
Best Paper Award at 9th International Symposium on Asynchronous Circuits and Systems(May 2003)

Ef�cient Self-Timed Interfaces for CrossingClock Domains

AjantaChakrabortyandMark R. Greenstreet
Departmentof ComputerScience
Universityof British Columbia

f chakra,mrgg@cs.ubc.ca

Abstract

With increasingintegration densities,large chip de-
signsare commonlypartitionedinto multiple clock do-
mains. While the computationwithin each individual
domain may be synchronous, the interfacesbetween
thesedomainsoften useasynchronousmethods. One
such approach is the STARI technique[12, 13] where
a self-timedFIFO compensatesfor clock-skew between
thesenderandreceiver. We presentimplementationsof
STARIwheretheFIFO consistsof a single, handshaking
stage. We start with thesimplestcasewhere thesender
andreceiveroperateat exactlythesamefrequencywith
an unknownskew. We then generalize this designfor
links with clocks whosefrequenciesare rational multi-
plesof each other, clockswhosefrequenciesare closely
matched,andarbitrary clocks. We showthat in each of
thesecases,theSTARI interfacecanexploit thestability
of typical clocksto achievelow latenciesandnegligible
probabilitiesof synchronizationfailure usingvery sim-
plehardware.

1 Intr oduction

Increasingintegration densitiesand clock frequen-
cies drive designersto implementincreasingnumbers
of on-chip clock domains. As tight timing tolerances
cannotbeguaranteedbetweentiming domains,commu-
nication betweendomainseither takes placeat a rate
slower than the systemclock (e.g.one transferfor ev-
ery two cyclesof theclock)or with somekind of mixed
synchronous/asynchronousdesign.This paperpresents
a family of novel asynchronouscircuits for transferring
databetweenclock domains.

Our circuits arebasedon the STARI [12] approach
where a self-timed FIFO is used to compensatefor
skew betweentwo synchronoussystemsoperatingwith
a common clock. We show the simple casewhere
the FIFO consistsof a single, handshakingstage,and
achievesa skew toleranceof nearly two clock periods.

We show how this leadsto small, low-overheadinter-
faces.Unlike the original STARI [12], the designpre-
sentedheresupportsinterfaceswherethesenderandre-
ceiveroperateat differentfrequencies.

Figure1 shows threetypical scenarioswherea chip
is partitionedinto multiple clockdomains.In �gure 1.a,
a singleclock drivesall timing domains.This is a typ-
ical situationin high-performancedesignssuchasmi-
croprocessorsfor generalpurposecomputers.In these
designs,clock and data skew [14] arise from a vari-
ety of sources[2]. First, scalingtrendswith decreas-
ing featuresizesdecreasegate delayscausinga cor-
respondingincreasein clock frequencies. For high-
performancedesigns,clock frequenciesare further in-
creasedby architecturaltrendsfavoringdeeperpipelines
with fewer gatesper pipelinestage. Traditionally, de-
signerstargetclockskewsof about10%of theclockpe-
riod [21, 27, 20, 16,18]. Longwire delaysandvariations
in buffer delaymake thesetargetschallenging.Accord-
ingly, designersresortto carefullayout [1, chapter7.4]
andactive skew compensation[33]. Likewise, fabrica-
tion engineersreducewiring delaysby deployingcopper
wires [8] to lower resistanceandlow-k dielectrics[11]
to reducecapacitance.Theseapproachescomeatacost:
circuit andlayoutapproachesto loweringclockskew of-
tendosoat anincreasein circuit complexity andpower
consumption;improvementsin materialsarelimited by
physicalconstants.

While membersof the asynchronousresearchcom-
munity have citedtheproblemsof clock skew for years
asa motivation for asynchronousdesign,synchronous
designsremainprevalant. Large synchronousdesigns
aretypically partionedinto smalldomainswithin which
wire delaysandclockskew aresmall(e.g.[26]) andtak-
ing extra measuresfor communicationbetweenclock
domains.For example,theIntel Pentium4 architecture
includespipelinestageswhosesolepurposeis to “drive”
dataacrosschipbetweenclockdomains[15]. In thispa-
per, we describeasynchronousinterfacesbetweensyn-
chronousclock domainsthat offer high skew tolerance
with minimal areaandlatency overheads.
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Figure 1. Chips with Multiple Cloc k Domains

Figure1.b depictsa designwheredifferentportions
of thechip operateat differentfrequencies,andthevar-
ious clocks are derived from a commonsource. This
commonlyoccursin system-on-chipdesignswheredif-
ferent IP blocks operateat different clock frequencies
or in multi-rate digital-signal-processingdesigns. Al-
thoughmultiple clock frequenciesare used,thesefre-
quenciesareexact rationalmultiplesof eachother, and
theseratios are typically known in advanceor are de-
terminedby pre-designedoperatingmodesof the de-
sign. Knowing the exact relationshipbetweenthe var-
iousclock frequenciesenablesthedesignof aninterface
thatoperateswith low latency andwithoutsynchroniza-
tion. Section6 describesour designfor this scenario.

Finally, �gure 1.c shows a designwhere different
portionsof the chip operatewith clocksfrom indepen-
dent sources. This occurs,for example, in the design
of network routers[19] whereeachline card receives
a bit streamwith an embeddedclock from a different
source.Althougheachstreamcomeswith its own clock,
typically theseclocksarevery closelymatchedin fre-
quency. For example,ATM standardsspecify that bit-
ratesbewithin onepartpermillion of theirnominalval-
ues. In section7, we show that we canadaptour sim-
ple interfaceto exploit this closematchingandprovide
robust data transferwithout incurring synchronization
overheadin the latency critical path. In section8, we
generalizethis solutionto designswith arbitraryclocks.

The essentialobservation behindour designsis that
clocksfor synchronoussystemsaredesignedto be ex-
tremelystable.Thus,we candesignSTARI style inter-
facesthatprovide moderateamountsof skew tolerance
anddynamicallycompensatefor any long-termdrift. As
describedabove, we presentdesignswhen the sender
and receiver operateat exactly the samefrequency; at
frequenciesthatarerationalmultiplesof eachother;at
closelymatchedfrequencies;andat arbitrary, relatively
stablefrequencies. In the remainderof the paper, we
show thatthesedesignsaresmallandcanoperateathigh
clock frequencieswith low latencies.

