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Abstract

Theincreasingcomplexity of modernVLSIsystemshascauseddesigners to reevaluatetheage-
old decisionof usinga single, central clock and insteadturn to asynchronousor globally asyn-
chronous,locally synchronous(GALS)designs.Communicationbetweensynchronousand asyn-
chronoussubsystemsis difficult to do reliably and efficiently. In this paper, we review the back-
groundfor thedifficulty—metastability—and studynew solutionsto twodifferentproblems:(1) the
synchronizer, which synchronizesasignalthatcanchangeatanarbitrary timeintoanasynchronous
handshakingdomain;and(2) anasynchronousclock-pulsegenerator.
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The mostdifficult aspectof computerdesignhasalwaysbeentiming. Many early computers
(e.g.,theILLIA C andtheDECPDP-6)wereasynchronous;thesesystems’designersfelt thatasyn-
chronousmachinesweremodularbecausetiming issuescould be localizedto small partsof the
machines.As late as the 1980s,asynchronousbus protocolswerestill common(suchasDEC’s
UNIBUS andtheoriginal SCSIprotocol,which is still supportedby modernSCSIdevices). But
thedifficultiesof crossingfrom oneclockdomainto anotherspelleddoomfor asynchronousproto-
cols,at leastin smallsystemssuchasPCs,andtodaythestandardapproachis to provide thesystem
designerwith ahierarchyof clocks,all driventhrough“gearboxes” by asinglecentralmaster. (The
gearboxesarecircuitsthatgenerateslave clocks,which arerationalmultiplesof themasterclock.)
In largersystems,suchaslocal-areanetworks,this is impossible,andsuchsystemsmustcopewith
having several independentclockdomains.

The trendin VLSI is that the chipsget larger, the clocksget faster, andeverythinggetsmore
complicated.We canexpectthat tomorrow’s chipswill look like today’s local-areanetworks: the
numberof clock cyclesrequiredto get from oneendof thedie to theotherwill increasedramat-
ically. This meansthat the gearboxapproachwill becomemoreandmoredifficult to maintain,
becausea single wire might spanseveral clock cycles, and the designerwill find it difficult to
ensurethat,for instance,setupandhold timesaremaintained.

A way to dealwith the increasingdesigncomplexity of VLSI systemsis to bring backasyn-
chrony. Several groupshave had considerablesuccesswith entirely asynchronoussystems[19,
4, 20, 5]; othershave pursuedtheglobally asynchronous,locally synchronous(GALS) paradigm,
first suggestedby Chapiroin 1984[3]. In eithercase,the issueof interfacing synchronousand
asynchronousdomainsarises.�
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91125,U.S.A.



Synchronousandasynchronousdesignmethodologiesarebasedon a simpleprinciple: design
composablesubsystemsin suchawaythat if thesubsystems’environmentssatisfycertainassump-
tions, thenthesubsystemsthemselveswill presentsuchenvironmentsto their neighbors.For syn-
chronoussystems,theseassumptionstake the form of thecircuits’ having to maintainlegal logic
levelswithin certainsetupandhold times.Onemight think that “asynchronous”circuitsnaturally
make weaker demandson their environmentssincetheclock hasbeenremoved. This is not nec-
essarilyso. In all asynchronousdesignmethodologies,thesynchronouslevel andtiming require-
mentsarereplacedby certainhandshakingrequirements—requirementson theorderingof signal
transitions.Thismeansthatsamplingasignalfrom asynchronoussystemwithin theasynchronous
framework is fraughtwith difficulty, muchlike theconverseoperationof samplinganasynchronous
signalwithin thesynchronousframework. With care,however, anasynchronoussystemcansample
anunsynchronizedsignalwith zeroprobabilityof synchronizationfailure.

