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ABSTRACT

Recentlydiscoreredhigh-speedsingle-phas adiabaticlogic fami-
lies requireefficient sinusoidalpower-clock generatorsin this pa-
perwe proposea low-power resonantlock-gereratorbuilt around
azero-\oltageswitchingpush-pdl power corversiontopology We
describea novel enegy-efiicient controlcircuit for this power con-
verter basedon an asynclionousCMOS statemachine. We also
describean integratedsub-micronCMOS implementationof our
power corverterand control circuits. Simulationresultsshav ef-
ficienciesin excessof 90%, even under suboptimaltuning condi-
tions, for frequenciever 200MHz. We have fabricatedour clock
generatoin a 0.5um standardCMOS process.Using an external
surface-maint inductor as the resonantlement,we have verified
the correctoperationof the clock generatomwhendriving a single-
phaseadiabatic8-bit multiplier.

Categoriesand Subject Descriptors
B.0[Hardware]: General

Keywords

Adiabaticlogic, Clock generatarCMOS, Low enegy, Resonant,
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1. INTRODUCTION

Efficient pawer-clock generatiorplaysa crucial role in the de-
signof low-enepgy adiabaticsystemsDueto themulti-phaseclock-
ing requirement®of mostadiabaticcircuit families[1, 2, 3, 4, 5],
a lot of researcthasbeendevotedto the designof efficient gen-
eratorsfor multiple-phaseor ramp-shapegbower clocks [6, 7, 8,
9]. Theuseof multiple pawer clocksandtuning elementscouded
with unknown andvariablepackag parasiticsdata-depenehtload
capacitanes,andunmatcted perphaseclock loads,posesserious
challengs to the successfudesignof suchsystemshowever, par
ticularly at high operatingfrequencies.

Advanaesin low-enegy circuit designhave recentlyled to the
discovery of new high-speedadiabaticlogic familiesthat operate
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with atrue single-phaseower clock [10, 11, 12, 13]. Theseadi-
abaticsystemgresent large, primarily capacitve load, requiring
rail-to-rail power-clock voltageswingsat frequenciesomparake
to conventioral logic families. Moreover, for maximumenegy ef-
ficiengy, they requiresinusoidalbr symmetricapower-clock wave-
forms. TheresultingAC currentsarelargeandsymmetric.A com-
pelling approachto the generationof thesecurrentsis the use of
low-power, resonah LC-basedscillators.

This paperpresentsan integrated,single-phaseaesonantclock
generatobasednapush-pll, zero-wltageswitchingpowertopol-
ogy akin to a Class-Eamplifier[9, 14, 15]. This topology is well-
suitedfor driving the large capacitve loads presenteddy single-
phaseadiabatiacircuitry, asthepeakcurrentcondictedby themain
power switchesis much smallerthan the peakinductor current.
The resulting power switchesare thus small, with small condc-
tion lossesandsmallgate-drve dissipation.To generatesymmetric
sinusoidalwaveforms,our single-ptasegeneratorelieson a pair
of power switchesthat are regulatedby a highly efficient CMOS
controller Thelow-enegy operationof this controlleris basedon
a tunablering oscillator and a novel asynchroous CMOS state
machine. In this paper we describethe design, operation,and
transistoflevel implementationof our clock genergor. Through
simple analysis,we argue that our generatoiis suitablefor large,
practicaladiabaticdesigns. In spicesimulationswith post-layou
extractedparasiticsthereactve efficiency of ourgeneratoexceed
90% at frequendes above 200MHz, even undersuboptimaluning
conditions. Our clock generatorhasbeenfabricatedin a 0.5um
convertional CMOS processhroughMOSIS. Chip measuremes
shaw its correctoperationabore 140MHz, while driving an adia-
baticload of approxmately 60pF
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Figure 1: Block Diagram of Clock Generator.