2 RelatedWork

Giventhechallengesof transmittingsignalsbetween
clock domains,researchershave exploreda variety of
asynchronoussolutions. Theserange from building
completelyasynchronouschips [22, 10, 28] to various
combinationsof synchronousand asynchronousmod-
ulesin thesamedesign.Wefocuson thelatterapproach
in this paper. Thevariousmethodsfor combiningasyn-
chronousand synchronousmodulesvary accordingto
the requirementsthat are placedon the clock. At one
extreme,GALS (i.e. “Globally Asynchronous,Locally
Synchronous”)designsmakeveryminimalassumptions
aboutclock timing, effectively turning the clock into a
bundledcompletionsignal and addinghandshakingto
clockgeneration.At theotherextreme,“mesochronous”
and “plesiochronous”methodsrely on exact or nearly
exact frequency matching of the clocks [23]. Be-
tweenthesetwo extremes,synchronizingbuffersallow
eachdomainto operatewith its own, stableclock, but
make minimal assumptionsaboutthe relationshipsbe-
tweentheseclocks. Our approachesfall squarelyin the
mesochronousandplesiochronouscamps.We summa-
rize thesevariousapproachesbelow.

2.1 GALS

As originally proposedby Chapiro[5], GALS (i.e.
“Globally Asynchronous,Locally Synchronous”)de-
signsusestoppableclocks to allow synchronousmod-
ules to communicateusing asynchronousprotocols.
Each synchronousdomain has its own clock genera-
tor thatconsistsof a ring oscillatorwith a handshaking
stage. WhendomainX hasa value to sendto domain
Y, X outputsthe value,sendsa requestto Y andstalls
its clockuntil it receivesanacknowledgment.Likewise,
whendomainY is preparedto receive a valuefrom do-
main X, it stalls its clock, waits for a requestfrom X,
latchesthe value, sendsan acknowledgmentto X and
restartsits own clock.
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Yun andDonohue[36] extendedChapiro'sapproach
byaddingamutual-exclusionelementto theringoscilla-
tor. This allows eachlocally synchronousblock to con-
tinue operatingwhile polling for input from its neigh-
bors. The mutual exclusion elementdelaysthe next
clock event, if needed,to allow metastability[4] aris-
ing from the polling to resolve. Yun and Donohue's
approachallows GALS designsto bevery �e xible, and
their methodshave beenextendedby several research
groups,e.g.[25, 31, 24, 29].

GALS makesminimal assumptionsaboutclock sta-
bility; in fact,GALS discardsthestabilityandlow-jitter
of clocksthatarethehallmarksof synchronousdesign.
Jitter is the variation in the time betweensuccessive
clock events. This variationdirectly degradesthe per-
formanceof synchronousdesigns. and clock pausing
exacerbatesjitter. After pausinga clock, the �rst edge
throughthe ring oscillatorand clock buffer will prop-
agateslower thansubsequentevents[34]. The lossof
long-termtiming predictabilityandtheincreaseof jitter
areconsequencesof the GALS approachof converting
synchronousdesignsinto asynchronousones.In thispa-
perwe show thatmoreef�cient designsareachievedby
letting synchronousmodulesbesynchronousandusing
simpleasynchronousinterfacestocompensatefor clock-
skew andothertiming uncertainties.

2.2 Synchronizing Buffers

The next stepin our taxonomyallows independent,
free-running,stableclocks in eachdomain,andmakes
minimal assumptionsaboutthetiming relationshipsbe-
tweenthem.A commonrule-of-thumbfor designspeci-
�es theuseof two or threesynchronizinglatcheswhen-
ever a clock domain is crossed[17, chapter3.11.4].
For high-performancedesignswith a small numberof
gate-delaysperclockperiod,evenlongerchainsmaybe
neededto achieve acceptablylow probabilitiesof fail-
ure. Seizovic [30] recognizedthat thesesynchroniza-
tions can be pipelinedallowing high throughputeven
whenthetimefor reliablesynchronizationis many clock
periods. Chelceaand Nowick [7] further optimized
this approachby noting that synchronizationsareonly
neededfor thereceiverwhenthebuffer is closeto empty
andonly neededfor thesenderwhenthebuffer is close
to full. All of theseapproachesincurtheworst-casesyn-
chronizationlatency whenthebuffersarenearlyempty.
Iyer andMarculescu[16] evaluatedtheperformanceof
a superscalarmicroprocessordesigndecomposedusing
ChelceaandNowick'sFIFOs.Superscalarsareparticu-
larly sensitiveto latency, andIyer andMarculescufound
thattheperformancepenaltiesarisingfrom theaddedla-
tency outweighedthepower savings for thedesignthat
they considered.

2.3 STARI

Thesynchronizationlatency of thedesignsdescribed
above can be reducedor eliminatedby taking advan-
tageof the stability of clocks. This stability allows us
to predict the timing relationshipof clocks in different
domainswell into the future. Mesochronousdesigns
(a.k.a.“STARI” [12, 13] or “source-synchronous”[35])
haveacommonclocksourcefor thesenderandreceiver,
guaranteeingthatbothoperateat thesamefrequency al-
though the phasedifferencebetweenthe two may be
unknown. A FIFO at the receiver is initialized to be
roughly half full. During eachclock period, the trans-
mitter insertsone item into the FIFO and the receiver
removesonevaluefrom theFIFO.TheFIFOoccupancy
remainswithin oneof half-full, andover�ows andun-
der�owsareexcluded.Thisremovestheneedfor testing
full andemptyconditionsandtherebyremovestheneed
for synchronizationandsynchronizers.

In thispaperwepresentbothspecializationsandgen-
eralizationsof the original STARI work. In sections3
and 5 we specializeSTARI by focusing on the case
wherethe FIFO consistsof a single stage. We show
thatsuchimplementationscanprovidenearlytwo clock
periodsof skew tolerance.By optimizingfor thesingle-
stagecase,weobtainverysimpleinterfacesbetweenthe
edge-triggeredconventionscommonin synchronousde-
signandthehandshakingcommunicationthatis charac-
teristicof self timeddesigns.WethengeneralizeSTARI
to relax the requirementof exactly matchedclocks at
thesenderandreceiver. Wepresentinterfaceswherethe
senderandreceiverclock frequenciesarerationalmulti-
plesof eachother(Section6), closelymatched(Section
7), andarbitrary(Section8). In all of thesedesigns,we
exploit thelong-termstabilityof clocksto obtainsimple
interfaceswith smalllatencies.