Weshallreview themainsourceof trouble:metastability;secondly, weshallinvestigateefficient
solutionsto a few typical problems:(1) the synchronizerproblem,which is concernedwith “ab-
sorbing”anarbitrarily varyingsignalinto a four-phasesignallingscheme;and(2) implementation
of anasynchronoustimer without introducingmetastability.
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In the late 1960’s, designersof synchronoussystemsthat engagedin high-speedcommunica-
tions betweenindependentclock domainsfound a new classof problemsrelatedto acceptingan
unsynchronizedsignal into a clock domain. A device that can reliably andwith boundeddelay
order two eventsin time cannotbe constructedunderthe assumptionsof classicalphysics. The
basicreasonfor this is that sucha device would have to make a discretedecision—whichevent
happenedfirst—basedon a continuous-valuedinput—thetime. Given an input that may change
asynchronously, if we attemptto designa device that samplesits valueandreturnsit asa digital
signal,we mustacceptthatthedevice eithermaytake unboundedtime to make its decisionor that
it maysometimesproducevaluesthatarenot legal onesor zerosbut rathersomethingin between.
Thefailureof suchadevice to producealegal logic valueis calledsynchronizationfailure; Chaney
andMolnar providedthefirst convincing experimentaldemonstrationof synchronizationfailurein
1973[2]. Synchronousdesignersmustaccepta certainrisk of systemfailure,which canbetraded
againstperformance,asdiscussedin theliterature[21].

Synchronizationfailuremaybeavoidedbymakingthesamplingsystemcompletelyasynchronous.
In sucha system,no clock demandsthatthesystemmake its decisionaftera certain,fixedamount
of time andsystemoperationcanbe suspendeduntil the decisionhasbeenresolved. The device
thatdetermineswhethera particulareventhappenedbeforeor afteranotheris calledanarbiter. A
typical CMOS arbiter is shown in Figure1. This is the familiar R-S latch with a filtering circuit
on theoutput. In contrastto how this device is usedin synchronouscircuits,thearbiteris allowed
to go into themetastablestateif the two inputsarrive nearlysimultaneously. Thefiltering circuit
on theoutput(a pass-gate-transformedpair of NOR gate/inverterhybrids)ensuresthat thearbiter
outputs( and ) do notchangeuntil theinternal-nodevoltages(on * and + ) areseparatedby at least
a , -transistorthresholdvoltage—whichmeansthattheinternalnodeshave left themetastablestate.
At thattime, thearbiterhas“madeup its mind,” andthereis nopossibilityof anoutputglitch.

If the restof the systemcanwait until the arbiterassertsoneof its outputs,which could take
forever, thenthereis nopossibilityof synchronizationfailure.Westressthateventhoughthearbiter
could take forever, in practice,it rarely takesvery long to exit themetastablestate.In fact, this is

2



filter

s

t

u

v

a

b

Figure 1. CMOS arbiter cir cuit.

the reasonthatasynchronousimplementationof systemsthat requirearbitrationis attractive—the
average delayof the arbiter is likely to be muchsmallerthanthe latency that would be required
to reducetheprobabilityof synchronizationfailurein asynchronousimplementationto acceptable
levels.

Theproperoperationof thearbitercircuit dependson thefactthattheinputsarestable,i.e., that
the inputsremainasserteduntil thearbiterhasacknowledgedthe input by makingits decision.If
oneof therequestsis withdrawn beforethearbiterhasmadeits decision,thearbitermayfail (oneor
bothof theoutputsmayglitch). Figure2 shows anexampleof whathappensif anunstableinput is
sampledwith a normalarbiter. In this figure, -�. representstheinput to thearbiter, a 100pspulse,/�021�3 representstheswitchinginternalnode(betweentheR-Slatchandthefilter stage),and /�04/53
representsthe output,which glitches. (Thesimulationparametersusedherearefor HP’s 0.6-6 m
CMOSprocess.)

ExpressedasaProductionRuleSet(PRS)[18], theCMOSarbitermaybewritten
7�8:9<;= >@?A 8B>C;= 9%?

D 7FE D 9<;= >@G
D A E D >C;= 9%G 0

A rule - ;=�>@? meansthatthevariable > is setto HJILKNMPO whenthecondition - is QSRUTVO . Rulesof the
form - ;=W>X? correspondto pull-down chains,and - ;=W>@G correspondto pull-up chains.These
productionrulescorrespondto thecircuit shown in Figure1.

Thearbiteris specifiedby thefollowing handshakingexpansion(HSE)[18]:
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Figure 2. Waveforms of a misbeha ving arbiter .

Z\[![ 7^]L=`_�G�a [ D 7 bcad_�?efA ]c=hgiG�a [ D A bcadgj?
b!b

2.1 The Synchronizer

As we have seen,thearbitercanmisbehave (have glitches)whenan input is assertedandthen
withdrawn beforebeing acknowledged. This meansthat we cannotusean arbiter to samplea
completelyunsynchronizedexternalsignal,somethingthatis for instancerequiredby theinterrupt
mechanismonaMIPSmicroprocessor[9]. A circuit thatsolvesthismoredifficult problemis called
asynchronizer.

