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ABSTRACT
Recentlydiscoveredhigh-speedsingle-phase adiabaticlogic fami-
lies requireefficient sinusoidalpower-clock generators.In this pa-
perwe proposea low-power resonantclock-generatorbuilt around
azero-voltageswitchingpush-pull powerconversiontopology. We
describeanovel energy-efficient controlcircuit for thispower con-
verter, basedon an asynchronousCMOS statemachine.We also
describean integratedsub-micronCMOS implementationof our
power converterandcontrol circuits. Simulationresultsshow ef-
ficienciesin excessof 90%, even under suboptimaltuning condi-
tions,for frequenciesover 200MHz. We have fabricatedour clock
generator in a 0.5� m standardCMOS process.Using an external
surface-mount inductorasthe resonantelement,we have verified
thecorrectoperationof theclock generatorwhendriving a single-
phaseadiabatic8-bit multiplier.

Categoriesand Subject Descriptors
B.0 [Hardware]: General

Keywords
Adiabatic logic, Clock generator, CMOS, Low energy, Resonant,
Singlephase,VLSI, Dynamiccircuitry, SCAL, SCAL-D, TSEL.

1. INTRODUCTION
Efficient power-clock generationplaysa crucial role in the de-

signof low-energy adiabaticsystems.Dueto themulti-phaseclock-
ing requirementsof mostadiabaticcircuit families[1, 2, 3, 4, 5],
a lot of researchhasbeendevoted to the designof efficient gen-
eratorsfor multiple-phaseor ramp-shapedpower clocks [6, 7, 8,
9]. Theuseof multiplepower clocksandtuningelements,coupled
with unknown andvariablepackageparasitics,data-dependentload
capacitances,andunmatchedper-phaseclock loads,posesserious
challenges to thesuccessful designof suchsystems,however, par-
ticularly at high operatingfrequencies.

Advances in low-energy circuit designhave recentlyled to the
discovery of new high-speedadiabaticlogic families that operate
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with a true single-phasepower clock [10, 11, 12, 13]. Theseadi-
abaticsystemspresenta large,primarily capacitive load,requiring
rail-to-rail power-clock voltageswingsat frequenciescomparable
to conventional logic families.Moreover, for maximumenergy ef-
ficiency, they requiresinusoidalor symmetricalpower-clockwave-
forms.TheresultingAC currentsarelargeandsymmetric.A com-
pelling approachto the generationof thesecurrentsis the useof
low-power, resonant ��� -basedoscillators.

This paperpresentsan integrated,single-phaseresonantclock
generatorbasedonapush-pull, zero-voltageswitchingpowertopol-
ogy akin to a Class-Eamplifier [9, 14, 15]. This topology is well-
suitedfor driving the large capacitive loadspresentedby single-
phaseadiabaticcircuitry, asthepeakcurrentconductedby themain
power switchesis much smaller than the peak inductor current.
The resultingpower switchesare thussmall, with small conduc-
tion lossesandsmallgate-drivedissipation.To generatesymmetric
sinusoidalwaveforms,our single-phasegeneratorrelieson a pair
of power switchesthat are regulatedby a highly efficient CMOS
controller. Thelow-energy operationof this controlleris basedon
a tunablering oscillator and a novel asynchronous CMOS state
machine. In this paper, we describethe design,operation,and
transistor-level implementationof our clock generator. Through
simpleanalysis,we arguethat our generatoris suitablefor large,
practicaladiabaticdesigns. In spicesimulationswith post-layout
extractedparasitics,thereactiveefficiency of ourgeneratorexceeds
90%at frequenciesabove 200MHz, evenundersuboptimaltuning
conditions. Our clock generatorhasbeenfabricatedin a 0.5� m
conventional CMOSprocessthroughMOSIS.Chip measurements
show its correctoperationabove 140MHz, while driving an adia-
baticloadof approximately60pF.
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Figure1: Block Diagram of Clock Generator.

