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Abstract

Theincreasingcompleity of modernVLSI system$iascauseddesignes to reevaluatethe age-
old decisionof usinga single cential clodk and insteadturn to asyn&ironousor globally asyn-
chronous,locally syndironous(GALS)designs. Communicatiorbetweersyndironousand asyn-
chronoussubsystems difficult to do reliably and efiiciently In this paper we review the badk-
groundfor thedifficulty—metastability-ard studynew solutionsto two differentproblems:(1) the
synaironizer which syndironizesa signalthatcanchange at anarbitrary timeinto anasyntironous
handshakinglomain;and(2) an asyn@ironousclodk-pulsegenegator.

1: Introduction

The mostdifficult aspectof computerdesignhasalways beentiming. Many early computers
(e.g..thelLLIA C andthe DEC PDP-6)wereasynchronoughesesystemsdesignerdelt thatasyn-
chronousmachinesvere modularbecausdiming issuescould be localizedto small partsof the
machines.As late asthe 1980s,asynchronousus protocolswere still common(suchasDEC'’s
UNIBUS andthe original SCSI protocol,which is still supportedoy modernSCSldevices). But
thedifficulties of crossingrom oneclock domainto anotherspelleddoomfor asynchronouproto-
cols,atleastin smallsystemsuchasPCs,andtodaythestandardapproachs to provide thesystem
designemwith ahierarchyof clocks,all driventhrough“gearboxes” by asinglecentralmaster (The
gearbogrsarecircuitsthatgenerateslave clocks,which arerationalmultiplesof the masterclock.)
In larger systemssuchaslocal-areanetworks, thisis impossible andsuchsystemsnustcopewith
having severalindependentlock domains.

Thetrendin VLSI is thatthe chipsgetlarger, the clocks get faster and everything getsmore
complicated.We canexpectthattomorraw’s chipswill look like todays local-areanetworks: the
numberof clock cyclesrequiredto getfrom oneendof the die to the otherwill increasedramat-
ically. This meansthat the gearboxapproachwill becomemore and more difficult to maintain,
becausea single wire might spanseveral clock cycles, and the designerwill find it difficult to
ensurdhat,for instancesetupandhold timesaremaintained.

A way to dealwith the increasingdesigncompleity of VLSI systemss to bring backasyn-
chrory. Several groupshave had considerablesuccesswith entirely asynchronousystemg19,
4, 20, 5]; othershave pursuedhe globally asynchronoudpcally synchronougGALS) paradigm,
first suggestedy Chapiroin 1984[3]. In eithercase,the issueof interfacing synchronousand
asynchronoudomainsarises.
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Synchronousndasynchronouslesignmethodologiesre basedon a simple principle: design
composablsubsystem suchawaythatif the subsystemstrnvironmentssatisfycertainassump-
tions, thenthe subsystemghemseleswill presensuchernvironmentsto their neighbors.For syn-
chronoussystemstheseassumptionsake the form of the circuits’ having to maintainlegal logic
levelswithin certainsetupandhold times. Onemight think that“asynchronous'tircuits naturally
male wealer demandn their ervironmentssincethe clock hasbeenremoved. This is not nec-
essarilyso. In all asynchronouslesignmethodologiesthe synchronoudevel andtiming require-
mentsarereplacedby certainhandshakingequirements—requirements the orderingof signal
transitions.This meanghatsamplinga signalfrom a synchronousystemwithin theasynchronous
frameawork is fraughtwith difficulty, muchlik e the corverseoperationof samplinganasynchronous
signalwithin thesynchronoudéramework. With care however, anasynchronousystemcansample
anunsynchronizedignalwith zeroprobability of synchronizatiorailure.

We shallreview themainsourceof trouble: metastability secondlywe shallinvestigateefficient
solutionsto a few typical problems:(1) the synchronizeproblem,which is concernedwith “ab-
sorbing”anarbitrarily varying signalinto a four-phasesignallingschemeand(2) implementation
of anasynchronousmer withoutintroducingmetastability