Thesynchronizerhastwo inputs: a control input andaninput signalthat is to besampled.The
specificationof the synchronizeris, informally, that it waits for the control signal to be asserted
andthensamplesthe input. We areattemptingto build thecircuit so that it canbepartof a QDI
asynchronoussystem;therefore,the synchronizerproducesa dual-rail output with the two rails
representingthevalueof thesampleinput: either QSRUTVO or H%ILKNMPO .

Usinghandshakingexpansions,theprogramfor thesynchronizeris givenby
Z\[![ 1lkm8 D /n]L=h1UopG�a [ D 1lkqbLad1Uop?e 1lkm8r/n]c=h1�3XG�a [ D 1lkqbLad1�3X?
b!b

where / is the input beingsampled,1lk is the control input, andthe pair s 1po�td1�3Su is the dual-rail
output. When the environmentasserts1$k , the synchronizerspringsinto action and samples/ ,
returningtheobservedvalueby assertingeither 1Uo or 1�3 . Whatmakesthe implementationof this
circuit challengingis that / maychangefrom true to falseandvice versaat any time. If theinput
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hasa stableQSRUTVO valuewithin a finite, boundedinterval aroundthetime thecontrol input arrives,
thecircuit asserts1!3 ; if theinputisastableHJILKNMPO , thecircuit asserts1Uo ; otherwise,thecircuit asserts
either 1po or 1�3 , but notboth. In practice,the“confusioninterval” will bea very shorttime indeed,
approximatelythe delayof the single inverterusedto invert the input. The confusioninterval is
analogousto thesetupandhold timesof a latch;however, asopposedto a latch,thesynchronizeris
requiredto operatecorrectly(albeitnon-deterministically) evenif theinputchangesin this interval.

Whatmakestheimplementationof thesynchronizerdifficult is thatit mustwork correctlywhen
theinputchangesduringtheconfusioninterval. Implementingasynchronizerproperlyissodifficult
that it is usuallyavoided: for instance,Marshallet al. avoid it by detectingthe withdrawal of a
requestandresettingtheirentiresystem[13].
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By keepingin mind the metastabilityargumentof the previous section,we arrive at a correct
synchronizerdesignthrougha top-down derivation.

Thesynchronizeris givenby thefollowing handshakingexpansion:�{������� Z\[![ 1$km8r/n]c=h1UopG�a [ D 1$kqbcad1pop?e 1$km8 D /n]c=h1�3XG�a [ D 1$kqbcad1!3X?
b!b

whoseenvironmentis describedby� �n��� Z\[ 1$kPG�a [ 1po�En1!3dbcad1lkd?�a [ D 1UoF8 D 1!3db!b�0
Unfortunately, thisspecificationof

�{���^�
is notdirectly implementable.To seewhy, considerthat

theprogramhasto dotwo thingsto advancefrom thewait for 1$k�8�/ to 1UopG : first, it must“lock out”
the secondguard,so that 1�3XG cannothappen;secondly, it mustactuallyperformthe assignment1popG . If / shouldchangeafter thesecondguardhasbeenlocked out but beforethefirst guardhas
proceeded,theprogramwill deadlock.Thereis aninherentraceconditionthatwe have to remove;
it is obviousthatwe shallhave to remove it by introducingintermediatestatesbefore 1popG and 1!3XG .

We introduceexplicit signals 7io and 7c3 that areusedto hold the values 1$k�8 D / and 1lk�8�/
respectively. Weaugment

�	���^�
with assignmentsto 7io and 7c3 :�{����� 3 �

Z\[![ 1lkm8 D /n]L=�7 opG�a [ 7 o'bLad1UopG�a [ D 1$kqbcaS7iop?�a [ D 7 o'bLad1UoU?e 1lkm8r/n]c=�7c3XG�a [ 7c3dbLad1�3XG�a [ D 1$kqbcaS7L3X?�a [ D 7c3dbLad1�3X?
b!b

We introduceanexplicit handshakingexpansionto usethenewly introducedsignals 7 o and 7c3 to
produceoutputs1Uo and 1�3 . Theresultis:�{�����F��� Z�[ [ 1$km8 D /n]c=�7 opG�a [ D 1$kqbcaS7iop?e 1$kw8�/B]L=�7c3XG�a [ D 1$kqbcaS7L3X?