Figure1 givesa brief overview of our clock generator. Our de-
signis composedof aring oscillatorwhichfeedsaclocksignalto a
pulsegenerator. Alternatively, thering oscillatorcouldbereplaced
with an external squarewave clock source. The pulsegenerator
alternatesgatepulsesto control the main power switches��� and��� . Theseswitchesconduct currentto and from an external in-
ductor, addingenergy to the inductorin a controlledmannerfrom
two externalDC supplies,which alsosupply ����� and ����� to the
adiabaticcircuitry. Switches��� and ��� areswitchedon in an al-



ternatingfashion,pumpingthe resonant��� systemwith energy
derived� from the supplies.This energy is addedat the maximum
andminimumpower-clock voltage,sothattheswitchesareturned
onwhentheblocking voltageis nearlyzero.Theamountof current
conductedby the switchesis relatedto the energy requiredby the
systemto maintainastablepower-clockamplitude.For typicaladi-
abaticloads,thiscurrentis muchlessthanthepeakcurrentflowing
throughtheinductor into theloadcapacitance.

Previous researchin integrated,single-phaseclock generators
targetedclocked adiabaticcircuits [16]. The waveform require-
mentsof thesecircuitsaresubstantially differentfrom thoseof the
NMOS andPMOScascadesusedin recenttruesingle-phaselogic
familiessuchasTSEL andSCAL [12, 13]. In particular, the use
of NMOS andPMOScascadeshaseliminatedthe needfor an ex-
tra clock signal. Consequently, achieving high energy efficiency
requiresa moresymmetricalpower-clock waveformthanprovided
by previoussingle-phasepower-clock generators.

The remainderof this paperhasseven sections. Section2 re-
views our selectedpower conversiontopology andits main prop-
erties. Section3 describesthe operationof our control circuits.
Section4 gives detailedimplementationdetails,schematics,and
simulatedwaveforms.Section5 discussessystemlevel considera-
tions,includingpackageparasitics,efficiency, andscaling.In Sec-
tion 6 we provide simulationresults.Section7 discussesour fab-
ricatedclock generatorandprovidesmeasuredoperationalwave-
forms.Section8 summarizesour contribution.

2. OVERVIEW OF POWER TOPOLOGY
In thissectionwereview thepropertiesof thezero-voltageswitch-

ing resonantpower conversion topology we chosefor our clock
generator. Wealsojustify why thistopologyis acompellingchoice
for driving thetypeof loadsweexpectfrom single-phaseadiabatic
systems.
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Figure 2: (a) Power conversion topology. (b) Idealized wave-
forms.

Figure2(a)presentsa switchandresonant elementmodelof our
power conversiontopology driving a simple resistive andcapaci-
tive load. The load is drawn ascapacitanceto both �'�(� and ���)�
to indicatethesymmetryof thesystem.Without lossof generality,
however, thefollowing discussionassumesthatthesecapacitances
are lumpedasa single,equivalent � . The two switches ��� and��� areturnedon andoff in an alternating,periodicmanner, so as
to pumptheresonant ��� systemat thedesiredfrequency. Thein-

ductor � is chosengivena specified� , usingthefamiliarequation*,+ �.-0/ �21.� .
Idealizedcurrentand voltagewaveforms for the inductor and

capacitorareshown in Figure2(b) alongwith the accompanying
switchstates.Noticethatthepeakcurrents354�6 and 37498 carriedby
theswitchesaresmallerthanthepeakcurrent :;3)< in theinductor.
Theswitchesmayconduct currentin eitherdirectionandcanthus
transferany excessresonantenergy backinto theDC supply. The
waveformsdrawn assumetheduty cycle of theswitchesis chosen
sothat in thesteadystate,thetotal energy dissipatedin thesystem
percycle exactly balancestheenergy addedpercycle.

An importantpropertyof thistopology iszero-voltageswitching.
When ��� turns on, the voltageacrossthe switch, ��� � , is nearly
zero. A similar situationexists for switch ��� . This zero-voltage
switchingminimizesturn-onlossesassociatedwith thecapacitance
on thepower-clock node.

Another important property of this topology is relatedto the
magnitudesof thecurrentsconductedby theswitches.Eachswitch
conductsa currentwhosemagnitudegrows in a nearlylinearfash-
ion until reachingapeakof 3 4�= , atwhichpoint theswitchis turned
off. This peakcurrentis relatedto theenergy >?= addedto thesys-
temby theswitchasfollows:3 4�= +A@ �B17> = -C�ED (1)

In steady-stateoperation,theenergy addedby theswitchesexactly
balancesthelossesincurredby thesystem,andsothepeakswitch
currentmagnitude is independentof thepeakloadcurrent.In addi-
tion, aswe scalethemagnitudeof theloadlossesby F , thesizeof
theswitchesonly needsto scaleby / F , assumingthat thecurrent
carryingcapacityof a MOSFETswitchis proportional to its G,-C�
ratio.

