output nodesand RN
decreasesConsequentlythe voltagelevels Vgp and Vry con-
trol boththedurationof theevaluationphaseandthevalueof the
chaging or dischaging current,thusaffectingthe enegy dissi-
pationassociatedvith the non-adiabatiéntervalsduring evalu-
ation.

IncreasingVre or decreasindg’rn speedsip operationwith-



out incurring the areaoverheadassociatedvith sizing. On the

otherhand,the closerVgp andVry areto OV andVyq4, respec-
tively, the lower the enepy dissipationof the TSEL cascadés.

If Vrp dropsbelow acertainvalue,however, or if Vgry exceedsa

certainvalue,the hold stageshecometoo short,andthecascade
fails. Thetheoreticaminimumvaluefor Vgp is2-|V;, |, whereas
the theoreticalmaximumfor Viy is Vyg — 2 - Vin. Dueto this

restrictionon the scalingof Vrp andVin, the enegy efficiency

of TSEL atlow frequencieslegradesThislimitation, whichwe

discussn 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 cascadesre built by stringing togetheralternating
PMOSandNMOS gates,asshown in Figure8. The only sig-
nal requiredto control a TSEL cascades a single phaseof a
sinusoidapower-clock. Eventhougha singlereferencevoltage
sufficesto ensurecorrectoperationspeedandenegy-efficiency
can improve by using separatePMOS and NMOS reference
voltages.

The relative timing of the gatesin a TSEL cascadeas shavn
in Figure7. At ary time duringthecircuit's operationgitherall
PMOSgatesevaluateandall NMOS gateschage or all PMOS
gatesdischage and all NMOS gatesevaluate. The brief time
interval betweenevaluate/dischaye or evaluate/chage during
which the outputsof a gateare stableis called the hold (Hp
or Hy) phasein that gates operation.While the outputsof the
oddstagesrestable their currentswitchesareoff. At thesame
time, the function blocks of the even stagesare connectedo
theirreferencevoltageandcansafelyevaluatetheir outputs.Af-
terhalf acycle,while thecurrentswitchesof theevenstagesare
off, the functionblocksof the odd stagesare connectedo their
referencevoltage. Thus,the outputsof the even stagesare sta-
ble, andthe outputsof the odd stagesanbe evaluated.

IV. SOURCE-COUPLED ADIABATIC LOGIC

This sectiondescribesSCAL, a partially adiabatic,dynamic
logic family. SCAL retainsall of TSELs positive features,
including single-phasepower-clock operation. Moreover, it
achievesenenpy efficientoperatioracrossa broadrangeof oper
atingfrequenciedy usinganindividually tunablecurrentsource
ateachgate.

A. SCAL Gates

Figure 9 shaws the structureof a PMOS andan NMOS in-
verterin SCAL. The PMOS inverterin Figure 9(a) comprises
a pair of cross-coupledransistorsflMP1 and MP2), a pair of
currentcontrol switches(MP3 and MP4), two function blocks
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Fig. 10. SCAL timing. Dp: PMOS dischage phase;Ep: PMOS evaluate
phase;,Cy: NMOS chage phase;Ey: NMOS evaluatephase;Pon,Non:
PMOSandNMOS currentsourceconductingAp, Ay : adiabaticswitching
for PMOS andNMOS; Np, Ny: non-adiabatiswitchingfor PMOS and
NMOS.

(MP5 andMP6), anda currentsource(MP7) thatis biasedby
avoltageVgp. A sinusoidabower-clock Vpc is appliedthrough
the port PC. A constantsupplyvoltageVyq is requiredfor ac-
tivating the pair of cross-coupledransistors. The rate of the
chageflow throughthecurrentsources controlledby the W/ L
ratio of MP7.

A PMOSSCAL gateoperatesn two phasesdischarge (Dp)
andevaluate (Ep). Figure 10 shows thesephaseswith respect
to the waveform Vpc, which is denotedby the bold waveform.
The thin waveformsabove andbelow Vpc indicatetwo possi-
ble choicesfor the biasingvoltagesVgp andVgy, respectiely.
Thesewaveformsareobtainedby level shifting the power-clock
Vec andresultin increasecenegy efficiency. SCAL gateswill
still work with a constanbiasingvoltage,althoughatareduced
efficiency level.