b b
� ��� � Z�[ [ 7io�]�=h1popG�a [ D 7 o'bLad1Uop?[ b'7L3�]�=h1!3XG�a [ D 7c3dbLad1�3X?

b!b
�{����� 3 � �{���^�F� �¡� ���
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(Thebar“ [ b ” meansthatboth 7 o and 7L3 cannotbehighat thesametimewhen
� ���

is executingthe
selectionstatement.)Weshouldlike to arbitratebetween7 o and 7L3 insteadof between1$kV8 D / and1$k�8�/ , andnot implement

�{���^���
aswritten. Insteadof

�{���^�F�
, weusethefollowing production

rules that permit the different partsof
�	���^���

to executeconcurrently. Specifyingthe circuit
behavior as a handshakingexpansionis cumbersome,so we proceeddirectly to the production
rules:1$kw8 D /�;= 7 opG

D 1$k¢;= 7 op?
1$kw8�/�;= 7c3XG
D 1$k¡;= 7c3X?

To make therulesCMOS-implementable,we introducean inverterto generate/ in thefirst pro-
ductionrule. Given that theserulesall executeconcurrently, we examinethebehavior of

� ���
in

greaterdetail.
Signals 7io and 7L3 areindependentfrom eachother, in thesensethatthey canbebothtrueat the

sametime if / is sampledduring theconfusioninterval. Also, because/ canbe sampledduring
a transition,the transitions 7 opG and 7c3XG arenot alwayscompleted,but we assumethat at least
oneof themcompleteseventually. Theessentialfact aboutthesignals 7 o and 7c3 is that they are
monotonicallyincreasingaslong as 1$k is true. In fact, 7io canbe thoughtof asthe “integral” ofD /m8£1lk : aslongas D / holds, 7 o increases;should/ begin to holdinstead,7c3 will increaseinstead.� ���

is similar to but not identical to an arbiter. In an arbiter, whenboth inputsarehigh, the
arbiterselectsboth inputsoneafter theotherin arbitraryordersincea requestis never withdrawn
(seeSectionI). In

� �{�
, on theotherhand,whenbothinputsarehigh,onlyoneshouldbeselected.

Hence,we mustcheckthatboth 7io and 7L3 are H%ILKNMPO beforeresettingtheoutputof
� ���

. Thenew
processis:� ��� � Z�[ [ 7io�]�=h1popG�a [ D 7 oF8 D 7c3dbcad1pop?e 7L3�]�=h1!3XG�a [ D 7c3	8 D 7 o'bcad1!3X?

b!b
(Note thatwe have re-introducedthe “

e
” indicatingthat theselectionbetween7io and 7L3 is non-

deterministic.)
� �{�

canbe implementeddirectly as a bistabledevice, and the productionrules
are: 1�3 8�7io¤;= 1po ?

D 1!3 E s D 7 o�8 D 7L3Su<;= 1po G
1Uo 8�7L3¥;= 1!3 ?

D 1po E s D 7c3{8 D 7ioiu<;= 1!3 G
The circuit correspondingto theproductionrule setfor thesynchronizeris shown in Figure3,

wherewe have addedthe filter stagenecessaryto block the metastablestatefrom reachingthe
digital outsideworld.

3.1 Summary

Let us summarizewhat we have done. We startedwith an input, / , which we assumedcould
changeat any time—in fact, / neednot evenhave a definedlogic value. Theproblemwe setout
to solve wasto samplethis / ; by this we meanthat if / holdsa stablelegal logic value,thenour

6



r1_

r0_

r1

r0

re

x

a1

a0

Figure 3. Sync hroniz er

circuit returnsthatvalue;if / doesnot hold a stablelegal logic value,we do not carewhetherour
circuit returnszeroor one,aslongasit returnsoneof thetwo ratherthanfailing in somedisastrous
way. Weaccomplishedthisby “integrating” thesignal / into thetwo monotonicintermediaries7 o
and 7L3 ; beingmonotonic,wecouldapplystraightforwardtechniquesto them.