3 The Single-StageFIFO

Wenow describeasimpleinterfacecircuit for STARI
communicationwhenthe FIFO hasa singlestage. As
shown in �gure 2, the FIFO consistsof a single latch,
andalatchcontrollerthatgeneratesaclockfor this latch
basedontheclocksfrom thetransmitterandreceiver. To
theuser, this FIFO appearsasa latchwith two clock in-
puts:

F T F R

D Q receiver
data todata from

transmitter

In thissectionandthenext, weassumethatthetransmit-
ter andreceiver operateat exactly the samefrequency,
only the relative phasedifferenceis unknown. This is
easilyachievedif bothof theirclocksarederivedfrom a
commonsource.
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Figure 2. The Single Stage FIFO

Figure3 depictsthetiming for thesingle-stageFIFO.
For simplicity, we assumethat the latchesarepositive
edgetriggered. Our designeasilygeneralizesto other
latchingstyles.For properoperation,thelatchcontroller
must generateF X so as to satisfy the set-upand hold
requirementsof latch-X andlatch-R. To satisfythe re-
quirementsof latch-X, therisingedgeof F X mustoccur
at leasttset� up + tprop (abbreviatedts in the �gure) after
the previous F T event, andat leastthold � tprop (abbre-
viatedth in the �gure) beforethenext F T event,where
tset� up, thold, andtprop denotethe set-upandhold times
and propagationdelay of the latchesrespectively. To
satisfy the requirementsof latch-R, the rising edgeof
F X mustoccurat leastthold � tprop afterthepreviousF R
event,andatleasttset� up+ tprop beforethenext F R event.
The“exclusion” regionscorrespondingto theserequire-
mentsareindicatedby cross-hatchedregionsin �gure 3.

Therearetwo windowsof opportunityfor generating
F X : a rising edgeof F X may occur betweena rising
edgeof F T and the subsequentrising edgeof F R, or
betweentherisingedgeof F R andthesubsequentrising
edgeof F T . Wereferto thesescenariosaccordingto the
lastevent(F T or F R) thatoccursprior to eachF X event.
Thus,if F X occursaftera F T eventbut beforethenext
F R event,wereferto thissituationas“transmitter-last”,
andwewrite “receiver-last” to referto theothercase.In
the �gure, dTR denotesthetime from therising edgeof
F T to thenext risingedgeof F R. Likewise,dRT denotes
the time from the rising edgeof F R to the next rising
edgeof F T . Let P denotethe clock period. Now, let
gTR denotethe width of thewindow of opportunityfor
the transmitter-last scenario,andgRT denotethe width
of thewindow of opportunityfor the receiver-lastcase.
We have:

gTR = dTR � 2(tset� up+ tprop)
gRT = dRT � 2(thold � tprop)

) gTR+ gRT = dTR+ dRT � 2(tset� up+ thold)
= P� 2(tset� up+ thold)

) max(gTR;gRT) � P=2� (tset� up+ thold)
(1)

In other words, if the clock period is greater than
2(tset� up + thold), thenthewindow of opportunityfor at
leastoneof the transmitter-lastor the receiver-lastcase
is non-empty, and the latch-controllercan generatea
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hthtst st

g
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g
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Figure 3. Cloc k Timing for the FIFO

clock that ensuresproperoperationof the interface. In
particular, if gTR > 0, thenthelatchcontrollercansafely
generatea risingedgetset� up+ tprop aftertherisingedge
of F T ; otherwise;gRT must be positive, and the latch
controllercansafelygeneratea rising edgethold � tprop
after the rising edgeof F R. In section5 we show how
the latch controllercanbe initialized to operatein one
of thesetwo scenarios.For theremainderof thissection
wewill considersteadystateoperation.

The latch controller performsthe function of a C-
element. To see this, �rst consider operation in a
transmitter-last scenariowith gTR > 0. Following each
rising edgeof F T event, the latch controlleroutputsa
correspondingrising edgefor F X . Then,therewill be
the next rising event for F R followedby a rising event
for F T beforethecontrolleroutputsthenext risingedge
of F X. Conversely, for thereceiver-lastcase,following
eachrisingedgeof F X event,thecontrollerseesarising
eventfor F T followedby a F R eventbeforegenerating
the next rising edgefor F X . Betweenproducingcon-
secutiverisingedgesof F X , thelatchcontrollerreceives
risingedgesfrom bothF T andF R in eithercase.

In our design, timing is determinedby the rising
edgesof the clocks. Accordingly, we use a self-
resetting[6, 32] implementationasshown in �gure 4.
On a rising edgeof F T , transistorsm1 and m2 pull
nodeaT low. Thethree-inverterchainto thegateof m1
disablesthe pull-down pathshortly after F T hasgone
highto makethecircuit edge-sensitiveratherthanlevel-
sensitive. Likewise,nodeaR dropson a rising edgeof
F R. Whenbothhavedropped,nodec goeslow, resetting
theedge-triggeredC-elementandgeneratinga pulseon
F X . DelaydT ensuresthatthedelayfrom a rising edge
of F T to arisingedgeof F X is greaterthantset� up+ tprop.
Likewise,delaydR ensuresthatthedelayfrom F R to F X
is greaterthanthold � tprop. As promised,our designis
extremelysimpleandrequiresvery little layoutarea.

4 Skew Tolerance

To analyzetheskew toleranceof ourdesign,we start
with a transmitter-last scenario; proper operationre-
quiresgTR > 0 which is equivalentto dTR > 2(tset� up+
tprop). If theinitial timedifference,dTR;0, is greaterthan
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this value, thenthe transmittermay be further delayed
by upto dTR;0 � 2(tset� up+ tprop) withoutmalfunctionof
theinterface.

Figure 5 shows what happens starting from a
transmitter-lastscenariowheretransmittereventsoccur
progressively earlier due to drift in the skew. In this
�gure, the transmitteroutputsthe sequenceof values:
[� 1;0;A;B;C; : : :] on nodeQT . The valuesshown for
QX, and QR show how transmitterdata is propagated
to the other two latches. For eachF X event, the �g-
ure shows a vertical dottedline labeledwith the value
loadedinto latch-X by thatevent,andwith arrows from
F T andF R eventsshowing thetwo eventsthattriggered
the latch controller. The rising edgesof F X for values
B andC aretransmitter-lastevents;for valueD, theF T
andF R eventsarecoincident;and for valuesE andF,
F X is generatedby receiver-lastevents.In all cases,the
latchcontrollerwaitsuntil it hasreceivedeventsonboth
inputs. The relative orderof arrival of the rising edges
of F T andF R doesn't matter;thus,no synchronization
is necessary.

WhentheF T eventprecedestheF R event, thenthe
interfaceoperatesin thereceiverlastmode,startingwith
dRT = P. The interfacecontinuesto operatewithout
droppinga valueaslong asdRT > 2(thold � tprop). Start-
ing with an initial time differenceof dTR;0, transmitter
eventscanoccurupto P� dTR;0 timeunitsearlierbefore
thereceiver-lastscenariooccurs.At this point dRT = P,
and the transmittercanoccurup to P� 2(thold � tprop)
timeunitsearlierwithout malfunction.

To summarize,if the interfacestartsin a transmitter-
last scenariowith dTR = dTR;0, thentheF T canbe de-
layed with respectto F R by up to dTR;0 � 2(tset� up +
tprop) time units,andit canbe advancedby up to 2P�
dTR;0 � 2(thold � tprop) timeunitswithoutmalfunctionof
the interface. The total width of the interval of rela-
tive delaysfor which the interfaceoperatescorrectlyis
2(P� tset� up� thold). Equivalentargumentsholdstarting
from a receiver-last scenario.Thus, if the latch set-up
andhold window is small relative to the clock period,
thenour designoffersnearlytwo clock periodsof skew
tolerance.