2: Metastability

In the late 19605, designersof synchronousystemsthat engagedn high-speeccommunica-
tions betweenindependentlock domainsfound a new classof problemsrelatedto acceptingan
unsynchronizedignalinto a clock domain. A device that canreliably andwith boundeddelay
ordertwo eventsin time cannotbe constructedunderthe assumption®f classicalphysics. The
basicreasonfor this is that sucha device would have to make a discretedecision—whichevent
happenedirst—basedon a continuous-aluedinput—thetime. Given an input that may change
asynchronoushif we attemptto designa device that samplests valueandreturnsit asa digital
signal,we mustaccepthatthe device eithermaytake unboundedime to make its decisionor that
it may sometimegproducevaluesthatarenot legal onesor zeroshut rathersomethingn between.
Thefailureof sucha device to producealegallogic valueis calledsyndironizationfailure; Chang
andMolnar provided thefirst corvincing experimentaldemonstratiomf synchronizatiorfailurein
1973[2]. Synchronouslesignersnustaccepta certainrisk of systemfailure, which canbetraded
againsiperformanceasdiscussedn theliterature[21].

Synchronizatiofiailuremaybeavoidedby makingthesamplingsystencompletelyasynchronous.
In sucha systemno clock demandghatthe systemmale its decisionaftera certain,fixedamount
of time and systemoperationcanbe suspendedintil the decisionhasbeenresoled. The device
thatdeterminesvhethera particulareventhappenedeforeor afteranothers calledanarbiter. A
typical CMOS arbiteris shavn in Figurel. This is the familiar R-S latch with a filtering circuit
ontheoutput. In contrasto how this device is usedin synchronousircuits, the arbiteris allowed
to gointo the metastablestateif the two inputsarrive nearly simultaneously The filtering circuit
on the output(a pass-gate-transformeuhir of NOR gate/iverter hybrids) ensureghatthe arbiter
outputsu andv do notchangeuntil theinternal-nodevoltagegon s andt) areseparatedby atleast
ap-transistothresholdvoltage—whichmeanghattheinternalnodeshave left the metastablstate.
At thattime, thearbiterhas“madeup its mind; andthereis no possibility of anoutputglitch.

If the restof the systemcanwait until the arbiterassertsone of its outputs,which could take
forever, thenthereis no possibilityof synchronizatioriailure. We stresghateventhoughthearbiter
couldtake forever, in practice,it rarelytakesvery long to exit the metastablestate.In fact,thisis
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Figure 1. CMOS arbiter circuit.

the reasonthat asynchronousmplementatiorof systemshat requirearbitrationis attractve—the
avelage delayof the arbiteris likely to be muchsmallerthanthe latengy that would be required
to reducethe probability of synchronizatiorfailurein a synchronousmplementatiorto acceptable
levels.

The properoperationof the arbitercircuit dependonthefactthattheinputsarestablej.e., that
the inputsremainassertedintil the arbiterhasacknavledgedthe input by makingits decision. If
oneof therequestss withdravn beforethearbiterhasmadeits decision thearbitermayfail (oneor
bothof the outputsmay glitch). Figure2 shavs anexampleof whathappensf anunstablanputis
sampledwith anormalarbiter In thisfigure, Go representsheinputto thearbiter a 100 pspulse,
z.r1_ representshe switchinginternalnode(betweernthe R-Slatch andthefilter stage)andz.z1
representshe output,which glitches. (The simulationparametersisedherearefor HP’s 0.6-um
CMOSprocess.)

Expressecsa ProductionRule Set(PRS)[18, the CMOS arbitermaybe written

aNt — sl
bAs — t]
—aV -t — st
bV s = it

Arule G — s] meanghatthevariables is setto false whentheconditionG is true. Rulesof the
form G — s] correspondo pull-dowvn chains,and G — st correspondo pull-up chains.These
productionrulescorrespondo the circuit shavn in Figurel.

Thearbiteris specifiedby the following handshakingxpansion(HSE)[18:
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Figure 2. Waveforms of a misbeha ving arbiter .

*[[a — ut; [-al;ul
|6 — v1; [0b]; vl
1]

2.1 The Synchronizer

As we have seenthe arbitercanmisbehae (have glitches)whenaninput is assertedandthen
withdravn before being acknavledged. This meansthat we cannotuse an arbiterto samplea
completelyunsynchronize@xternalsignal,somethinghatis for instancerequiredby theinterrupt
mechanisnona MIPS microprocessd@]. A circuitthatsolvesthis moredifficult problemis called
asyndironizer

The synchronizehastwo inputs: a controlinput andaninput signalthatis to be sampled.The
specificationof the synchronizeiis, informally, thatit waits for the control signalto be asserted
andthensampleghe input. We are attemptingto build the circuit sothatit canbe partof a QDI
asynchronousystem;therefore,the synchronizemproducesa dual-rail outputwith the two rails
representinghe valueof thesampleinput: eithertrue or false.