Figurel givesa brief overvien of our clock generatar Our de-
signis composeaf aring oscillatorwhichfeedsaclock signalto a
pulsegenaator. Alternatively, thering oscillatorcouldbereplaced
with an external squarewave clock source. The pulse geneator
alternategyatepulsesto control the main power switchesS1 and
S2. Theseswitchesconduct currentto and from an external in-
ductor addingenengy to the inductorin a controlledmannerfrom
two external DC supplies,which also supply Vg4 and Vs, to the
adiabaticcircuitry. SwitchesS1 and S2 areswitchedonin anal-



ternatingfashion, pumpingthe resonantL.C systemwith enegy

derived from the supplies. This enegy is addedat the maximum
andminimum power-clock voltage,sothatthe switchesareturned
onwhentheblocking voltageis nearlyzero. Theamountof current
conductedby the switchesis relatedto the enegy requiredby the
systento maintainastablepower-clockamplitude.For typical adi-

abaticloads,this currentis muchlessthanthe peakcurrentflowing

throughtheinducta into theload capacitace.

Previous researchin integrated, single-phaseclock generators
targeted clocked adiabaticcircuits [16]. The waveform require-
mentsof thesecircuitsaresubstatially differentfrom thoseof the
NMOS andPMOScascadesisedin recenttrue single-phaséogic
familiessuchas TSEL and SCAL [12, 13]. In particular the use
of NMOS andPMOS cascadesaseliminatedthe needfor an ex-
tra clock signal. Consequetly, achieving high enegy efficiency
requiresamoresymmetricapower-clock waveformthanprovided
by previous single-phas@ower-clock generators.

The remainderof this paperhasseven sections. Section?2 re-
views our selectedpower corversiontopology andits main prop-
erties. Section3 describegshe operationof our control circuits.
Section4 gives detailedimplementationdetails, schematicsand
simulatedwaveforms. Section5 discussesystemlevel considera-
tions, including packageparasiticsefficiengy, andscaling.In Sec-
tion 6 we provide simulationresults. Section7 discussesur fab-
ricatedclock generatorand provides measuredperationalwave-
forms. Section8 summarize®ur contritution.

2. OVERVIEW OF POWER TOPOLOGY

In thissectionwe review thepropertief thezero-\ltageswitch-
ing resonantpower corversiontopology we chosefor our clock
generata We alsojustify why thistopologyis acompellingchoice
for driving thetype of loadswe expectfrom single-ptaseadiabatic
systems.
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Figure 2: (a) Power corversion topology. (b) Idealized wave-
forms.

Figure2(a) presenta switchandresonahelementmodelof our
power cornversiontopology driving a simpleresistive and capaci-
tive load. The load is drawn as capacitanceo both V4 and V
to indicatethe symmetryof the system.Without lossof generality
however, thefollowing discussiorassumeshatthesecapacitanes
arelumpedasa single, equivalentC. The two switchesS1 and
S2 areturnedon andoff in an alternating periodicmanne, soas
to pumptheresonah LC systemat the desiredfrequeng. Thein-

ductor L is chosergivena specifiedC, usingthefamiliar equation
w=1/VvL-C.

Idealized currentand voltage waveformsfor the inducta and
capacitorare shavn in Figure 2(b) alongwith the accompaying
switch states Notice thatthe peakcurrentsls; ands» carriedby
the switchesaresmallerthanthe peakcurrent+1, in theinductor
The switchesmay condict currentin eitherdirectionandcanthus
transferary excessresonanenegy backinto the DC supply The
waveformsdravn assumehe duty cycle of the switchesis chosen
sothatin the steadystate the total enegy dissipatedn the system
percycle exactly balanceshe enegy addedpercycle.

An importantpropertyof thistopology is zero-wltageswitching.
When S1 turnson, the voltage acrossthe switch, Vg, is nearly
zero. A similar situationexists for switch S2. This zero-wltage
switchingminimizesturn-onlossesassociateavith thecapacitance
onthepower-clock node

Another important property of this topology is relatedto the
magnituds of the currentsconductedy the switches Eachswitch
condictsa currentwhosemagnitudegrows in anearlylinearfash-
ion until reachinga peakof Is,, atwhich pointtheswitchis turned
off. This peakcurrentis relatedto theenegy E, addedto thesys-
temby the switchasfollows:

In steady-stateperationtheenegy addedby the switchesexactly
balanceghe lossesncurredby the systemandsothe peakswitch
currentmagnituct is indepeneéntof the peakload current.In addi-
tion, aswe scalethe magnitudeof the load losseshy a, the sizeof
the switchesonly needsto scaleby 1/, assuminghatthe current
carryingcapacityof a MOSFETswitchis propationalto its W/L
ratio.