F R

XQ
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F T

TQ A B C D E F G
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Figure 5. Drifting Skew

In additionto theset-upandhold requirements,node
c in the latchcontrollermustreturnhigh following the
generationof a F X pulsebeforethe arrival of the next
rising edgeon F T or F R. Let h be the time between
triggeringthelatchcontrollerandthesubsequentreturn
of nodec to a high value.Let dT0R0 anddR0T0 denotethe
time from a rising edgeof F T0 to the next rising edge
of F R0 andvice-versa. As explainedin [3], properop-
erationwith the transmitterlast requiresdT0R0 > h, and
properoperationwith receiverlastrequiresdR0T0 > h. At
leastoneof thetwo modesis feasibleif

P > 2h (2)

For our proof-of-concepttest-chip[3], our latch set-up
and hold windows were signi�cantly smaller than the
latch controller's cycle time. Thus, the constraintsof
equation2 arethecritical onesfor ourdesign.

5 Initialization

Undermany circumstances,gTR andgRT arebothpos-
itive. Whenthis occurs,the interfacecanoperatein ei-
ther transmitter-lastor receiver-lastmode. This section
describestwo criteria for selecting“better” modeand
initialization proceduresto achieve it. We assumethat
it is acceptablefor the interfaceto drop values,dupli-
catevalues,and/orexhibit metastablebehavior during
initialization. Of course,it mustdeliverdatawithout er-
ror aftercompletionof initialization.

5.1 Maximum Robustness

Clock jitter, temperaturedrift, andother�uctuations
causetheskew on physicalchipsto vary while thechip
is operating.Typically, this variationis just aslikely to
makethetransmitterearlierasit is to makeit later. Thus,
to maximizerobustnessto skew variation,we want to
choosethemodethat toleratesthe largestskew change
in eitherdirection. This correspondsto startingin the
transmitter-lastmodeif dTR > dRT andin the receiver-
lastmodeif dTR < dRT.
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An easyway to achieve this is to insertanadjustable
delayinto theself-resetcycle of the latch-controller. If
this delay is initially very large, then neithermodeis
feasibleandthe latch-controllerwill generateill-timed
clock signals. By graduallydecreasingthis delay, the
circuit will reacha point whereexactly oneof the two
modesis feasibleandafter oneor two cyclesthe latch
controllerwill operatestably in that mode. As the de-
lay is further decreased,the latch controller will re-
main in the �rst modethatbecamefeasible.This is the
modewith the larger skew margin. Thus, the analog
dynamicsof our circuit provide a very simple mecha-
nism for initialization. For our proof-of-conceptchip,
we implementedthevariabledelayfor initialization by
modulatingthegroundpotentialfor circuitsin thelatch-
controller. See[3] for details.

Metastabilitycanoccurif dT0R0 � dR0T0 � P=2: there
is a metastableperiodic behavior separatingthe peri-
odic attractorscorrespondingto the “transmitter-last”
and“receiver-last” modes. The probability of remain-
ing in this metastablesituationdropsexponentially in
time with thekeeperinvertersfor nodesaT andaR pro-
viding thefeedback.To ensurerobustoperation,anim-
plementationshouldeitherusea “strongkeeper”circuit
for theseinvertersor allow extra time for initialization.

5.2 Minimum Latency

When both transmitter-last and receiver-last modes
arefeasible,thetransmitter-lastmodehasa latency that
is one clock period less than that of the receiver-last
mode. For designswhere latency is critical for per-
formance(e.g. [9, 16]), it may be desirableto select
transmitter-lastmodewheneverpossible.Thefollowing
initializationprocedureachievesthis behavior:

1. Starttheinterfacerunningatfull-speed(noneedfor
thespeedadjustmentusedin section5.1).Thelatch
controllerwill settleinto oneof its two modes.

2. Wait long enoughto ensurethat theprobabilityof
metastabilityfailuresis insigni�cant.

3. Suppressonetransmitterclock event. If the latch
controllerhadbeenin the transmitter-lastmode,it
will now seetwo receiver eventsbeforethe next
transmitterevent and continuein transmitter-last
mode. On the other hand, had it been in the
receiver-lastmode,thelatchcontrollerwill seeone
receivereventbeforethenext transmittereventand
switch to transmitter-last. If dT0R0 > h, then the
controllerwill remainin transmitter-last,otherwise
it will missa receiver event whenthe controller's
internalresetcompletesafter thearrival of a rising
edgeof F R0 andthenresumeoperationin receiver-
last.
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Figure 6. An Interface with Rational Cloc ks

4. Allow adequatetime for theresolutionof metasta-
bility thatcanoccurif thecontrollerfallsbackinto
receiver-lastmode.

As described,this proceduremake no guaranteesof ro-
bustnesswhenforcingthetransmitter-lastmode.To pro-
vide somerobustnessagainstskew drift clock jitter, the
latchcontrollercanbeoperatedwith aslightslow-down
duringthis initializationandbroughtto full speedunder
normal operation. Alternatively, section6 describesa
near-missdetectorcircuit thatcandetectwhenthecon-
troller is closeto its limits; in which case,thecontroller
canbereturnedto thereceiver-lastmodeby suppressing
aF R event.

6 Rational Clock FrequencyMultiples

We now considerthesituationdepictedin �gure 1.b:
thefrequenciesof thesender'sandreceiver'sclocksare
pre-determinedrationalmultiplesof eachother. Let PT
be the period of the transmitter's clock and PR be the
periodof thereceiver'sclock. Let NR andNT bepositive
andmutually prime with NR=NT = PT=PR (NT andNR
correspondto the frequenciesof the respective clocks).
WedevelopourdesignsassumingNR > NT anddescribe
theNT > NR caseat theendof thissection.