Using handshakingxpansionsthe programfor the synchronizeis givenby

*[[re A =z — r07; [-rel; rO)
lre ANz — r11; [-rel;rl]
1]

wherez is the input beingsampled,re is the control input, andthe pair (0, r1) is the dual-rail
output. Whenthe ervironmentassertsre, the synchronizerspringsinto action and samplesz,
returningthe obsened valueby assertingeitherr0 or 1. Whatmakesthe implementatiorof this
circuit challengingis thatz may changefrom true to false andvice versaatary time. If theinput



hasa stabletrue valuewithin afinite, boundednterval aroundthe time the controlinput arrives,
thecircuitasserts 1; if theinputis astablefalse, thecircuitasserts:0; otherwisethecircuitasserts
eitherr0 or r1, but notboth. In practice the“confusionintenal” will beavery shorttime indeed,
approximatelythe delay of the singleinverterusedto invert the input. The confusionintenal is
analogouso thesetupandholdtimesof alatch; however, asopposedo alatch,thesynchronizers
requiredto operatecorrectly(albeitnon-deterministicallyevenif theinputchangesn thisintenal.

Whatmakestheimplementatiorof the synchronizedifficult is thatit mustwork correctlywhen
theinputchangesluringtheconfusionintenal. Implementingasynchronizeproperlyis sodifficult
thatit is usually avoided: for instance Marshallet al. avoid it by detectingthe withdraval of a
requestndresettingheir entiresystem[13].

3: Top-down derivation of a synchronizer

By keepingin mind the metastabilityargumentof the previous section,we arrive at a correct
synchronizedesignthroughatop-davn derwvation.
Thesynchronizeis givenby thefollowing handshakingxpansion:

SYNC =*[[re Nz —> r01; [=rel; r0)
|re A —x — r1f; [—rel; rll
1]

whoseenvironmentis describedy
ENV =x*[ret; [rOV r1];rel; [-r0 A =r1]] .

Unfortunatelythis specificatiorof SYNC' is notdirectlyimplementableTo seewhy, considetthat
theprogramhasto do two thingsto adwvancefrom thewait for re A z to 707 first, it must“lock out”
the secondguard,so that r11 cannothappen;secondly it mustactually performthe assignment
r01. If z shouldchangeafterthe secondguardhasbeenlocked out but beforethe first guardhas
proceededthe programwill deadlock.Thereis aninherentraceconditionthatwe have to remove;
it is obviousthatwe shallhave to remove it by introducingintermediatestatesbeforer01 andr11.
We introduceexplicit signalse0 and a1 thatare usedto hold the valuesre A -~z andre A z

respectiely. We augmentSYNC with assignmentto a0 andal:

SYNC1 =
*[[re A 7z —> a01; [a0]; r01; [—rel; a0l; [—a0]; 04
|re Az — alt; [all; r11; [—rel; all; [—all; rll
1]
We introducean explicit handshakingxpansionto usethe newly introducedsignalse0 andal to
produceoutputsr0 andr1. Theresultis:
SYNC2 =x*[[re A~z —> a07; [-rel; a0l

lre Az — alf; [—rel;all
1]

SEL = *[[a0 — r01; [-a0]; 70
lal — 711; [—all; rll
1]

SYNC1= SYNC?2 || SEL



(Thebar”[” meanghatbotha0 andal cannotbehighatthesametimewhenSEL is executingthe
selectiorstatement.)Ve shouldlik e to arbitratebetweernz0 anda1 insteadof betweerre A —z and
re A z, andnotimplementSYN(C2 aswritten. Insteadof SYN(C'2, we usethefollowing production
rules that permit the different partsof SYN(C2 to executeconcurrently Specifyingthe circuit
behaior asa handshakingxpansionis cumbersomeso we proceeddirectly to the production
rules:

re Az +— a0t
—re — a0l

re ANz — alf
-re — all

To malke the rulesCMOS-implementablewe introduceaninverterto generate:_ in thefirst pro-
ductionrule. Giventhattheserulesall executeconcurrently we examinethe behaior of SEL in
greaterdetalil.