Sinceswitch size and condLction lossesare proportionalto the
peakswitch currentthat needsto be conductedthis power topol-
ogy is very efficient at driving large capacitve loads with low-
dissipation.Thesingle-phasadiabatidogic familieswe have con-
sideredpresentexactly this type of load [12], due,in part, to the
large capacitane associatedvith thepower-clock distributiontree.
In addition,thesefamiliesrequirelarge resonanpower-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
controlsswitchesS1 and.S2. This circuitry mustprovide alternat-
ing pulsesof controlledwidth to thetwo switchesata constantate.
Themain costmetricis enegy dissipationper cycle in the control
logic.

As shavn in Figure 3, our control circuitry consistsof a three-
stagedifferential-logicring oscillator aratioedinverterto generate
duty-gycle controlledpulses,and an asynchionousstatemachine,
that alternatesthe pulsesto the two switches. The ring oscilla-
tor is controlledby two biasvoltagesVs, andVs,. In particular
the overall clock periodis controlledby adjustingVs, andVj, in
oppasite directions.This adjustmenhincrease®r decreasethe to-
tal currentavailablefor the differentialinverters. The pulsewidth
of the buffered outputs is controlledby adjustingVs,, and V4, in
the samedirection. This type of adjustmenthangsthe common
modelevel of thedifferentialsignals which getscorvertedto pulse
width variationsby theratioedinverter

Figure4 shaws the statetransitiondiagramassociatedvith the
asynchionousstatemachine.Otherthananinitial resetsignal,the
statemachineoperatesrom the single input 4, which is derived



Vbp »

i o o

Vbn »

AU AW 2 X

a=\ - abrd e

b\ bpi>e/S1
g

Figure 3: Block diagram of control logic.
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Figure 4: Statediagram of pulse generator, with statebits cor-
respondingto nodesy, y, a, and b.

from thering oscillator Thefunction of the statemachineis to di-
rectpositive-gdng pulseson i alternatelyto negative-gang pulses
on statebits a andd. Thewidths of the pulseson a andb arepro-
portionalto the width of the pulseson 7. Furthermorethe states
areassignedn sucha mannerthateachstatetransitionamouns to
a single bit change. Eachpositive bit transitionis uniqudy iden-
tified by two “zero” statebits, and eachnegative bit transitionis
uniguely identifiedby two “one” statebits. This specificstateen-
coding leadsto a very compat asynclionousCMOS implemen-
tation of this statemachine,involving 16 transistorsand 1 reset
transistor The main timing assumptiorfor this circuit is thatthe
input pulsesarelong enoughfor the statemachineto reacha stable
statebeforetheinput changs. Detailedtransistoflevel schematics
for this statemachineareprovidedin Section4.

4. IMPLEMENT ATION

Thecompleteclock generatocircuitsareshavn in Figure5, tar
getinga 0.5um standardCMOS processa frequeny of 200MHz,
andadriving load of 60pF. Thering oscillatorcontains27 transis-
tors, including the output buffer. The sizesof the transistorfeed-
ing currentinto the ring oscillatorinvertersare chosento normal-
ize thevoltageamplitudesbetweerthe two lightly loadeddifferen-
tial invertersandthesingle,heaily loadeddifferentialinverterthat
drivestheratioedinverter The threeweakPMOStransistorswith
a WI/L ratio of 3/4 are provided to slightly imbalancethe ring os-
cillator, allowing for morereliable oscillatorstartupin simulation.
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Figure5: Detailed schematicof clock generator.

An internalresetsignalis derived from the V;,, biasinput.