The enepy storedin the nodeout or out is recoveredduring
Dp. In this phase}Vp¢ startsfrom high andrampsdown toward
low, pulling bothout andout down towardthe PMOSthreshold
voltage|V;,|. This statechangeoccursadiabaticallyuntil Vpc
dropsbelow |V, |.

EachPMOSgatecomputesnew outputduringthe Ep phase.
In the beginning of this phase Vpc is low. As Vpc startsrising,
Vep follows. Aslongasthegate-to-sourceoltageVyq —|Vep| of
the PMOScurrentsourceMP7 exceedqV;, |, MP7 is turnedon
andthecurrentthroughMP?7 startsraisingthevoltageVxp of the
internalnodeXP. While Ve < Vxp — |V;p|, MP3 andMP4 are
conducting.Therefore assuminghatVi, is high andV— is low,

apull-up pathis createdrom VDD to out via XP, andVOut starts
rising toward Vxp as Vpc rises. The cross-coupledransistors
MP1 andMP2 turn onandboostthevoltagedifferencebetween
the two outputnodes.As soonasthis differenceexceeddq Vi, |,

MP1 turnsoff andout is chaged adiabaticallythroughMP2.



WhenVec > Vip —|Vip|, MP3 andMP4 turn off anddisconnect
the function blocksfrom the outputnodesout andout. Hence,
ary furtherchangesn theinputsdo notpropagatéo theoutputs.
At theendof theevaluation,out hasbeenchagedupto thepeak
of Vpc. Thevoltageswingof theoutputis from Vyq to |V;,|. The

outputlogic valuescanbe samplechearthe peakof Vpc.

The inverterin Figure 9(b) shows the basic structureof a
SCAL NMOS gate. The operationof the NMOS gateis sim-
ilar to PMOS.Thetwo phasesn its operationarecharge (Cy)
andevaluate (Ey).

B. SCAL Energetics

Theimpactof thevariouscircuit parametergn the operation
of SCAL canbe bestunderstoody examiningthe behaior of
ansimplestMOS modelin thelinear, saturationandcutoff re-
gion. The following equationsdescribethe |-V characteristics
in theseregions,respectiely.

Ids [Q(Vgs - V;t)V::Is - Vdsz] Vgs Z Vta V:is S Vgs - Vt
(Ves = Vo) Ves > Vi, Vas > Vs — Vi

Ves < W,

[eINTESINTES

wherelys is thedrain-to-sourceurrent, Vs is thegate-to-source
voltage or biasingvoltage, Vys is the drain-to-sourcevoltage,
V4 is the thresholdvoltage of device, k (the so-calleddevice
transconductancparameterjs definedask = p Cox (W/L),
1 is the effective surfacemobility of the carrierin the channel,
and C,y is the gate-oxidecapacitancger unit area. From this
equationit follows thattheturning of a currentsourceon or off
is controlledby the biasingvoltage. Moreover, the amountof
currentthrougha currentsourceis proportionalto the biasing
voltageandthe W/ L ratio of the currentsource.

In SCAL, thedissipatve currentthroughthecurrentsourceof
eachgateis usedto activatethe cross-coupldransistors.Even
thoughall the gatesof the sametypehave the samebiasingvolt-
age.theamountof currentthrougheachgates currentsourceis
individually controlledby the W/ L ratio of the currentsource.
Thus,minimumdissipationcanbeachiezedunderary givenop-
eratingconditions,suchasoutputload or operatingfrequeng,
by adjustingtheindividual W/ L ratiosof the SCAL gates.

The main differencein the operationof SCAL and TSEL is
in the methodthat controlsthe currentactivation of the cross-
coupledtransistorgduringthe evaluationphase.The enegy ef-
ficiengy of TSEL gatesatlow frequenciess limited by thelimit
to the scalingof the DC referencevoltages.SCAL hasno such
limitation, however, becausehe magnitudeof the currentflow
at the beginning of the Ep (or Ey) phasecanbe controlledby
adjustingthe W/ L ratio of MP7 (or MN7) in eachgate. At the
sametime, the durationof the Ep (or Ey) phaseis determined
independenthof the currentflow by selectinga biasingvoltage
thatis sharedy all PMOS (or NMOS) gates.Thus,for ary op-
eratingfrequeng, eachSCAL gatecanbeindividually tunedto
achieve minimumdissipationunderits outputload.