Signalsa0 andal areindependenfrom eachother in the sensehatthey canbebothtrueatthe
sametime if z is sampledduring the confusioninterval. Also, becauser canbe sampledduring
a transition, the transitionsa01 and a11 are not always completed but we assumethat at least
oneof themcompletesaventually The essentiafactaboutthe signalsa0 andal is thatthey are
monotonicallyincreasingaslong asre is true. In fact, a0 canbe thoughtof asthe “integral” of
-z A re: aslongas—z holds,a0 increasesshouldz beginto holdinstead a1 will increasenstead.

SEL is similar to but not identicalto an arbiter In an arbiter whenboth inputsare high, the
arbiterselectdbothinputsoneafterthe otherin arbitraryordersincea requesis never withdravn
(seeSectionl). In SEL, onthe otherhand,whenbothinputsarehigh, only oneshouldbe selected.
Hence we mustcheckthatboth a0 andal arefalse beforeresettingthe outputof SEL. The new
processs:

SEL = *[[a0 — r01; [-a0 A —al]; r0]
[al — r17; [—al A —=a0]; 71}
1]

(Note that we have re-introducedhe “ |” indicatingthat the selectionbetweena0 and a1 is non-
deterministic.) SEL can be implementeddirectly as a bistabledevice, and the productionrules
are:
rl_ANa0 — r0_]
—rl_V (a0 A =al) — 701

rO_Aal — rl_]
—r0_V (-al A =a0) — 717

The circuit correspondindo the productionrule setfor the synchronizeiis shavn in Figure 3,
wherewe have addedthe filter stagenecessaryo block the metastablestatefrom reachingthe
digital outsideworld.

3.1 Summary
Let us summarizevhat we have done. We startedwith aninput, z, which we assumedould

changeat ary time—in fact, z neednot even have a definedlogic value. The problemwe setout
to solve wasto samplethis z; by this we meanthatif z holdsa stablelegal logic value,thenour
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Figure 3. Synchronizer

circuit returnsthatvalue;if = doesnot hold a stablelegal logic value,we do not carewhetherour
circuit returnszeroor one,aslong asit returnsoneof thetwo ratherthanfailing in somedisastrous
way. We accomplishedhis by “integrating” the signalz into the two monotonicintermediaries:0
andal; beingmonotonicwe couldapplystraightforvard techniquego them.

In aseparatg@ublication[23], we review differentversionsof this circuit (the onewe have seen
hereis only the mostbasic)andalsocontrastthe variousversionsto the earlierdesignby Rosen-
begeretal. [24]. Rosenbageretal.’s designis a sense-amplifiedesignwhich dravs staticpower
anddepend®n transistorratioing assumptionshatmale it difficult to build areliablecircuit real-
ization[10]. Ours,ontheotherhand,is a normalpseudo-stati€MOS circuit thatdravs no static
power and posesno especiallydifficult analogdesignproblems. We shouldrememberhowever,
that Rosenbager’s designis the only prior work that actually solvesthe problemof synchroniz-
ing a completelyasynchronousignalwith zeroprobability of failure; otherdesignerdiaze simply
givenup and,like their synchronoudriends,accepted nonzergprobability of failure[13]. As we
have alreadydiscussedthe zero probability of failure is not a merely academiqoroperty;rather
it allows the designerto increasethe performanceof the designby taking advantageof average-
caseperformanceatherthanintroducingextralateny to dealwith once-in-a-lifetimemetastability
events.

We have seenthatwhat makesbuilding a synchronizedifferentfrom building anarbiteris that
the synchronizehasto contendwith requestghat are withdravn beforethey aregranted.In the
speciakasevherewe know thatthewithdraval will happerwhile anotherequests beingserviced,
thefull functionality of thesynchronizers notnecessaryl1, 6]. A synchronizesimilarto theone
describecherewasusedto sampletheinterruptinputsin the MiniMIPS processof20].



4: An Asynchronous Clock Circuit

We shall studythe specificcaseof interfacinga QDI asynchronousystemwith a synchronous
environment. Specifically we shall develop andanalyzea simplecircuit thatallows a QDI asyn-
chronoussystemto samplean external clod signal. Why shouldwe wanta QDI asynchronous
systemto do suchathing? The mainreasons sothatwe canbuild accuratdimers;for instance,
the Intel 8051 microcontrolleris specifiedto have timersthatcountincomingclock ticks andraise
aninterruptwhenthe countreaches certainvalue[1].