The pulsegeneator statemachinecontainsl7 transistors.The
two transistorstacksdriving the nodesa andb are sized almost
twice aslargeasthe stacksdriving thenodesr andy. Nodesz and
y arefully dynamic,while nodesz andb have weakkeepe transis-
tors providing positive feedbackcurrentfrom the gatedrive. The
gatedrive circuits compriselO transistors We provide two invert-
ersto amplify thesignalb thatdrivesthemainPMOSpower switch.
We provide oneinverterto amplify thesignala thatdrivesthemain
NMOS power switch. In our layout, the two power switchesare
segmentedinto a numbe of smallertransistorsgachof themsur
roundel by a guardring and connestedwith mary contactsto re-
ducethe contactresistance The PMOS power switch is approxi-
mately 3 timesthe size of the NMOS power switch, reflectingthe
reducedcurrentcarrying capalility of the PMOS devicesin this
technolog.

Figure 6 shavs simulationwaveformsfrom our clock genera-
tor, whendriving a capacitve load of 60pFwith aresonantnduc-
tanceof 12nH. The top trace shows signalsat, bt, and ¢t from
the ring oscillator The secondtrace shavs the internal signals
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Figure 6: Example clock generator waveforms.

i, x, andy from the clock control statemachine. The third trace
shaws the bufferedgatedrive pulsesga andgb, which areinverted
versionsof signalsa andb from the clock control statemachine.
TheNMOS power switchis controlleddirectly by ga. The PMOS
power switchis controlledby gb_ which is aninvertedversionof

gb. Sincethe PMOS power switchis rougHy 3 timesaslarge as
the NMOS power switch,the additionalinverterbuffering the gate
drive alsoprovidesadditionalsignalgain. The fourth traceshavs

the resultingpower-clock waveform, alongwith thethreeDC sup-
ply voltagesViq, Vss, and HV 44 asareference.

5. SYSTEM LEVEL ISSUES
5.1 Adiabatic Load

Single-phasadiabatidogic familiesrequireasinglepower-clock
signalto be distributedto eachgatein the design,while minimiz-
ing the voltage drop and phaseshift betweenary two pointson
the power-clock grid. The physicaldesignof the powver-clock grid
usuallyentailslaying out mary wide distribution wires, contribut-
ing a significantamour of capacitanceo the power-clock node,
upwards of 60% in the designswe considerd. With our power-
clock generatarthis additional capacitanceloesnot significantly
impact overall efficiengy, becausehe main power switchesonly
needto conducta currentsuficient to balancethe lossesincurred
by theload,andnottheentireinductorcurrent.

5.2 Efficiency

In orderto effectively measurethe performanceof the clock-
generato driving a reactive (primarily capadtive) load, we usea
standarddefinitionfor efficiengy usuallyappliedto AC power sys-
temsthat includesa measureof reactve enegy. This is an ap-
propriateperformane metric,becasethe adiabaticogic families
requirealargeamplitudesinusoidaloltagein orderto operatecor-
rectly, but dissipateonly a small fraction of the enegy storedin
the resonahelementgper cycle. We adoptthe usualdefinition for
reactive power, namelythe produd of RMS voltageandRMS cur-
rent. Using symbolsrelatedto our design,the efficiency equation
becones:

= (Vioad) RM S * ($10ad) RM S
ch + (vload)RMS - (iload)RMS '

whereP,, is the power dissipatedwithin all of the clock generator

circuits. In the caseof a purely resistve load, the reactve power
andreal power areidenticalandthis equationreducego the famil-
iar equation

n= -Pload/(PCg + IDload) -
5.3 Scaling

We considerthe effect of changng the adiabaticload capaci-
tanceon the efficiency of our clock generatar Given aretwo adi-
abaticloadswith identicaldissipationE;,.q, differing only in the
load capacitance”; and C>. Assumingwe wantto comparethe
performancef our clock generatoatthe samefrequengy for these
two load capacitanceg, it is necessaryo scalethe inductorsizeas
follows:

Ly=L,-C./C>.

Sincetheclock generatolossesareproportioral to thepeakcurrent
condwtedby the main power switches comparingthe expressiors
for Is, indicateshow thelossescomparebetweerthetwo designs:

Isz2/Isu ~ L/L ~4/C2/C1 .

V1/L1
Thus,addingpurecapacitancéo theloadincreasesur clock gen-
eratorlossesby only thesquareroot of theincreasen capaéance.