Sinceswitch sizeandconduction lossesareproportionalto the
peakswitch currentthat needsto be conducted, this power topol-
ogy is very efficient at driving large capacitive loads with low-
dissipation.Thesingle-phaseadiabaticlogic familieswehavecon-
sideredpresentexactly this type of load [12], due, in part, to the
largecapacitanceassociatedwith thepower-clock distributiontree.
In addition,thesefamiliesrequirelargeresonantpower-clock cur-
rents,while incurring small losseson the power-clock. This type
of load is exactly what can be driven efficiently with the small
switchesof this topology.

3. OPERATION
In this section,we describethe operationof the circuitry that

controlsswitches��� and ��� . This circuitry mustprovide alternat-
ing pulsesof controlledwidth to thetwo switchesataconstantrate.
Themaincostmetric is energy dissipationpercycle in thecontrol
logic.

As shown in Figure3, our control circuitry consistsof a three-
stagedifferential-logicring oscillator, a ratioedinverterto generate
duty-cycle controlledpulses,andan asynchronousstatemachine,
that alternatesthe pulsesto the two switches. The ring oscilla-
tor is controlledby two biasvoltages�9HJI and ��H < . In particular,
the overall clock periodis controlledby adjusting � HJI and � H < in
oppositedirections.This adjustment increasesor decreasestheto-
tal currentavailablefor thedifferentialinverters.The pulsewidth
of the bufferedoutput K is controlledby adjusting �0HJI and ��H < in
thesamedirection.This typeof adjustmentchangesthecommon-
modelevel of thedifferentialsignals,whichgetsconvertedto pulse
width variationsby theratioedinverter.

Figure4 shows the statetransitiondiagramassociatedwith the
asynchronousstatemachine.Otherthanan initial resetsignal,the
statemachineoperatesfrom the single input K , which is derived
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Figure3: Block diagram of control logic.
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Figure 4: Statediagram of pulsegenerator, with statebits cor-
respondingto nodesx, y, a, and b.

from thering oscillator. Thefunctionof thestatemachineis to di-
rectpositive-going pulseson K alternatelyto negative-going pulses
on statebits S and T . Thewidthsof thepulseson S and T arepro-
portional to the width of the pulseson K . Furthermore,the states
areassignedin sucha mannerthateachstatetransitionamounts to
a singlebit change.Eachpositive bit transitionis uniquely iden-
tified by two “zero” statebits, and eachnegative bit transitionis
uniquely identifiedby two “one” statebits. This specificstateen-
coding leadsto a very compact asynchronousCMOS implemen-
tation of this statemachine,involving 16 transistorsand 1 reset
transistor. The main timing assumptionfor this circuit is that the
input pulsesarelong enoughfor thestatemachineto reachastable
statebeforetheinput changes. Detailedtransistor-level schematics
for this statemachineareprovidedin Section4.

4. IMPLEMENT ATION
Thecompleteclockgeneratorcircuitsareshown in Figure5, tar-

getinga UVD W �YX standardCMOSprocess,a frequency of 200MHz,
anda driving loadof 60pF. Thering oscillatorcontains27 transis-
tors, including theoutput buffer. Thesizesof the transistorsfeed-
ing currentinto the ring oscillatorinvertersarechosento normal-
ize thevoltageamplitudesbetweenthetwo lightly loadeddifferen-
tial invertersandthesingle,heavily loadeddifferentialinverterthat
drivestheratioedinverter. The threeweakPMOStransistorswith
a W/L ratio of 3/4 areprovided to slightly imbalancethe ring os-
cillator, allowing for morereliableoscillatorstartupin simulation.
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Figure5: Detailed schematicof clock generator.