4.1 Prior solutions

We are studyingthe problemof samplingan external, free-runningclock signalwith anasyn-
chronoustircuit. This problemcanbe solved usinga synchronizerwe simply setup the synchro-
nizerto sampletheinput repeatediyandcountthe numberof timesthatwe seea“1” followedby a
“0” orviceversa.

Two problemsareimmediatelyevident:

1. The circuit canmissinput transitions;if R is not readoften enoughi,it is possiblefor z to
transitionfrom, e.g.,true to falseandbackto true again.

2. If we wish to mitigate the first disappointmentwe shall have to make our circuit read R
very often. If it thenturnsout that, contraryto our original fear of z’s changingtoo often,
z actually changesvery infrequently thenwe shall be wastinga greatdeal of enegy by
inspectingz too frequently (The samplingratefor the synchronizemustbe higherthanthe
maximumrateatwhich z canchange.)

Thereis no completelysatishctorysolutionto thefirst problem:if theasynchronousystemhat
is interestedn the value of z cannotkeepup with the changeson z, thentransitionson z shall
simply have to bemissed.

From before,we know thatthe synchronizeis a subtlecircuit thatamongotherthingsincludes
ametastablelement.The presencef the metastablelements requiredbecause¢he specification
requiresthe synchronizeto sequencéwo eventswhoseoccurrencdimesmay be arbitrarily close
to eachother The circuit that we shall discussnow borravs partsfrom our earliersynchronizer
designwhile avoiding the metastability

4.2 A Synchronous& AsynchronousEvent Generator

We shall considerdesigninga circuit that takes a synchronouslock signal and corverts that

into a streamof asynchronousventsor handsha&s. Using the Handshakingexpansionanguage
(HSE),we write

SYNCASYNC =

*[ [z]; [-z]; R ]
wherez is thesynchronousglock input,and R denotesa handsha& communicatiorwith theasyn-
chronouservironment. Obviously, if R takestoo long to complete(sothatz hastime to go from

falseto true backto false), thecircuit will missaclock cycle, andit cannotproceeduntil the next
cycle.



4.3 Input integrators

Thesynchronizemwe have alreadystudiedincludesthe following elementasits “first stage”:
INTEGRATE =
x[[z A —rtl; qtf; [rtl; qt]

INTEGRATE waitsfor z to becometrue andthencompletesahandsha& INTEGRATE may
male progressevenif z is not true long enoughto fire ¢¢1; if z is oscillating very rapidly, an
implementatiorof INTEGRATE may integratez until it hasaccumulateegnoughchageto fire
qtt.

As in thesynchronizerwe furtherconstructhe following:

NOTINTEGRATE =
*[[-z A —rfls ofts [fl; ofd]

In the synchronizer NOTINTEGRATE is realizedwith aninstanceof INTEGRATE with an
inverteronits input (we shall seethatwe canevenavoid thathere).

4.4 Control process

If weuseINTEGRATE and NOTINTEGRATE to implement[z] and [-z], thenwe only
needto adda control procesgo sequencéheactionsproperly andwe saythat SYNCASYNC =
INTEGRATE | NOTINTEGRATE || CONTROL. Theolviousimplementatiorof CONTROL
is thefollowing:

CONTROL =
*[[qt]; rtt; [—qtl; rtl;
Laf1s rfts [-afl; rfds
rot; [ril; rol; [—ril]
Herewe have replacedhe communicationk with its implementationot; [i]; rol; [—ri].

CONTROL isagoodcandidatdor reshufling: let usbringout L¢t]; r¢1 from thefirst iteration
andintertwinethe ¢t andf communications:

CONTROL =
Lqt]; rit;
*L[ogt A gfl; rid, ft
Lgt A —gfl; rit,rfls
rot; [ril; rol; [—rill
We cancontinuethe sameprocesawvith the R communication:
CONTROL =
Lqt]; rit;
*[[—qgt A gf AN—ril; ril, rft, rof;
Lgt A—gf Aril; rit,rfl,r0l ]
The*“prolog” [q¢t]; rt1 disturbsthe symmetryof the program;by remaving it, we shallonly find
thatwe ignorethefirst rising edgeof theinput clock. We hencegetthefollowing program:



CONTROL =
*[[ogt A gf A-rid; rtl, rf 1, rof;
Lgt A—gf Aril; rit,rfl,r0l ]
Finally, it seemsohvious thatthis programcould have a particularly simpleimplementationif
thesignalsensesreadjusted.Thefollowing worksbest:

CONTROL =
*[[—gt A =gf _N=ril; rt 1, rf1, rot;
Lgt Agf _NTid; ri_l,rfl,rol ]

In otherwords, CONTROL is simplyaninvertingthree-inpuC-elementwith thisimplementation,
rt_, rf, andro becomahreenamedor the samecircuit node.