C. SCAL Cascades

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

SCAL cascadds a power-clock Vpc. To improve the enegy

efficiency of thecascadetwo biasingvoltagesigp andVgy can
beusedthatareobtainedby shiftingthelevel of Vpc. Thespeed
andenepy efficiency of a SCAL cascadeanbe tunedby op-

timally sizing the currentsourcein eachgate. Sinceindivid-

ual gatescanbetunedindependentlyefficient operationcanbe
achieved for a broadrangeof operatingfrequencies. Enegy

consumptions minimizedby settingthe W/ L ratio of eachcur-

rentsourceequalto theminimumpossiblevalueandby bringing

thebiasingvoltageof PMOSandNMOS currentsourcecloseto

thePMOSandNMOSthresholdvoltage respectiely. Thissec-
tion describeghe operationof SCAL cascadeandexplainsthe
dependencef their efficiency on the size of the currentsource
throughHSPICEsimulationresults.

Figure10shownsthetiming of thesignalsin a SCAL cascade.
At ary time duringthecircuit'soperationgitherall PMOSgates
evaluateand all NMOS gateschage or all PMOS gatesdis-
chage andall NMOS gatesevaluate. The brief time interval
betweerevaluate/dischayeor evaluate/chageduringwhich the
outputsof a gatearestableis calledthe hold (Hp or Hy) phase
in thatgates operation. While the currentswitchesof the odd
stagesare off, their outputsare stable. At the sametime, the
function blocks of the even stagesare connectedo VDD (or
VSS) throughthe currentsourcesandcansafely evaluatetheir
outputs. After half a cycle, while the currentswitchesof the
evenstagesare off, the inputsof the odd stagesare stable,and
their function blocks are connectedo VSS (or VDD) through
their currentsources.
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Fig. 11. A 4-stagepipelineof SCAL invertersandassociatedbiasingcircuitry.
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A PNPNcascadef SCAL invertersandits biasingcircuitry
for the currentsourcesareshaown in Figure11. The blocksde-
notedby LSP and LSN are voltage level shiftersthat gener
atethebiasingvoltagefor the PMOSandNMOS gatesrespec-
tively.

Figure 12 shows the input and output waveforms obtained
from HSPICE simulationsof the 4-stagepipeline from Fig-
ure 11. Thesesimulation resultswere obtainedwhen a pe-
riodic sequencé---0111--.” was propagatedhroughthe in-
verterchainat 100MHz. The W/L ratio for the pair of cross-
coupledtransistorsvas 5/2. For the function blocks, we used
minimume-sizetransistordrom a 0.5um standardCMOS tech-
nologywith a W/ L ratio equalto 3/2. For the currentsources
MP17, MN27, MP37 andMN47, theW/ L ratioswerel/2,1/4,
2/1 and1/1, respectiely.

Figure13 shawvstheinternalvoltagesandsourcecurrentsfor
eachstagein the 4-stagepipeline of SCAL invertersfrom Fig-
ure 11. TheinternalvoltagesVxp1, Vxn2: Vxps, andVxng and
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Fig. 13. Waveformsobtainedfrom HSPICEsimulationsof the 4-stageSCAL

pipeline from Figure11. Fromtop to bottom: (1) power-clock Vpc, (2)
internalvoltagesVxp; andVxps, (3) internalvoltagesVxn, andVxya, (4)
currentsthroughthe currentsourcedMP17, MN27, MP37, andMN47.

theinternalsourcecurrentsixp1, Ixnz, Ixps, and Ixng arepro-
portional to the transistorratios in the correspondingcurrent
sources. Thesevoltagesand currentsaffect the speedand en-
ergy dissipationof the SCAL structuresAs the W/ L ratio of a
currentsourceransistoiin agatedecreaseshecurrentthatacti-
vatesits cross-coupletransistoralsodecreasesCorverselyas
the W/ L ratio increasescurrentflow during the non-adiabatic
event of the gateincreases. Individual tuning of the current
sourcesizesat eachgatecanthusdecreasehe enegy dissipa-
tion of the cascade.