An internalresetsignalis derivedfrom the �9H^I biasinput.
The pulsegenerator statemachinecontains17 transistors.The

two transistorstacksdriving the nodes S and T are sizedalmost
twiceaslargeasthestacksdriving thenodes_ and ` . Nodes_ and` arefully dynamic,while nodesS and T haveweakkeeper transis-
tors providing positive feedbackcurrentfrom the gatedrive. The
gatedrive circuitscomprise10 transistors.We provide two invert-
ersto amplify thesignal T thatdrivesthemainPMOSpowerswitch.
Weprovideoneinverterto amplify thesignal S thatdrivesthemain
NMOS power switch. In our layout, the two power switchesare
segmentedinto a number of smallertransistors,eachof themsur-
rounded by a guardring andconnectedwith many contactsto re-
ducethe contactresistance.The PMOSpower switch is approxi-
mately3 timesthesizeof the NMOS power switch,reflectingthe
reducedcurrentcarrying capability of the PMOS devices in this
technology.

Figure 6 shows simulationwaveformsfrom our clock genera-
tor, whendriving a capacitive loadof 60pFwith a resonantinduc-
tanceof 12nH. The top traceshows signals SVa , T�a , and b(a from
the ring oscillator. The secondtraceshows the internal signals
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Figure6: Example clock generator waveforms.

K , _ , and ` from the clock control statemachine. The third trace
shows thebufferedgatedrive pulsescVS and cVT , which areinverted
versionsof signals S and T from the clock control statemachine.
TheNMOS power switchis controlleddirectly by cVS . ThePMOS
power switch is controlledby cVT which is an invertedversionofcVT . Sincethe PMOSpower switch is roughly 3 timesaslarge as
theNMOS power switch,theadditionalinverterbuffering thegate
drive alsoprovidesadditionalsignalgain. The fourth traceshows
theresultingpower-clock waveform,alongwith thethreeDC sup-
ply voltages�9��� , �d�)� , and ef�;�(� asa reference.

5. SYSTEM LEVE L ISSUES

5.1 Adiabatic Load
Single-phaseadiabaticlogic familiesrequireasinglepower-clock

signalto be distributedto eachgatein the design,while minimiz-
ing the voltagedrop and phaseshift betweenany two points on
thepower-clock grid. Thephysicaldesignof thepower-clock grid
usuallyentailslaying out many wide distribution wires,contribut-
ing a significantamount of capacitanceto the power-clock node,
upwards of 60% in the designswe considered. With our power-
clock generator, this additionalcapacitancedoesnot significantly
impact overall efficiency, becausethe main power switchesonly
needto conducta currentsufficient to balancethe lossesincurred
by theload,andnot theentireinductorcurrent.

5.2 Efficiency
In order to effectively measurethe performanceof the clock-

generator driving a reactive (primarily capacitive) load, we usea
standarddefinitionfor efficiency usuallyappliedto AC power sys-
temsthat includesa measureof reactive energy. This is an ap-
propriateperformance metric,becausetheadiabaticlogic families
requirealargeamplitudesinusoidalvoltagein orderto operatecor-
rectly, but dissipateonly a small fraction of the energy storedin
theresonant elementspercycle. We adopttheusualdefinition for
reactive power, namelytheproduct of RMS voltageandRMS cur-
rent. Using symbolsrelatedto our design,theefficiency equation
becomes: gh+ ikjCl mon �qpsrut 4 1 i K l mon �qpsrut 4vxw^y{z ikj l mon � psrut 4 1 i K l mon � psrut 4}|
where

v~w^y
is thepower dissipatedwithin all of theclock generator

circuits. In the caseof a purely resistive load, the reactive power
andrealpower areidenticalandthis equationreducesto thefamil-
iar equation g�+ v l mon � - i vxw^y�z}v l mon � p�D
5.3 Scaling

We considerthe effect of changing the adiabaticload capaci-
tanceon the efficiency of our clock generator. Given aretwo adi-
abaticloadswith identicaldissipation> l mon � , differing only in the
load capacitance��6 and �?8 . Assumingwe want to comparethe
performanceof ourclockgeneratorat thesamefrequency for these
two load capacitances, it is necessaryto scalethe inductorsizeas
follows: ��8 + �{6�1q��6�-C��8{D
Sincetheclockgenerator lossesareproportional to thepeakcurrent
conductedby themainpower switches,comparingtheexpressions
for 3�4�= indicateshow thelossescomparebetweenthetwo designs:

3�4�='� 87-�3�4�='� 6�� @ ��-C� 8@ ��-C� 6 � @ ��8.-'��6�D
Thus,addingpurecapacitanceto theloadincreasesour clock gen-
eratorlossesby only thesquareroot of theincreasein capacitance.