4.5 Transistor-level implementation

Now let usclarify thechoiceof signalsensesWe implement/NTEGRATE with thefollowing
production-ruleset(PRS):

T ATt — qt_]

=t — gt

qgt_ — qtl

gt = gt?
Similarly, NOTINTEGRATE becomeghefollowing:

—z A =rf o= ogfl

rf = qfl

a — ol

—gf = gf 1
By invertingthe senseof NOTINTEGRATE relatve to INTEGRATE, we avoid having to put
an inverteron theinputto NOTINTEGRATE; furthermore,sinceall the productionrulesare
inverting, the circuit is directly implementablén CMOS circuits. Sincethe nodesqt_ and ¢f are

state-holdingywe mustaddstaticizergdbleeders}o them.
CONTROL is implementedasthefollowing PRS:

gt A —gf_ A\ —ri — 1ot
gENg_ATi — TOl

It is morecorvenientto make ri inverted;we shouldnormally call this re (for “r enable”—when
re istrue, thecircuit is enabledto produceanoutput).

4.6 Analog difficulties

It is notimmediatelyobviousthat INTEGRATE and NOTINTEGRATE will work correctly
for ary input waveform on z. The PRSimplementationguaranteeshat = can only causegqt_
to decreaseand canonly causegf to increase;but is this enoughfor the circuit to be correct?
This questioncanonly be answeredelative to the destinationof ¢¢_ and ¢f. Unfortunately this
destinatioris aC-elementanoise-sensiie dynamiccircuit. A veryslownly decreasingt —hence,
aslowly rising gt—could, for instancetriggerthe C-elementvell beforeqt reachegshe Vdd rail.
In this case we shouldhave to dependn atiming assumptiorio guarantee¢hat g¢ getsto the Vdd
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Figure 4. Async hronous clock cir cuit.

rail beforegf _ switches;if it did not, the intermediatevoltagecould be interpretedasfalse by the
C-elementater

We canremove theanalogproblemby implementingthetwo inverters
qt- — gt}
gt = gttt
o = ol
—gf = of 1

with Schmitttriggers. With this changewe areguaranteedhat gt andgf - switch quickly enough
thatneithernodewill beobseredasbothtrue andfalse Thisis becausef thefollowing property
of a Schmitttrigger: if the input changesnonotonicallyfrom onelegal logic valueto the other
thenthe outputwill switch quickly betweenthe logic values. However, a Schmitttriggeris nota
magicaldevice that canturn an arbitrary input waveform into a sequencef transitionsbetween
legal logic values—thepropertywe areusingonly holdsif the inputsaremonotonic. This is why
we have beencarefulto designINTEGRATE and NOTINTEGRATE sothattheir outputsare
monotonicregardles®f theirinputs. Thetransistodiagramof thefinal circuitis shavn in Figure4.

We shouldnotethatthe analogproblemwe describehereis unlikely to causepracticaldifficul-

11



SYNCASYNC for very fast input
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Figure 5. Very fast input signal applied to SYNCASYNC.

ties; only a very unfortunateselectionof transistorsizescouldallow ¢t to lingerin anintermediate
voltagerangefor an appreciabldengthof time. However, oncewe have substitutedhe Schmitt
triggerswe can be surethat the circuit is correctwithout recourseto arything beyond a simple
monotonicityagumentfor ¢t and¢f andour well-testedQDI theoryfor therest. (The synchro-
nizercanalsobeimproved, atleastin theory by similarly addingSchmitttriggersto it [23].)

An exampleof how the circuit handlesa particularly difficult input is shovn in Figure5. This
is the SPICEoutputof a simulationof the circuit using0.6.um parametergfor HP’s CMOS14B
proceswia MOSIS).A 1140MHz inputsignalgeneratedby a seven-stageing oscillatoris applied
at nodez; this is far fasterthan the maximumof about400 MHz the circuit can handlein this
technology(without ary detailedtransistorsize optimization). The nodesro, z, andgf areshavn
in thegraph.We seehow ¢f beginstorise(because is false); whengf hasreachedbouthalfway;
z becomegrue andgf’s rising stops;finally, z becomedgalse again,andgf goestrue. Sincewe
have designedhe circuit to generatea communicatioron R everytimeit detectsadowvnwardedge
onz, it is gf 'sgoingtrue thateventuallycauseshe upwardtransitionon ro.