In a separatepublication[23], we review differentversionsof this circuit (theonewe have seen
hereis only themostbasic)andalsocontrastthevariousversionsto theearlierdesignby Rosen-
bergeretal. [24]. Rosenbergeretal.’s designis asense-amplifierdesign,whichdrawsstaticpower
anddependson transistor-ratioingassumptionsthatmake it difficult to build a reliablecircuit real-
ization[10]. Ours,on theotherhand,is a normalpseudo-staticCMOScircuit thatdraws no static
power andposesno especiallydifficult analogdesignproblems.We shouldremember, however,
that Rosenberger’s designis the only prior work that actuallysolves the problemof synchroniz-
ing a completelyasynchronoussignalwith zeroprobabilityof failure;otherdesignershave simply
givenup and,like their synchronousfriends,accepteda nonzeroprobabilityof failure[13]. As we
have alreadydiscussed,the zeroprobability of failure is not a merelyacademicproperty;rather,
it allows the designerto increasethe performanceof the designby taking advantageof average-
caseperformanceratherthanintroducingextra latency to dealwith once-in-a-lifetimemetastability
events.

We have seenthatwhatmakesbuilding a synchronizerdifferentfrom building anarbiteris that
the synchronizerhasto contendwith requeststhat arewithdrawn beforethey aregranted.In the
specialcasewhereweknow thatthewithdrawal will happenwhile anotherrequestisbeingserviced,
thefull functionalityof thesynchronizeris notnecessary[11, 6]. A synchronizersimilar to theone
describedherewasusedto sampletheinterruptinputsin theMiniMIPS processor[20].
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We shallstudythespecificcaseof interfacinga QDI asynchronoussystemwith a synchronous
environment. Specifically, we shall develop andanalyzea simplecircuit thatallows a QDI asyn-
chronoussystemto samplean externalclock signal. Why shouldwe want a QDI asynchronous
systemto do sucha thing? Themain reasonis so thatwe canbuild accuratetimers; for instance,
theIntel 8051microcontrolleris specifiedto have timersthatcountincomingclock ticks andraise
aninterruptwhenthecountreachesacertainvalue[1].

4.1 Prior solutions

We arestudyingthe problemof samplingan external,free-runningclock signalwith an asyn-
chronouscircuit. This problemcanbesolvedusinga synchronizer:we simply setup thesynchro-
nizerto sampletheinput repeatedlyandcountthenumberof timesthatwe seea“1” followedby a
“0” or viceversa.

Two problemsareimmediatelyevident:

1. The circuit canmissinput transitions;if « is not readoften enough,it is possiblefor / to
transitionfrom, e.g.,true to falseandbackto true again.

2. If we wish to mitigate the first disappointment,we shall have to make our circuit read «
very often. If it thenturnsout that, contraryto our original fearof / ’s changingtoo often,/ actually changesvery infrequently, then we shall be wastinga greatdeal of energy by
inspecting/ too frequently. (Thesamplingratefor thesynchronizermustbehigherthanthe
maximumrateatwhich / canchange.)

Thereis nocompletelysatisfactorysolutionto thefirst problem:if theasynchronoussystemthat
is interestedin the valueof / cannotkeepup with the changeson / , thentransitionson / shall
simplyhave to bemissed.

Frombefore,we know that thesynchronizeris a subtlecircuit thatamongotherthingsincludes
ametastableelement.Thepresenceof themetastableelementis requiredbecausethespecification
requiresthesynchronizerto sequencetwo eventswhoseoccurrencetimesmaybearbitrarily close
to eachother. The circuit that we shall discussnow borrows partsfrom our earliersynchronizer
designwhile avoiding themetastability.

4.2 A Synchronous& AsynchronousEvent Generator

We shall considerdesigninga circuit that takes a synchronousclock signalandconverts that
into a streamof asynchronouseventsor handshakes. UsingtheHandshakingExpansionlanguage
(HSE),wewrite�{������¬��{�������

Z\[�[ /Lbca [ D /cbca « b
where / is thesynchronousclock input,and « denotesahandshake communicationwith theasyn-
chronousenvironment.Obviously, if « takestoo long to complete(so that / hastime to go from
false to true backto false), thecircuit will missa clock cycle,andit cannotproceeduntil thenext
cycle.
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4.3 Input integrators

Thesynchronizerwe have alreadystudiedincludesthefollowing elementasits “first stage”:­ �^® � -�« ¬�® � �
Z\[![ /�8 D 1@9ªbLa¡¯P9%G�a [ 1@9ªbLa¡¯P9%?ib

­ �^® � -�« ¬�® � waitsfor / to becometrue andthencompletesa handshake.
­ �°® � -�« ¬�® � may

make progresseven if / is not true long enoughto fire ¯P9%G ; if / is oscillatingvery rapidly, an
implementationof