V. ADDER DESIGNS

In orderto evaluatetheeneny efficiency of TSELandSCAL,
we designeda collectionof CLAs using static CMOS, TSEL,
SCAL, PAL, and2N2P All CLAs hadthesamegate-level struc-
ture but differedin aspectghatwerespecificto the logic styles
usedin their design. This sectiondescribesour variousadder

designghatwereall developedin 0.5um standardCMOStech-
nology:.

b {—=cou
{>——=s8

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

The gate-level schematiadiagramusedto develop the 8-bit
CLA in staticCMOS, PAL, 2N2R TSEL and SCAL is shovn
in Figure 14. The buffers showvn areusedto propagatehe cor-
rectlogic valuesin PAL, 2N2R TSEL, and SCAL andare not
includedin staticCMOS.Dummycells,indicatedby dotsin the
schematiadiagram, are includedto regularizethe full-custom
layoutsof theadiabatidogic families.

The full-custom layouts of the 8-bit CLAs we designedin
TSEL andSCAL areshawn in Figure 15 andFigure16. Both
designshavealmostthesamenumberof devices: 778transistors
for TSEL and877transistordor SCAL. Theslightdifferencen
thetransistorcountsof thetwo designsstemsrom theinclusion
of acurrentsourceateachSCAL gate.Theareaof eachof these
CLAs is approximately0.33mn?.



Fig. 16. Full-customlayoutof 8-bit CLA in SCAL.

Boththe TSEL andthe SCAL CLA generate new outputon
eachclock cycle. Eachadderhasa lateng of 3.0 cycles,since
datapropagationthrougheachgatetakes half a cycle. In the
SCAL adderthe/ L ratio of eachcurrentsourcewasselected
individually amongthevaluesl /8,1/4,1/2,1/1,2/1,4/1, and
8/1, accordingo the operatingirequeng, the numberof inputs
to the gate, and the capacitve load at the output of the gate.
For the function blocks of eachgate,minimum-sizetransistors
wereusedwith W/ L ratio equalto 3/2. The W/ L ratiosof the
cross-coupledransistoravassetto 10/2 in every gate.

The 2N2P and PAL CLAs were obtaineddirectly from the
TSEL/SCAL designsby introducingadditionalclock lines and
replacingthe TSEL/SCAL gateshy their correspondingatesn
the otheradiabaticstyles. The areataken by their full-custom
layoutswas comparablewith that of the TSEL/SCAL designs.
The W/L ratios of the function blocks and the cross-coupled
transistoraverethe sameasin the TSEL/SCAL CLAs. All pri-
mary outputswereconnectedo a 60fF load.

Both the 2N2P andthe PAL addershave the samethrough-
putasthe TSEL/SCALdesigngeneratinganew outputoneach
clockcycle. Thelateng of the PAL adderis 3.0cycles.Thela-
teng/ of the2N2PCLA is 1.5 cycles,however, sincedataprop-
agationthrougheach2N2Pgatetakes0.25cycle.

In additionto theadiabaticCLAs, we developedwo CLAs in
staticCMOS basedon the gate-level schematiaiagramshowvn
in Figure 14. The first CMOS designwas a purely combi-
national CLA. The secondCMOS adderwas a pipelinedver-
sion of the fully combinationabnewith 3 pipelinestages.The
standard-cellayoutsof thesetwo designsnveregeneratedising
EPOCHin a0.5um standardCMOStechnology All transistors
in the evaluationtreesof both CMOS adderswere minimum
size. To meetthetiming constraintsa buffer wasintroducedat
the outputof eachgatein the fully combinationalCLA. Simi-
larly, a buffer wasintroducedaftereachregisterin the pipelined
CLA. In bothcasesthe W/ L ratio of eachbuffer was10/2.