In generalwe exped very largeloadsto berelatively moreeffi-
cientpercompuationthansmallloads. The overheadof support-
ing aring oscillatorandpulsegeneratois amortizedover all of the
loadlosses Moreover, thelossesassociatedvith the scalablecom-
poneris of theclock generata namelythe power switchesandgate
drive circuits,grow only in propation to the load lossesjndepen
dentof theloadcapacitare. In particular givenanadiabatiadesign
thatoccupiesareaA, boththecapacitaneandloadenepgy dissipa-
tion E;,.4 areroughlyproportioralto A. Also, for fixedfrequeng,
L is inverselyproportionalto C. Substitutioninto Equationl that
givesthe peakswitch currentyields

ISm,peak ~ \/Eload/L ~ \/A/(l/A) ~A.
5.4 PackageParasitics
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Figure 7: MOSIS 40-pin ceramic DIP packageparasitics, pins
8,13,28,and 33.

Packageparasiticsnaynegatively impacttheperformancef our
clock-gereratorif notconsideredn the systemlevel designasthey
may vary widely betweenpackag typesand even betweenpins
within the samepackag. As anexample,we provide in Figure7
the parasiticsmodel for a 40-pin ceramicDIP package usedby
MOSIS. This was the packa@ selectedfor our testchip. Using
the parasiticsinformation, we choseto use6 pins nearthe short-
est packaye leads(pins 8, 9, 10, 11, 12, 13), allocating 2 pins
to eachof V44, Vs, and PC. The parasiticsfor thesepins were
in therangeL = [3.156nH, 3.69nH], C = [0.660pF, 1.05pF],
R = [0.0247%, 0.0498Q]. Therearemary modernpackags that
have muchbettercharacteristicthanthe40-pin DIP. Nevertheless,



the packageparasiticsand pin choicesmustbe carefully consid-
ered,becausdarge AC currentsare presentin the V4, Vss, and
PC nodesof our clock generatareven if the DC compmentis
small.

6. SIMULATION RESULTS
6.1 EquivalentRC Loads

To evaluatethe efficiengy of our clock generatgrwe simulated
its operationin HSPICEusinga lumped RC' load, whosevalues
werechosento berepresentate of thetargetadiabaticsystem.To
determineappropiate valuesfor Cj,qq4, We first measurehe RMS
currentand voltage presentat the pawer-clock input of our adia-
baticcircuit. We thencomputeCi,.4 Usingthe expression

1
wy/(Vams [Tras)? — (Pross /[ Tans)?

For mostadiabaticcircuits, it is reasonale to assumehat R <<
1/(wC) which, in which caseCi,.q canbe approximateddy the
expression

Cload =

Irns
wVrMs
In addition,we measurehe total power dissipationof our adia-
baticcircuit attributedto the power-clock sourceby integratingthe
power over onecycle:

Cload =

% /0 © e (t)ine ()5t

Fromthis dissipationwe pick anequivalentresistancer; .4 USINg
theexpression

Pioss =

2
Rioad = -Ploss/IRMS .

The adiabaticcircuit we usedin our simulationswas an 8-bit
multiplier [12]. For this circuit, we computedequialert RC val-
uesof appraimately 60pF and0.9192. With theseequivalentload
parameterghedissipatiorwithin theclock generatg P4, is com-
putedfrom the voltagesand currentspresenton the V4 and Vs
suppliesasfollows:

1 [T i ) i
Pog = /0 (Vad - (Vi) + Vs - i(Vas) — Rye - i2,)dt .

6.2 BiasControl

Figure8 shavs acontourplot shoving theeffectof thering oscil-
lator biasvoltageson frequeng andswitchduty cycle. Thedashed
contous indicatefrequerty andarelabeledin units of MHz. The
solid contous indicate switch duty cycle in percent,as measured
on the gateof the main power switches. This plot shavs how to
selectthe correctbiasvoltagesfor a given operatingcondition. It
alsodemonstratethecapalility for our controlcircuitsto betuned.

Thetwo biasvoltagescanbe efficiently generate@n-chipusing
a variety of standardtechniques[17]. Sincethe biasesare con-
nectedonly to polysilicon gate conductas and metal wires, the
leakagecurrentis negligible, so the only dissipationwould come
from thebiasgeneratocircuit itself.