­ �^® � -�« ¬�® � may integrate / until it hasaccumulatedenoughcharge to fire¯P9%G .
As in thesynchronizer, we furtherconstructthefollowing:�y±�® ­ �°® � -�« ¬�® � �

Z\[![ D /�8 D 1N²�bLa¡¯³²�G�a [ 1´²�bLa¢¯³²L?ib
In the synchronizer,

��±�® ­ �^® � -�« ¬�® � is realizedwith an instanceof
­ �^® � -�« ¬�® � with an

inverteron its input (weshallseethatwecanevenavoid thathere).

4.4 Control process

If we use
­ �°® � -�« ¬�® � and

�y±�® ­ �°® � -�« ¬�® �
to implement [ /cb and [ D /Lb , thenwe only

needto adda controlprocessto sequencetheactionsproperly, andwe saythat
�{���^��¬��{���^�¶µ

­ �^® � -�« ¬�® � �m�y±�® ­ �°® � -�« ¬�® � �·�m±��°® « ± �
. Theobviousimplementationof

�m±��°® « ± �
is thefollowing:�m±��^® « ± � �

Z\[![ ¯S9ªbLa¥1X9%G�a [ D ¯S9ªbLa¥1X9%?�a
[ ¯¸²Lbca¥1N²LG�a [ D ¯³²LbcaC1´²c?�a
1 . G�a [ 1X¹%bca¥1 . ?�a [ D 1X¹%b!b

Herewe have replacedthecommunication« with its implementation1 . G�a [ 1f¹�bLad1 . ?�a [ D 1X¹%b .�m±��^® « ± �
is agoodcandidatefor reshuffling: let usbringout [ ¯S9ªbLad1@9%G from thefirst iteration

andintertwinethe 9 and² communications:�m±��^® « ± � �
[ ¯S9�bcaº1@9%G�a
Z\[![ D ¯P9�8»¯³²�bLaC1X9%?�td1N²LG�a

[ ¯S9�8 D ¯³²�bLaC1X9%G�td1N²L?�a
1 . G�a [ 1X¹%bca¥1 . ?�a [ D 1X¹%b!b

Wecancontinuethesameprocesswith the « communication:�m±��^® « ± � �
[ ¯S9�bcaº1@9%G�a
Z\[![ D ¯P9�8»¯³²�8 D 1X¹%bca¥1@9%?�td1´²cG�td1 . G�a[ ¯S9�8 D ¯³²�8B1f¹�bLaC1@9JG�td1N²�?�td1 . ?¼b

The“prolog” [ ¯P9ªbLad1@9%G disturbsthesymmetryof theprogram;by removing it, weshallonly find
thatwe ignorethefirst risingedgeof theinput clock. Wehencegetthefollowing program:
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�m±��^® « ± � �
Z\[![ D ¯P9�8»¯³²�8 D 1X¹%bca¥1@9%?�td1´²cG�td1 . G�a[ ¯S9�8 D ¯³²�8B1f¹�bLaC1@9JG�td1N²�?�td1 . ?¼b

Finally, it seemsobvious that this programcould have a particularlysimpleimplementationif
thesignalsensesareadjusted.Thefollowing worksbest:�m±��^® « ± � �

Z\[![ D ¯P9�8 D ¯³² 8 D 1f¹�bLaC1X9 G�td1´²cG�td1 . G�a[ ¯S9�8:¯³² 8B1X¹%bca¥1@9 ?�td1N²�?�td1 . ?¼b
In otherwords,

�m±��°® « ± �
is simplyaninvertingthree-inputC-element;with thisimplementation,1X9 , 1´² , and 1 . becomethreenamesfor thesamecircuit node.

4.5 Transistor-level implementation

Now let usclarify thechoiceof signalsenses.We implement
­ �°® � -�« ¬�® � with thefollowing

production-ruleset(PRS):
/·8B1@9 ;= ¯P9 ?
D 1X9 ;= ¯P9 G
¯P9 ;= ¯P9%?

D ¯P9 ;= ¯P9%G
Similarly,

��±�® ­ �°® � -�« ¬�® � becomesthefollowing:
D /·8 D 1´²�;= ¯¸²�?

1´²½;= ¯¸²�?
¯³²�;= ¯¸² ?