VI. SIMULATION RESULTS

In this section,we presenHSPICEsimulationresultsfor the
8-bit CLAs we developedin staticCMOS, PAL, 2N2R TSEL,
and SCAL. Our circuits were designedin a 0.5um standard
CMOS technologyandweresimulatedwith distributed-RCpa-
rametersextractedfrom layout. The simulationsaccountedor
thedissipationof the gatesandinternalclock lines,assuminga
100%enegy-efiicientclock generatar
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Fig. 17. Enegy consumptiorpercycle vs. operatingrrequeng for 8-bit CLAs.

Figure 17 gives the percycle enegy consumptionof our
addersoperatingat 10MHz, 100MHz, and 200MHz. For each
operatingfrequeng, the minimum enegy dissipationof each
adderwas obtainedusing the smallestsupply voltagethat en-
suredits correctfunction at that frequeny. Referenceand bi-
asingvoltageswere determinedby trial and error. The supply
voltagesusedareshowvn next to their correspondinglatapoints.
The minimum possiblesupply voltage dictatedby the process
parameters/asl.5V. In general SCAL possessesxcellentvolt-
agescalingproperties.For every operatingpoint, it canoperate
with the lowest supply voltage amongall the adderswe have
designed.

Our resultsshav that SCAL is more enegy efficient than
theotheradiabatidogic familiesandboth staticCMOS designs
acrosgheentirefrequeng rangeof our simulations At 10MHz,
SCAL s 1.5t0 2 timesmoreenegy efficientthantheotheradia-
baticdesignsMoreover, it is 2 timesmoreenegy efficientthan
thepurelycombinationalCMOSCLA (denotedby cCMOS)and
3 timesmoreenengy efficient thanthe 3-stagepipelinedCMOS
CLA (denotecby pCMOS).At 100 MHz, the SCAL CLA is at
least2 timesmoreenegy efficient thanthe otheradiabaticde-
signsand? to 3 timesmoreenegy efficientthanthetwo CMOS
designs.At 200MHz,the SCAL CLA is about2.5timesmore
enegy efficientthan2N2Pandalmost5 timesmoreeneny effi-
cientthanpCMOS.ThePAL andcCMOSCLAs donotfunction
correctlyatthatfrequeng.

The TSEL adderis lessdissipatve thanthe PAL, 2N2P and
both CMOS designsfor operatingfrequenciesabose 100MHz.
Its dissipationincreasesharplyat 10MHz, however, becauset
sucha low operatingfrequeng the two DC referencevoltages
usedin the adderreachtheir limits, asdiscussedn Subsection



[lI-B. Consequentlythe durationof the evaluationphasein-
creasesresultingin higheroverall enegy consumption.

Neitherthefully adiabaticPAL addemor the pipelinedstatic
CMOSadderperformbetterthanSCAL. The PAL adderwhich
is gearedor very enepy efficient operationat low frequencies,
is moredissipatve than SCAL even at 10MHz andstopsfunc-
tioning above 100MHz. The pipelined CMOS adderis more
dissipatve thanevery otherdesignexceptfor TSEL at L0MHz.
The flip-flops usedto reducepath delaysand decreasehe re-
quired supply voltage in pCMOS end up increasingthe cir-
cuit's effective capacitancandthuslimit enegy savings. Thus,
SCAL presents promisingapproacho furtherreducingthedis-
sipationof CMOS designshathave reachedheir voltagescal-
ing limits.

The internal node capacitancesf the adiabaticdesignswe
usedin our experimentsvereroughlyequal.Thus,aclock gen-
eratorwith efficiency lessthan100%would merelyshift thedis-
sipationvaluesof the adiabaticdesignswithout changingtheir
relative orderor ratio. Therelative enegy savingswith respect
to CMOSwould belower, however, for all adiabatiamilies.
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CLA.

Figure 18 revealsa paradoxin the operationof TSEL: En-
ergy consumptiordecreasewith increasingsoltageswing! The
graphsn this figure shav the enegy consumptiorof the TSEL
adderdor 10MHz, 100MHz,and200MHz asa function of the
peak power-clock voltage. Each point was obtainedwith op-
timal referencevoltagesVpgr and Vg that were computedby
trial anderror. At 200MHz and 100MHz, asthe peakpower-

clock voltagedecreaseghe enegy dissipationalsodecreases.