Figure6 shows our designfor NR > NT . By theas-
sumptionthatthereceiver operatesat a higherratethan
the transmitter, therewill be receiver cycles for which
nonew transmitteddatais available.Theratemultiplier
outputsNT pulsesonnodeFU to thelatchcontrollerfor
everyNR cyclesof thereceiver'sclockasshown below:

sum := 0;
for each cycle of F R do

if sum � 0 then
outputa pulseonFU ;
sum := sum + NT � NR;

elsesum := sum + NT ;
endif

od

By analogywith F R andF 0
R, let FU0 be the internally

delayedversionof F U in the latch controller, and let
dT0U0 anddU0T0 bede�nedasdT0R0 anddR0T0 respectively.
As notedabove, the ratemultiplier introducesperiodic
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jitter into FU with aperiodof NRPR = NTPT . Let dU0T0;0
denotethetimefrom therisingedgeof F U0 producedby
the(kNR)th rising edgeof F R to thenext rising edgeof
F T0 for any integerk. It is straightforwardto show:

min(dU0T0) = dU0T0;0

max(dU0T0) = dU0T0;0 + PR � PR
NT

min(dT0U0) = PT � dU0T0;0 � PR+ PR
NT

max(dT0U0) = PT � dU0T0;0

(3)

Thecycle time constraintsof thelatchcontrollercanbe
satis�edif:

max(dU0T0;0;PT � dU0T0;0 � PR+ PR
NT

) > h (4)

whichholdsfor any valueof dU0T0;0 if:

PT � (1� 1
NT

)PR > 2h (5)

For designswhere the latch set-upand hold require-
mentsarethe dominantconstraints,similar boundsfor
PT and PR can be derived. Thus, our one-stageFIFO
can interfacebetweensynchronousdomainsoperating
at different,rationallyrelatedfrequencies.Furthermore,
theinitializationmethodsdescribedin section5.1apply
directly to the rational clocks case. Comparingequa-
tion 5 with equation2 shows that the minimum period
for the slowerclock hasbeenincreasedby the jitter of
FU createdby theratemultiplier.

Theratemultiplier introducesperiodicjitter. We can
exploit this predictability to increasethe robustnessof
the interface. For every NR consecutive cycles of the
receiver'sclock,thevariablesum takesoneachvaluein
f NT � NR; : : : ;NT � 1g exactlyonce.Theinitial valueof
sum is arbitrary, andwecanusethisfreedomto increase
theskew toleranceof ourdesign.

Figure7 shows the operationof our interfacewhere
the transmitterclock frequency is 3=5 that of the re-
ceiver. The tracesfor sum1 andFU;1 show the worst-
casesequencefor sum: with thischoiceh < PR=2 must
hold for properoperation.In particular, if theF U event
generatedwhen sum1 transitionsfrom 2 to 0 triggers
thelatchcontrollerto produceaF X event,thentheself-
resetcycle mustcompletein time for therising edgeof

F T thatoccursPR=2 later(indicatedby thearrow labeled
A in thediagram).On theotherhand,if this F U event
doesnot triggerthelatchcontroller, thenthesubsequent
F T event must,and the resultingself-resetcycle must
completein timefor thenext F U event,againPR=2 later
(indicatedby thearrow labeledB in thediagram).

The tracesfor sum2 andFU;2 show the optimal se-
quencefor sum for the sametransmitterand receiver
clocks.For thisscenario,thecritical timing occurswhen
therising edgeof FU thatis producedwhensum2 goes
from 2 to 0 triggersa F X pulse. The self-resetof the
latchcontrollermustcompleteprior to thenext F U pulse
PR timeunitslater. Thus,with thischoiceof thesum se-
quence,thelatchcontrollercanoperateathalf therateas
requiredby theworst-casesequence.We �rst derive the
constraintsonPT andPR thatensureproperoperationfor
any phasedifferencebetweenthe two clocksassuming
the optimal sum sequence.We thendescribehow our
initialization techniquefrom section5.1canbeadapted
to �nd this sequence.

Regardlessof how the sumsequenceis chosen,the
FU clockhasa jitter of (1� 1=NT)PR with respectto an
evenlyspacedclock with periodPT . Themaximallyro-
bust sequencefor sum centerstheF U jitter interval as
closelyaspossibleon the F T clock. The interval may
beoff centerby asmuchasgcd(PR;PT ) = PR=NR dueto
thediscretesetof choicesfor thesum sequence.From
theseobservations,the smallerof the time from a ris-
ing edgeof F T0 that triggersthe latch controllerto the
next rising edgeof F U0 or vice-versais PT � PR=2. It is
alsopossiblethata rising edgeof F U0 triggersthelatch
controllerandthatthenext inputeventfor thecontroller
is the next rising edgeof F U0. The minimum time be-
tweentwo suchrising edgesis bNR=NTcP. Combining
thesetwo constraintsyields that thereis a feasiblese-
quencefor sum suchthat the cycle time constraintsof
thelatchcontrolleraresatis�edaslongas:

PT � max
�

1
2; NR modNT

NT

�
PR > h (6)

Comparingwith equation5 we seethat choosingthe
optimal sumsequencecangreatly relax the cycle time
requirementfor the latch controller, or, equivalently,
greatlyincreasetherobustnessof the interface.For ex-
amplewith PR = 1nsandPT = 1:2ns, equation5 (�x ed
choicefor thesum sequence)requiresh < 0:1ns. With
theoptimalchoicefor thesum sequence,equation6 re-
quiresh < 0:7ns, a reductionin thespeedrequiredby a
factorof 7 for this example.

Thesequencefor sum thatmaximizesrobustnesscan
be selectedaspart of the initialization of the interface.
We baseour approachon two observations. First, the
optimal sequenceworks with a larger value of h than
any othersequence.Second,we canshift from onese-
quenceto anotherby addingNT + 1 (resp.NT � NR+ 1)
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to sum insteadof NT (resp.NT � NR). Generalizingthe
initialization techniquedescribedin 5.1,we startwith a
large valuefor h andgraduallydecreaseit. Eachtime
thelatch-controllerfails to resetin time for thenext F T0

or FU0 event,we shift to thenext sum sequence.When
h is small enoughthat the latch controllercanoperate
with theoptimalsum sequence,but not theothers,then
theratemultiplier will switchfrom onesequenceto the
next until it reachestheoptimal one. At this point, the
latch controllerwill successfullyresetafter eachcycle
in time for the next F T0 and FU0 events,and the rate
multiplier will remainwith theoptimalsequence.

Figure8 shows our circuit that reportswhena rising
edgeof F T or FU arrivesat thelatchcontrollerprior to
thecompletionof thecontroller's internalreset.We call
suchan eventa “miss” andcall our circuit a “miss de-
tector”. A missoccursif a rising edgeis receivedwhile
thec signalof the latchcontroller(see�gure 4) is still
low. Noting thatF X is an invertedversionof c, we use
theF X signalin theseriesstacksof transistorsthatde-
tectsuchevents.Thedelayof theinverterthatproduces
F X givesour circuit a little extra margin: it alsoreports
“nearmisses”.Whena (near)missoccurs,nodex goes
low andnodey goeshigh. Thesetransitionsoccurasyn-
chronouslywith respectto F R. The synchronizerpro-
videsa delayedversionof y in the receiver's clock do-
main. Thesynchronizeris only active during initializa-
tion anddoesnot contributeto thelatency of datatrans-
fers understeady-stateoperation,accordingly, the syn-
chronizercanhave a large latency andcorrespondingly
minusculeprobabilityof failure.