D ¯³²�;= ¯¸² G
By inverting thesenseof

�y±�® ­ �°® � -�« ¬�® � relative to
­ �^® � -�« ¬�® � , we avoid having to put

an inverter on the input to
�y±�® ­ �°® � -�« ¬�® �

; furthermore,sinceall the productionrules are
inverting, thecircuit is directly implementablein CMOScircuits. Sincethenodes ¯P9 and ¯³² are
state-holding,we mustaddstaticizers(bleeders)to them.�m±��^® « ± �

is implementedasthefollowing PRS:
D ¯P9�8 D ¯¸² 8 D 1X¹�;= 1 . G¯P9�8»¯¸² 8B1f¹<;= 1 . ?

It is moreconvenientto make 1f¹ inverted;we shouldnormallycall this 1lk (for “ 1 enable”—when1$k is true, thecircuit is enabledto produceanoutput).

4.6 Analog difficulties

It is not immediatelyobviousthat
­ �^® � -�« ¬�® � and

��±�® ­ �^® � -�« ¬�® � will work correctly
for any input waveform on / . The PRSimplementationguaranteesthat / can only cause ¯S9
to decreaseand can only cause ¯³² to increase;but is this enoughfor the circuit to be correct?
This questioncanonly be answeredrelative to the destinationof ¯P9 and ¯¸² . Unfortunately, this
destinationis aC-element:anoise-sensitivedynamiccircuit. A veryslowly decreasinḡS9 —hence,
a slowly rising ¯S9 —could,for instance,triggertheC-elementwell before ¯S9 reachesthe

��¾j¾
rail.

In this case,weshouldhave to dependon a timing assumptionto guaranteethat ¯S9 getsto the
��¾j¾
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rail before ¯³² switches;if it did not, the intermediatevoltagecouldbe interpretedasfalseby the
C-elementlater.

Wecanremove theanalogproblemby implementingthetwo inverters
¯P9 ;= ¯P9%?

D ¯P9 ;= ¯P9%G
¯³² ;= ¯³² ?

D ¯³² ;= ¯³² G
with Schmitttriggers.With this change,we areguaranteedthat ¯P9 and ¯³² switchquickly enough
thatneithernodewill beobservedasbothtrue andfalse. This is becauseof thefollowing property
of a Schmitt trigger: if the input changesmonotonicallyfrom onelegal logic valueto the other,
thentheoutputwill switch quickly betweenthe logic values.However, a Schmitttrigger is not a
magicaldevice that canturn an arbitrary input waveform into a sequenceof transitionsbetween
legal logic values—thepropertywe areusingonly holdsif the inputsaremonotonic.This is why
we have beencarefulto design

­ �^® � -�« ¬�® � and
��±�® ­ �^® � -�« ¬�® � so that their outputsare

monotonic,regardlessof theirinputs.Thetransistordiagramof thefinal circuit is shown in Figure4.

We shouldnotethat theanalogproblemwe describehereis unlikely to causepracticaldifficul-
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ties;only a veryunfortunateselectionof transistorsizescouldallow ¯S9 to linger in anintermediate
voltagerangefor an appreciablelengthof time. However, oncewe have substitutedthe Schmitt
triggerswe canbe surethat the circuit is correctwithout recourseto anything beyond a simple
monotonicityargumentfor ¯S9 and ¯³² andour well-testedQDI theoryfor the rest. (Thesynchro-
nizercanalsobeimproved,at leastin theory, by similarly addingSchmitttriggersto it [23].)

An exampleof how thecircuit handlesa particularlydifficult input is shown in Figure5. This
is the SPICEoutputof a simulationof thecircuit using0.6-6 m parameters(for HP’s CMOS14B
processvia MOSIS).A 1140MHz inputsignalgeneratedby aseven-stagering oscillatoris applied
at node / ; this is far fasterthan the maximumof about400 MHz the circuit canhandlein this
technology(without any detailedtransistor-sizeoptimization).Thenodes1 . , / , and ¯¸² areshown
in thegraph.Weseehow ¯³² beginsto rise(because/ is false); when ¯³² hasreachedabouthalfway,/ becomestrue and ¯¸² ’s rising stops;finally, / becomesfalseagain,and ¯¸² goestrue. Sincewe
havedesignedthecircuit to generateacommunicationon « every time it detectsadownwardedge
on / , it is ¯³² ’s goingtrue thateventuallycausestheupwardtransitionon 1 . .