At 10MHz, however, enegy consumptiordecreaseby increas-
ing the peakpower-clock voltage.

This seeminglycounterintuitve behaior can be explained
with the help of the waveformsin Figure19. Both power-clock
waveformsin this figure have a 10MHz frequeng. At sucha
low operatingrequeng, the DC referencevoltageshave already
reachedhe minimumvaluesthatallow correctcircuit function.
Therefore the durationof the evaluationphasesannotbe con-
trolled by adjustingthe referencevoltagevaluesand canthus
beexcessiely long, resultingin higheroverallenegy consump-
tion. By increasinghe peakpower-clock voltage theevaluation
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Fig. 19. Adjustmentof non-adiabatiswitchingintenal in TSEL by voltage
scaling.

phasedbecomeshorter This factis straightforvardto verify by
comparingthe lengthsof theintervals Np 3 ov andNp 1 gv that
correspondo the non-adiabaticswitching stagedfor PMOS at
3.0V and1.8V, respectiely. Thereductionin thelengthof the
non-adiabaticstageoffsetsary increasecenegy lossesdueto
thehighervoltageswing. Thus,the overall enepgy efficiency of
the TSEL gatesincreases.
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Fig. 20. Enegy consumptionvs. peak power-clock voltage for 8-bit SCAL
CLA.

Contraryto TSEL, the operationof the SCAL adderunder
voltagescalingfollows commonwisdom. Figure 20 shavs the
enegy dissipationof three SCAL addersas a function of the
power-clock voltage. Eachof the threeadderswasderived by
tuningthe currentsourcesf the original adderdesignfor min-
imum enegy 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 and 2.1V, respectiely. As expected,the enegy con-
sumptionof the addersincreasesnonotonicallyas their peak
power-clockvoltageincreasesMoreover, astheir operatingfre-
guenciesincrease their dissipationbecomesmore sensitve to
changesn the pawer-clockvoltage.

VIl. CONCLUSION

We presentedhe first-ever true single-phasediabaticlogic
family with a broadoperatingrange. The simplestmemberof
our family is TSEL. The othermemberof our family is SCAL,
a source-coupledrariant of TSEL that achievesincreasecden-
ergy efficiency by usinga tunablecurrentsourceto controlthe



rate of chaige flow into or out of eachgate. Our adiabaticcir-

cuitry avoids a numberof problemsassociatedvith multiple

power-clock schemesjncluding increasedenegy dissipation,
layout complexity in clock distribution, clock skew, and multi-

ple power-clock generators.

In HSPICEsimulationsof layoutsin astandard®.5m CMOS
technology TSEL andSCAL addersoutperformedcorrespond-
ing designsin static CMOS, PAL and 2N2P that were operat-
ing with power-clock voltagesscaledfor minimum enegy dis-
sipation. In comparisonwith static CMOS, PAL, and 2N2P
SCAL was 1.5 times more enegy efficient at 10MHz and at
least 2 times more enegy efficient at higher operatingfre-
guencies. Moreover, our SCAL adderswere 2 to 5 times
more enegy-efficient than correspondingcombinationaland
pipelinedCMOS designsn the 10-200MHzrange. TSEL was
lessdissipatvethanPAL, 2N2P andbothCMOSdesigngor op-
eratingfrequenciesabove 100MHz. Although our single-phase
designsveretunedmanuallyby trial anderror, theresultsof our
investigationsuggesthat TSEL andSCAL areexcellentcandi-
datesfor high-speedndlow enegy VLSI design.

We have recently designedan 8x8 SCAL multiplier with
built-in self-test(BIST) and a single-phasesinusoidalpower-
clock generatomwith a surfacemountinductor Although the
resonantclock drivers proposedby most previous paperscan
be usedto generatea single-phasgower-clock, we designed
our own single-phasegeneratorthat resemblesa zero-wltage
switchedresonanpower corverter A key featureof our gener
atoris thatit only conductsaasmallfractionof theentireinductor
current.We have alsodevelopeda setof CAD toolsfor automat-
ing the verificationandoptimizationof large adiabaticdesigns.
Our chip hasbeenfabricatedn a standard).5um CMOS pro-
cessandis currentlybeingtested.
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