This section has shown how our simple interface
basedon a one-stage,self-timedFIFO can be usedin
designswith multiple, rationally relatedclock frequen-
cies. We have focusedon the casewherethe receiver
clock frequency is greaterthanthatof thetransmitter. If
the transmitterhasthe higherclock frequency, equiva-
lent designscanbe usedwith the ratemultiplier in the
transmitter'sclockdomain.

7 PlesiochronousInterfaces

We now considerdesignswith multiple clock do-
mainswith independentclocksthatarecloselymatched
in frequency; theseare called “plesiochronous”inter-
faces(see[23, 9]). Suchdesignsoccur, for example,
when the senderand receiver are physically separated
(e.g.networks), or whenseparateclock generatorsare
usedto avoid introducinga singlepoint of failure into
the design. Typically, the clock frequencieswill be
matchedto within a few partsper million, a tolerance
thatis easilyachievedwith crystaloscillators.

With closefrequency matching,therelativetiming of
clockedgesatthelatchinterfacechangesveryslowly. In
particular, critical synchronizationeventsoccurat a rate
correspondingto the differencebetweenthe clock fre-
quencies.We canmodify themissdetectorcircuit from
�gure 8 to provide an output indicating whena rising
edgefrom F T occursshortly after the latch controller
completesits reset,andanotheroutputindicatingwhen
the timing of F R is closeto the margin. Furthermore,
we canusea delayedversionof F X sothatnear-misses
will bereportedwhenasigni�cant margin still remains.
If thesesignalsindicate,for example,whenonly 0:1P
of margin remains,thousandsof cycles remainbefore
anerrorcouldactuallyoccur. Thus,wecansynchronize
thesesignalsto thetransmitterandreceiver clockswith
extremelyhighreliability, andusethesynchronizedver-
sionsto takeappropriatecorrectiveaction.For example,
if arisingedgeof F R occurslessthan0:1Pafterthelatch
controllercompletesits reset,thenthereceivercanskip
clockingthelatchcontrolleronasubsequentcycle. This
will switch the interfacefrom operatingwith the rising
edgeof the transmitter's clock arriving muchafter the
correspondingedgeof the receiver's clock to operation
wherethereceiver'sclock edgearrivesslightly afterthe
transmitter's. Likewise, if a rising edgeof F T occurs
lessthan0:1P afterthelatchcontrollercompletesits re-
set,thenthetransmittercanskip sendingdataandclock
on a subsequentcycle. Suchprotocolsare commonly
implementedusing “stuff bytes” [9] whereextra bytes
are paddedat the end of a datapacket, with padding
addedif thetransmitterlagsbehindor deletedif there-
ceiver is slow. Suchprotocolsareeasilyimplementedin
theframework of our latchcontrollerandmissdetector.

Althoughsynchronizationsarerequiredduringoper-
ation,thelatency of thesesynchronizationsis notcritical
for thelatency of thedatapath.Thedatalatency for our
interfaceis alwayslessthan2P. By addinganarbiterto
detectwhenthelatchcontrolleris in receiver-lastmode
with enoughmargin to beableto safelyswitchto trans-
mitter last,theworst-casedatalatency canbereducedto
slightly greaterthanP with an averagelatency slightly
greaterthanP=2.
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8 Arbitrary Clock Frequencies

We now considerthecasewherethe transmitterand
receiveroperatewith independentclocksatarbitraryfre-
quencies. Initially, it might seemthat such a design
requiresthe overheadof synchronizingbuffers as de-
scribedin section2.2. However, clock frequenciesare
extremelystablein nearlyall synchronousdesigns.We
can exploit this stability even if the frequenciesaren't
known in advance. We combineour designsfrom the
previoustwo sectionsto supportcommunicationwith ar-
bitraryclock frequencies.

Firstly, the transmitterand receiver forward their
clocks to eachother. Eachusesa counterto produce
an initial estimateof the clock frequency of the other.
Theseestimatesprovidea rationalapproximationof the
ratio of two clock frequencies.If thenominalclock fre-
quenciesareknown in advance,thisstepcanbeskipped.

Secondly, if the receiver's clock frequency is higher
than that of the transmitter, it usesa rate-multiplierto
createanapproximationof thetransmitter'sclock. Like-
wise, the transmitterusesa ratemultiplier if it hasthe
higherclock frequency. We operatethe latchcontroller
with the (possiblyrate-multiplied)clocks provided by
thetransmitterandreceiver.

Becausethe frequency valuesthat we have for the
two clocksareonly approximations,albeitveryaccurate
ones,theFIFOwill beproneto occasionalunder�ow or
over�ow. We useseparate“near-miss” signalsfor F T
andF R andforwardnearmisseventsto theclient with
the fasterclock, i.e. the one using the rate-multiplier.
Thisclientupdatesits estimateof theotherclient'sclock
frequency thuschangingtherateof eventsoutputby its
ratemultiplier. This is a second-ordercontrol system,
anda little bit of careis neededto ensurestability. A
simpleapproachis that the client with the fasterclock
usesa counterto measurethe time betweennearmiss
eventsandusesthis information to updateits estimate
of the other client's clock frequency. This processis
quadraticallyconvergentandstable. At the sametime
asupdatingthefrequency estimate,a �rst-order correc-
tion canbeappliedby addinganoffsetto sum to bring
thelatchcontrollerbackto a point nearthecenterof its
safeoperatingregion. If thenearmisswasfor theclock
generatedby the ratemultiplier, thenthis offset should
be negative (to retard the rate multipler), otherwiseit
shouldbepositive.

As for the plesiochronousinterfacedescribedin the
previous section,synchronizationsare requiredduring
operation.Again, the latency of thesesynchronizations
is not critical for the latency of the datapath. These
synchronizationsareinfrequent;their rateis determined
by theresolutionof therate-multiplierandthedrift rate
of theclock frequencies.
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Figure 9. Implementing a FIFO Interface .
(See eq. 7 for de�nitions of Empty, gr, pr)

9 A FIFO Interface

The interfacespresentedin the sections6 through8
donotprovidedatatransfersoneverycycleof thetrans-
mitter andreceiver clocks. The cycleson which trans-
fers occuris determinedby the interface. In many de-
signs,thesenderandreceiverneedmorecontrolof when
transfersoccur. Having solved the problemsof mis-
matchedclocks,�o w controlis straightforward.For ex-
ample,�gure 9 showsanimplementationthatpresentsa
FIFO interfaceto boththetransmitterandreceiver. The
equationsfor Empty, gr, andpr are:

Empty = er^ : pt
gr = Get ^ : er
pr = pt ^ : (er ^ Get)

(7)

FIFO-R is a purely synchronousFIFO clocked by F R.
FIFO-1 is our single-stageFIFO design.The two rate-
multipliers compensatefor frequency differencesbe-
tweenF R andF T , andthebox labeled“sync” is a syn-
chronizer.