6.3 Efficiencyand Tuning

Figure 9 shaws the effect of tuning mismatchon efficiengy. A
fixedbiaswasappliedto thering oscillator generatinga frequeng
of 207MHz. Differentinductancesvere chosen so that the res-
onart frequeny varied from the ring oscillator frequeng by =+
10%. This experimentwasrepeatedor several differentload con-
figurations,chosenso that the product RC' was held constantat
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Figure 8: Bias control of frequencyand switch duty cycle.
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Figure 9: Reactive efficiencyvs.inductor mismatch.

60pF - 1Q), which is a conserative representatie of our adiabatic
loads. The goal of thesesimulationswasto determinethe robust-
nessof the systemto realworld compmentand packageparasitic
variation. As indicatedby our data,we expectour clock geneator
to achieve efficienciesin excessof 90% with aninducta compe

nenttoleranceof + 5%.

7. EXPERIMENT AL RESULTS

Figure 10 shawvs a closeup photograj of the clock generatar
whichwasfabricatedaspartof alargersingle-phaseadiabatidogic
testchip. The clock gener#or occupiedanareaof 0.012 mn? and
was capableof driving an adiabaticcircuit composedof 11,854
transistorsoccupying an areaof 0.710 mn?. The areaoverhead
of the clock generatomwas thuslessthan 2% of the total design.
In comparison the bypasscapadancerequiredto reducesupply
noisefor this samedesignamountedo 6% of the designarea.

The clock generatomwas designedas part of an adiabaticmul-
tiplier designproject and was thus hardwiredto its load. Con-
sequetly, clock efficiengy could only be indirectly measuredy
subtractingthe dissipationof the multiplier from that of the entire
clock and multiplier system.Sincethe experimenal characteriza-
tion of the multiplier’s dissipationhad limited accurag, the error



Figure 10: Micr ophotograph of clock generator.

in multiplier dissipationwasof the sameorderasthe clock genera-
tor dissipation renderingthe efficiency computationmeaningless.
However, measuremes of total clock andmultiplier systemdissi-
pationwereconsistentvith our simulations.
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Figure 11: Measured waveforms: power-clock, ga and gb_ sig-
nals.

Figure 11 shavs measuredwvaveforms of the clock generator
driving anon-chipadiabatidoadof approximaely 60pFand0.9192.
An external surface-mout inductorwasusedasthe resonah ele-
ment. The large sinusoidis the power clock signal measuredat
the externalinductorpin. Thetwo smallerwaveformsarebuffered
versionsof the gatedrive signalsga and gb_. Due to the delay
of buffering anddriving external pads,thesepulsesdo not appear
on the samephaseof the power-clock sinusoidasthe internalgate
drive signals.

The use of an inductor with a highly integrated CMOS chip
presentghe possibility of latch-up,aspotentialvoltageovershats
maycauseexcessve substrateurrentdriggeringlatch-up.Through-
out thetestingof our fabricatedchip, we did not experierce latch-
up unde ary conditions,evenwith voltagesoutsideof normalop-
eratingconditions.As latch-upwasa designconcernwe provided
a large on-chip bypasscapacitorto storeary excessenegy from
the inductor conductedback into the suppliesthroughthe main
switches.Moreover, we sgmentedhe main power switchesin our
layout, separatinggggmentswith substrateor well contacts.

8. CONCLUSION

We have presented compacttunable,andhighly-eficientinte-
gratedclock generatorcircuit, suitablefor efficiently driving large
capacitve loadssuchasthosepresentedby recentsingle-phasedi-
abaticcircuit families. We presentedx simple and efficient asyn-

chronasstatemachinefor generatingherequiredalternatinggate
drive pulsedfor apush-pulizero-wltageswitchingpower corverter

With reactie efficienciesexceedng 90%, we have shavn thatour
clock generatoris well-suitedfor driving the typesof loads pre-
sentedby adiabaticcircuit families. We have fabricatedand suc-
cessfullytestedthe operationof our circuitsin a standard).5um

CMOSprocess.
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