In general,we expect very largeloadsto berelatively moreeffi-
cient percomputation thansmall loads. Theoverheadof support-
ing a ring oscillatorandpulsegeneratoris amortizedoverall of the
loadlosses.Moreover, thelossesassociatedwith thescalablecom-
ponentsof theclockgenerator, namelythepowerswitchesandgate
drive circuits,grow only in proportion to the load losses,indepen-
dentof theloadcapacitance.In particular, givenanadiabaticdesign
thatoccupiesarea� , boththecapacitanceandloadenergy dissipa-
tion > l mon � areroughlyproportional to � . Also, for fixedfrequency,� is inverselyproportionalto � . Substitutioninto Equation1 that
givesthepeakswitchcurrentyields

3 4�='� <7� n�� � @ > l m�n �q-C�,� @ �B- i �.-5�Bp�����D
5.4 PackageParasitics

bond fingerpin

L

R

C

C= 1.05 pF L= 3.69 nH

R= 0.0498 Ohms

Figure 7: MOSIS 40-pin ceramic DIP packageparasitics, pins
8, 13,28,and 33.

Packageparasiticsmaynegatively impacttheperformanceof our
clock-generatorif notconsideredin thesystemlevel designasthey
may vary widely betweenpackage typesand even betweenpins
within the samepackage. As an example,we provide in Figure7
the parasiticsmodel for a 40-pin ceramicDIP packageusedby
MOSIS. This was the package selectedfor our test chip. Using
the parasiticsinformation,we choseto use6 pins nearthe short-
est package leads(pins 8, 9, 10, 11, 12, 13), allocating 2 pins
to eachof ����� , ���)� , and

v � . The parasiticsfor thesepins were
in the range � +�� � D��.Wq�Ye | � D �'�q�~e�� , � +�� U9D �C�'U(��� | �CD U'W��d�;� ,� +�� UVD U'�q�0�C� | U9D UC�'�'�'��� . Therearemany modernpackages that
havemuchbettercharacteristicsthanthe40-pinDIP. Nevertheless,



the packageparasiticsand pin choicesmust be carefully consid-
ered,becauselarge AC currentsarepresentin the �0��� , � �)� , andv � nodesof our clock generator, even if the DC component is
small.

6. SIMULA TION RESULTS

6.1 Equivalent RC Loads
To evaluatethe efficiency of our clock generator, we simulated

its operationin HSPICEusinga lumped
� � load, whosevalues

werechosento berepresentative of thetargetadiabaticsystem.To
determineappropriatevaluesfor � l mon � , we first measuretheRMS
currentandvoltagepresentat the power-clock input of our adia-
baticcircuit. Wethencompute� l mon � usingtheexpression

� l mon � + �* @ i �drut 4 -�3�rut 4 p 8�� i v l m �)�7-�3 8rut 4 p 8 D
For mostadiabaticcircuits, it is reasonable to assumethat

� �¡��.- i * �¡p which, in which case� l mon � canbe approximatedby the
expression � l mon � + 3�rut 4* �drut 4 D

In addition,we measurethetotal power dissipationof our adia-
baticcircuit attributedto thepower-clock sourceby integratingthe
power over onecycle:v l m �)� + �¢�£¥¤¦ j < w i aop�K < w i asp�§qa�D
Fromthis dissipationwe pick anequivalentresistance

� l mon � using
theexpression � l mon � + v l m �)� -�3 8rut 4 D

The adiabaticcircuit we usedin our simulationswas an 8-bit
multiplier [12]. For this circuit, we computedequivalent

� � val-
uesof approximately �'U pF and U9D �9�7� . With theseequivalentload
parameters,thedissipationwithin theclockgenerator,

v w�y
, is com-

putedfrom the voltagesandcurrentspresenton the �C�(� and � �)�
suppliesasfollows:vxw�y + �¢ £ ¤¦ i � ��� 1.K i � �(� p z � �)� 15K i � �)� p � � < w 1.K 8< w p�¨0a�D
6.2 Bias Control

Figure8 showsacontourplot showing theeffectof thering oscil-
latorbiasvoltageson frequency andswitchduty cycle. Thedashed
contours indicatefrequency andarelabeledin units of MHz. The
solid contours indicateswitch duty cycle in percent,asmeasured
on the gateof the main power switches. This plot shows how to
selectthe correctbiasvoltagesfor a given operatingcondition. It
alsodemonstratesthecapability for ourcontrolcircuitsto betuned.