When the transmitterperformsa put, it mustassert
Put andthedataat D in until thenext F T0 event. If the
transmitter's clock frequency is no greaterthanthe re-
ceiver's, thentherecanbea f T0 eventfor everyeventof
F T andtheinterfacecanacceptdatafromthetransmitter
oneverycycle. If thetransmitterdoesnotperformaPut
for somef T0 event,thentheresulting“empty” valuewill
benotedby a falsevalueof pt at theoutputof FIFO-1.

If FIFO-R is non-empty, Get requestsfrom the re-
ceiver are forwardedto FIFO-R on gr and data from
FIFO-Ris outputonD out. If FIFO-Ris empty, thenthe
receiver is signaledthatdatais availableif anonly if the
transmitterperformedaPut for thelasttransferof FIFO-
1: i.e., pt is true. In this case,thevalueat theoutputof
FIFO-1bypassesFIFO-Randgoesdirectly throughthe
multiplexor to D out. The only increasein latency for
ourdesignis thelatency of this multiplexor.

If many cycleselapsewithout the receiver perform-
ing aGet, thenFIFO-Rmaybecomefull. Thenear-full

9



outputof this FIFO indicatesthat FIFO-R haslittle re-
mainingcapacity. This signalis synchronizedto F T to
indicateto the transmitterthat the interfaceis full. As
long asthe remainingcapacityin FIFO-R whennear-
full is assertedis greaterthan the synchronizerlatency
plustwo (for datain FIFO-1),over�ow is prevented.

10 Conclusion

We have presenteda very simpledesignfor source-
synchronouscommunication.It is basedonaself-timed,
ripple FIFO with a singlestage.Whereasa singlestage
pointer FIFO provides no skew compensation(sucha
pointerFIFO is simply a latchclockedby thetransmit-
ter), the single-stageripple FIFO provides nearly two
clock periodsof skew toleranceand can operatecor-
rectly for any initial phaseoffsetbetweenthetransmitter
and the receiver of the channel. The simplicity of the
single-stageFIFO enablessimpli�cations andoptimiza-
tion, thus taking good advantageof self-timeddesign.
We presenteda design consistingof a self-resetting,
edge-triggeredC-elementthat generatesa clock inter-
mediateto the clocks of the transmitterand receiver.
This intermediateclockstrobesa latchthatconveysdata
from the transmitterto the receiver. The timing of this
clock signal ensuresthat the set-upand hold require-
mentsof the receiver andthe intermediatelatch areall
satis�ed. Our designcanbeinitialized to provide max-
imal robustnessagainstclock jitter and skew drift by
adjustingthespeedof theself-resettingC-elementdur-
ing its initial operation.Alternatively, the interfacecan
be initialized for minimumlatency by deliberatelysup-
pressingatransmitterclockeventto thelatchduringini-
tialization.

Sections6 through8 showedhow this designcanbe
adaptedfor moregeneralizedclockingscenariosinclud-
ing clocks with rationally relatedfrequencies,closely
matchedclocks,andarbitraryclocks.In all of thesede-
signs,any synchronizationiscarriedoutonapathwhose
latency doesnot impact the datapath. Thus, our de-
signscanachievelatenciesthatareatmostslightly more
thanoneclock periodandtypically abouthalf that. To
achieve this performance,we exploit thefrequency sta-
bility of clocksin synchronousdesigns.

In general, the overheadsof synchronizationand
handshakingare only neededto addresstiming issues
that cannotbe resolved statically. Whenthe clocksof
the transmitterand receiver are identical in frequency,
thenonly the relative phaseneedsto be resolved, and
thiscanbedoneby asimplehandshakingcircuit suchas
our latchcontrollershown in �gure 4. Whentheclocks
arerationallyrelated,theclientwith thefasterclockcan
usearatemultiplier to constructanapproximationof the
otherclient'sclock. Therearenumerousisomorphicse-

quencesof eventsthatcanbegeneratedby theratemul-
tiplier, andwe usesynchronizationduring initialization
to determinetheoptimalsequence.Whentheclocksare
closelymatchedin frequency, only the long-termdrift
needsto beidenti�ed. Thesynchronizerthatdetectsthis
drift canhave high latency without impactingthe data
pathlatency. Finally, whenarbitraryclock frequencies
areused,we canstill exploit the frequency stability of
theseclocks. Again, synchronizationis only neededto
detectlong-termdrift, andthis doesnot impactthedata
pathlatency.

We have designeda proof-of-conceptchip in the
TSMC 0:18µ CMOS processfor our designfor clients
operatingat identical clock frequenciesand it is cur-
rently in fabrication.We arecurrentlydesigninga chip
to demonstrateour interfacesbasedon miss-detectors
andwill fabricateit in 2003.

Acknowledgments

Jo Ebergen of SUN Microsystemspointed out the
similaritiesbetweenour controllerandGasPhandshak-
ing circuits. RoozbehMehrabadi,RobertoRosales,and
Brian Wintershave providedvaluablesuggestionsdur-
ing thedesignof our chip. This work hasreceivedsup-
port from NSERCandCMC.

References

[1] K. Bernstein,K. M. Carrig, et al. High SpeedCMOS
DesignStyles. Kluwer, 1999.

[2] K. A. Bowman,S. G. Duvall, andJ. D. Meindl. Impact
of die-to-dieandwithin-dieparameter�uctuationson the
maximumclockfrequency distributionfor gigascaleinte-
gration.IEEEJournalof Solid-StateCircuits, 37(2):183–
190,Feb. 2002.

[3] A. Chakrabortyand M. R. Greenstreet. A minimalist
source-synchronousinterface.In Proceedingsof the15th
IEEEASIC/SOCConference, pages443–447,Sept.2002.

[4] T. Chaney andC. Molnar. Anomalousbehavior of syn-
chronizer and arbiter circuits. IEEE Transactionson
Computers, C-22(4):421–422,Apr. 1973.

[5] D. M. Chapiro. Globally-Asynchronous, Locally-
SynchronousSystems. PhD thesis,Departmentof Com-
puterScience,StanfordUniversity, Oct.1984. Tech.Re-
portSTAN-CS-84–1026.

[6] T. I. Chappell, B. A. Chappell, et al. A 2-ns cycle,
3.8-nsaccess512-kb CMOS ECL SRAM with a fully
pipelinedarchitecture.IEEE Journal of Solid-StateCir-
cuits, 26(11):1577–1585,Nov. 1991.

[7] T. Chelcea and S. M. Nowick. Robust interfaces
for mixed-timing systemswith application to latency-
insensitive protocols. In Proceedingsof the 38th
ACM/IEEE Design AutomationConference, pages21–
26,June2001.