À	��x¥�}��Á�
���&w| ¨���
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The curiousreaderwill wonderwhetheronecandevise a way for an asynchronoussystemto
reada free-runningcounter(e.g.,a time-of-dayregisterdriven by an accurateoscillator)(a) with
zeroprobability of synchronizationfailure, (b) without interruptingthe counter, and(c) with an
absoluteguaranteethat the time that wasreadwasindeedcontainedin the register in a bounded
neighborhoodof thetime thattherequestwasmade.

Thisparticularproblemcanbesolvedwith asynchronousGray-codecounterandeitheranarray
of synchronizers(oneper bit of the counter)or a singlesynchronizerthat is usedonceper bit of
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thecounter. Thecounteroperatessynchronouslyto its clock andcannotbeinterrupted.Whenthe
asynchronoussystemdesiresto know the time of day, it latchesthe currentvalueof the counter.
The latchingresultsin at mostonebit’s beingin an intermediatestatebetweena valid logic false
anda valid true. It is possibleto detectthatall thelatched-invalueshave decayed,asthey do in a
latch,to valid logic values;at this time, theasynchronoussystemknows thetimeof dayat thetime
of therequestto within 1 LSB. (It is actuallypossibleto omit theintermediatelatchandsimplyuse
thesynchronizerdirectly.) Theschemeis illustratedin Figure6.

Let us comparetheGray-codesolutionwith theevent-generatorsolutionwe have presentedin
this paper. The Gray-codesolutionrequiresa bundled-datatiming assumptionwhenwe readthe
bits: we must assumethat all the bits of the counterare readin simultaneously, or at leastso
quickly that at most two valuesare seenin the latchesand synchronizers;the Gray-codesolu-
tion furthermorehasa rathercomplicatedinterfacebetweenthesynchronousandasynchrousparts
(which we shouldlike to avoid if possible);finally, it requiresus to computethe specificpiece
of information we desireon the “synchronousside” of the systembeforeturning it over to the
“asynchronousside” of the system. In contrast,the event-generatorsolution hasa very simple
synchronous-asynchronous interface: every clock pulseturnsinto an asynchronousevent; every-
thing we desireto computewe cancomputeon theasynchronoussideof thesystem;but for this
conveniencewe paya finite probabilityof losingclock pulses(we canmake this finite probability
arbitrarily smallby addingasynchronousbuffering downstreamof theeventgenerator).

The remarkablething aboutthe asynchronousclock circuit presentedin this paperis that it is
nondeterministic—i.e.,we cannottell if an input transitionwill leadto an outputactionwithout
referenceto theactualtiming thatobtainsin thegivensituation—yetit containsnoarbiter, synchro-
nizer, or othermetastabledevice! Themostcloselyrelatedwork to oursis Greenstreet’s “real-time
merging” circuit, which usesSchmitttriggersin a similar way but for a differentpurpose,namely
nondeterministicmerging of two datastreamswithoutmetastability[7].

13
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In this paper, we have studiedtwo similar problemsthat involve acceptingsignalsthat change
at arbitrary times into an asynchronoushandshakingframework. The first designproblem,the
synchronizer, is oneof the mostdifficult circuit-designproblemsin asynchronousdesign:a syn-
chronizeris in somesensethemostpowerful circuit elementimaginablesinceit allows thereliable
readingof an input variablewhile placingno constraintson the timing behavior of that variable.
Theseconddesignproblem,theasynchronousclock circuit, is similar to thesynchronizerin that
the input canchangeat arbitrary times; however it is very different in the format of the output:
insteadof readingtheinput at a certaintimes,this circuit is reactive andproducesanoutputwhen
the input changes.This circuit solves the problemof building a timekeeperin the asynchronous
framework veryelegantly: it is simplerandeasierto verify correctthanthesynchronousGray-code
counter, andit canbefarmoreefficient thanasynchronizer-basedsolution(whethersynchronousor
asynchronous)sinceits power consumptionis proportionalto theaveragerateof input transitions
ratherthanto themaximumrateof input transitions.
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The researchdescribedin this paperwassupportedin partby theDefenseAdvancedResearch
ProjectsAgency (DARPA) andmonitoredby the Air ForceOffice of ScientificResearch.Rajit
Manoharhascontributedto thedesignof thesynchronizer. Theneedfor an“asynchronousclock
circuit” wassuggestedby Karl Papadantonakis.
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