Thetwo biasvoltagescanbeefficiently generatedon-chipusing
a variety of standardtechniques [17]. Sincethe biasesare con-
nectedonly to polysilicon gateconductors and metal wires, the
leakagecurrentis negligible, so the only dissipationwould come
from thebiasgenerator circuit itself.

6.3 Efficiencyand Tuning
Figure9 shows the effect of tuning mismatchon efficiency. A

fixedbiaswasappliedto thering oscillator, generatinga frequency
of 207MHz. Different inductanceswerechosen, so that the res-
onant frequency varied from the ring oscillator frequency by :
10%. This experimentwasrepeatedfor severaldifferentloadcon-
figurations,chosenso that the product

� � was held constantat
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�'U��d�©1��7� , which is a conservative representative of our adiabatic
loads. The goal of thesesimulationswasto determinetherobust-
nessof the systemto realworld componentandpackageparasitic
variation.As indicatedby our data,we expectour clock generator
to achieve efficienciesin excessof 90% with an inductor compo-
nenttoleranceof : 5%.

7. EXPERIMENT AL RESULTS
Figure10 shows a closeup photograph of the clock generator,

whichwasfabricatedaspartof alargersingle-phaseadiabaticlogic
testchip. Theclock generator occupiedanareaof U9D U9�.� mm8 and
was capableof driving an adiabaticcircuit composedof 11,854
transistorsoccupying an areaof U9D �V�7U mm8 . The areaoverhead
of the clock generatorwas thus lessthan2% of the total design.
In comparison, the bypasscapacitancerequiredto reducesupply
noisefor this samedesignamountedto 6% of thedesignarea.

The clock generatorwasdesignedaspart of an adiabaticmul-
tiplier designproject and was thus hardwiredto its load. Con-
sequently, clock efficiency could only be indirectly measuredby
subtractingthedissipationof themultiplier from thatof theentire
clock andmultiplier system.Sincetheexperimental characteriza-
tion of the multiplier’s dissipationhadlimited accuracy, the error



Figure10: Micr ophotographof clock generator.

in multiplier dissipationwasof thesameorderastheclock genera-
tor dissipation,renderingthe efficiency computationmeaningless.
However, measurementsof total clock andmultiplier systemdissi-
pationwereconsistentwith our simulations.

Figure 11: Measured waveforms: power-clock, cVS and cVT sig-
nals.

Figure 11 shows measuredwaveforms of the clock generator
driving anon-chipadiabaticloadof approximately �CU pFand U9D �9�7� .
An externalsurface-mount inductorwasusedasthe resonant ele-
ment. The large sinusoidis the power clock signal measuredat
theexternalinductorpin. Thetwo smallerwaveformsarebuffered
versionsof the gatedrive signals cVS and cVT . Due to the delay
of buffering anddriving externalpads,thesepulsesdo not appear
on thesamephaseof thepower-clock sinusoidasthe internalgate
drive signals.

The use of an inductor with a highly integratedCMOS chip
presentsthepossibilityof latch-up,aspotentialvoltageovershoots
maycauseexcessivesubstratecurrentstriggeringlatch-up.Through-
out thetestingof our fabricatedchip, we did not experience latch-
up under any conditions,evenwith voltagesoutsideof normalop-
eratingconditions.As latch-upwasa designconcern,we provided
a large on-chip bypasscapacitorto storeany excessenergy from
the inductor, conductedback into the suppliesthroughthe main
switches.Moreover, wesegmentedthemainpowerswitchesin our
layout,separatingsegmentswith substrateor well contacts.

8. CONCLUSION
Wehave presenteda compact,tunable,andhighly-efficient inte-

gratedclock generatorcircuit, suitablefor efficiently driving large
capacitive loadssuchasthosepresentedby recentsingle-phaseadi-
abaticcircuit families. We presenteda simpleandefficient asyn-

chronousstatemachinefor generatingtherequiredalternatinggate
drivepulsesfor apush-pullzero-voltageswitchingpowerconverter.
With reactive efficienciesexceeding 90%,we have shown thatour
clock generatoris well-suitedfor driving the typesof loadspre-
sentedby adiabaticcircuit families. We have fabricatedandsuc-
cessfullytestedthe operationof our circuits in a standardUVD W �YX
CMOSprocess.
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