5: The Gray-Code Counter

The curiousreaderwill wonderwhetherone candevise a way for an asynchronousystemto
reada free-runningcounter(e.g., a time-of-dayregisterdriven by an accurateoscillator) (a) with
zero probability of synchronizatiorfailure, (b) without interruptingthe countey and (c) with an
absoluteguarantedhat the time that was readwasindeedcontainedin the registerin a bounded
neighborhoof thetime thatthe requestvasmade.

This particularproblemcanbesolvedwith asynchronoussray-codecounterandeitheranarray
of synchronizergone per bit of the counter)or a single synchronizeithatis usedonceper bit of

12
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Figure 6. Gray-code scheme for reading time of day async hronousl y.

the counter The counteroperatesynchronouslyo its clock andcannotbeinterrupted.Whenthe
asynchronousystemdesiresto know thetime of day it latchesthe currentvalue of the counter
Thelatchingresultsin at mostonebit’s beingin anintermediatestatebetweena valid logic false
andavalid true. It is possibleto detectthatall thelatched-invalueshave decayedasthey doin a
latch,to valid logic values;at this time, theasynchronousystemknows the time of dayatthetime
of therequesto within 1 LSB. (It is actuallypossibleto omit theintermediatdatchandsimply use
thesynchronizedirectly) Theschemas illustratedin Figure6.

Let us comparethe Gray-codesolutionwith the event-generatosolutionwe have presentedn
this paper The Gray-codesolutionrequiresa bundled-datdiming assumptiorwhenwe readthe
bits: we mustassumethat all the bits of the counterare readin simultaneouslyor at leastso
quickly that at mosttwo valuesare seenin the latchesand synchronizersthe Gray-codesolu-
tion furthermorehasa rathercomplicatednterfacebetweerthe synchronousndasynchrouparts
(which we shouldlike to avoid if possible);finally, it requiresus to computethe specific piece
of information we desireon the “synchronousside” of the systembeforeturning it over to the
“asynchronousside” of the system. In contrast,the event-generatosolution hasa very simple
synchronous-asyhoonous interface: every clock pulseturnsinto an asynchronougvent; every-
thing we desireto computewe cancomputeon the asynchronouside of the system;but for this
cornveniencewe pay afinite probability of losing clock pulses(we canmale this finite probability
arbitrarily smallby addingasynchronoubuffering downstreanmof the eventgenerator).

The remarkablehing aboutthe asynchronouslock circuit presentedn this paperis thatit is
nondeterministic—i.e.we cannottell if aninput transitionwill leadto an outputactionwithout
referenceo theactualtiming thatobtainsin thegivensituation—yefit containsno arbiter synchro-
nizer, or othermetastablelevice! Themostcloselyrelatedwork to oursis Greenstreet “real-time
meiging” circuit, which usesSchmitttriggersin a similar way but for a differentpurpose namely
nondeterministieneging of two datastreamswithout metastability[ 7].
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6: Conclusion

In this paper we have studiedtwo similar problemsthat involve acceptingsignalsthat change
at arbitrary times into an asynchronoushiandshakingramewvork. The first designproblem,the
synchronizeris one of the mostdifficult circuit-designproblemsin asynchronouslesign: a syn-
chronizers in somesensahe mostpowerful circuit elemenimaginablesinceit allowsthereliable
readingof aninput variablewhile placing no constraintson the timing behaior of that variable.
The seconddesignproblem,the asynchronouslock circuit, is similar to the synchronizein that
the input can changeat arbitrary times; however it is very differentin the format of the output:
insteadof readingthe input at a certaintimes, this circuit is reactve andproducesan outputwhen
the input changes.This circuit solvesthe problemof building a timekeeperin the asynchronous
framawork very elegantly: it is simplerandeasietto verify correctthanthesynchronoussray-code
counterandit canbefarmoreefficientthanasynchronizebasd solution(whethersynchronousr
asynchronous$inceits power consumptioris proportionalto the averagerate of input transitions
ratherthanto the maximumrateof input transitions.
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