[8] B. Davari. CMOS technology: Presentand future. In
Proceedingsof 1999Symposiumon VLSICircuits, pages
5–10.IEEE,June1999.

10



[9] L. R. Dennison,W. J.Dally, andD. Xanthopoulos.Low-
latency plesiochronousdataretiming. In Proceedingsof
the SixteenthAnniversary Conferenceon AdvancedRe-
search in VLSI, pages304–315,1995.

[10] S.Furber, D. A. Edwards,andJ.D. Garside.AMULET3:
a 100MIPS asynchronousembeddedprocessor. In Pro-
ceedingsof the 2000InternationalConferenceon Com-
puterDesign, pages329–334,Sept.2000.

[11] S. Geissler, D. Appenzeller, et al. A low-power RISC
microprocessorusingdualPLLs in a 0:13µ SOI technol-
ogywith copperinterconnectandlow-k BEOL dielectric.
In Proceedingsof the2002InternationalSolid-StateCir-
cuitsConference, pages148–149,Feb. 2002.

[12] M. R. Greenstreet. STARI: A Technique for High-
BandwidthCommunication. PhD thesis,Departmentof
ComputerScience,PrincetonUniversity, Jan.1993.

[13] M. R. Greenstreet.Implementinga STARI chip. In Pro-
ceedingsof the 1995InternationalConferenceon Com-
puterDesign, pages38–43,Austin,Texas,Oct.1995.

[14] D. Harris andS. Naffziger. Statisticalclock skew mod-
eling with datadelayvariations. IEEE Transactionson
VLSISystems, 9(1):888–898,Dec.2001.

[15] G. Hinton, M. Upton,et al. A 0:18µ CMOSIA-32 pro-
cessorwith a4-GHzintegerexecutionunit. IEEEJournal
of Solid-StateCircuits, 36(11):1617–1627,Nov. 2001.

[16] A. Iyer andD. Marculescu.Power-performanceevalua-
tion of globally asynchronous,locally synchronouspro-
cessors. In Proceedingsof the 29th InternationalSym-
posiumon ComputerArchitecture, pages158–168,June
2002.

[17] H. JohnsonandM. Graham.High-SpeedDigital Design:
A Handbookof Black Magic. PrenticeHall, 1993.

[18] G. K. Konstadinidis,K. Normoyle, et al. Implementa-
tion of athird-generation1.1-GHz64-bitmicroprocessor.
IEEE Journalof Solid-StateCircuits, 37(11):1461–1469,
Nov. 2002.

[19] G. Kornaros,D. Pnevmatikatos,et al. ATLAS 1: Im-
plmentinga single-chipATM switch with backpressure.
IEEE Micro, 19(1):30–41,Jan/Feb1999.

[20] A. Kowalczyk,V. Adler, etal. The�rst MAJC micropro-
cessor:A dualCPUsystem-on-a-chip.IEEE Journal of
Solid-StateCircuits, 36(11):1609–1916,Nov. 2001.

[21] N. A. Kurd,J.S.Barkatullah,et al. Multi-GHz clocking
schemefor Intel R
 PentiumR
 4 microprocessor. In Pro-
ceedingsof the 2001 International Solid-StateCircuits
Conference, pages404–405,Feb. 2001.

[22] A. J. Martin, A. Lines, et al. The designof an asyn-
chronousMIPS R3000microprocessor. In Proceedings
of the 17th Conferenceon AdvancedResearch in VLSI,
pages164–181,Sept.1997.

[23] D. G. Messerschmitt.Synchronizationin digital system
design.IEEE Journal on SelectedAreasin Communica-
tions, 8(8):1404–1419,Oct.1990.

[24] S. Moore, G. Taylor, et al. Point to point GALS inter-
connect.In Proceedingsof theEigth InternationalSym-
posiumon AdvancedResearch in AsynchronousCircuits
andSystems, pages62–68,Apr. 2002.

[25] J. Mutterbach,T. Villiger, and W. Fichtner. Practical
design of globally-asynchronous,locally-synchronous
sytems. In Proceedingsof the Sixth InternationalSym-
posiumon AdvancedResearch in AsynchronousCircuits
andSystems, pages52–59,Apr. 2000.

[26] K. Olukotun,B. A. Nayfeh,et al. Thecasefor a single-
chip multiprocessor. In Proceedingsof the SeventhIn-
ternationalSymposiumonArchitectural Supportfor Par-
allel LanguagesandOperating Systems, pages121–132,
Oct.1996.

[27] P. J. Restle,T. G. McNamara,et al. A clock distribu-
tion network for microprocessors.IEEEJournalof Solid-
StateCircuits, 36(5):792–799,May 2001.

[28] P. Riocreux,L. Brackenbury, et al. A low-power self-
timedviterbi decoder. In Proceedingsof theSeventhIn-
ternationalSymposiumon AdvancedResearch in Asyn-
chronousCircuitsandSystems, pages15–24,2001.

[29] T. Seceleanu,J. Piosila,andP. Liljeberg. On-chipseg-
mentedbus:A self-timedapproach.In Proceedingsof the
15th IEEE ASIC/SOCConference, pages216–220,Sept.
2002.

[30] J. N. Seizovic. Pipelinesynchronization. In Proceed-
ings of the First InternationalSymposiumon Advanced
Research in AsynchronousCircuits and Systems, pages
87–96.IEEE ComputerSocietyPress,1994.

[31] A. E. SjogrenandC. J. Myers. Interfacingsynchronous
andasynchronousmoduleswithin a high-speedpipeline.
IEEE Transactionson VLSISystems, 8(5):573–583,Oct.
2000.

[32] I. SutherlandandS. Fairbanks.GasP:A minimal FIFO
control.In Proceedingsof theSeventhInternationalSym-
posiumon AdvancedResearch in AsynchronousCircuits
andSystems, pages46–53,Apr. 2001.

[33] S.Tam,S.Rusu,et al. Clockgenerationanddistribution
for the�rst IA-64 microprocessor. IEEEJournalof Solid-
StateCircuits, 35(11):1545–1552,Nov. 2000.

[34] A. J.Winstanley, A. Garivier, andM. R. Greenstreet.An
event spacingexperiment. In Proceedingsof the Eigth
InternationalSymposiumonAdvancedResearch in Asyn-
chronousCircuits and Systems, pages42–51, Manch-
ester, UK, Apr. 2002.

[35] E. Yeung and M. A. Horowitz. A 2.4 Gb/s/pin si-
multaneousbidirectionalparallel link with per-pin skew
compensation. IEEE Journal of Solid-StateCircuits,
35(11):1619–1628,Nov. 2000.

[36] K. Y. Yun andR. P. Donohue.Pausibleclocking: A �rst
steptoward heterogeneoussystems. In Proceedingsof
the1996InternationalConferenceon ComputerDesign,
pages118–123,Oct.1996.

11


