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Abstract

With increasingintegration densitiesJarge chip de-
signsare commonlypartitionedinto multiple clock do-
mains. While the computationwithin eadc individual
domain may be syndironous, the interfacesbetween
thesedomainsoften use asynh&ironousmethods. One
sud appmoad is the STARI technique[12 13] whee
a self-timedFIFO compensate®r clodk-skew between
the senderandreceiver We presentimplementationsf
STARIwhertheFIFO consistof a single handshaking
stage. We start with the simplestcasewheie the sender
andreceiveroperate at exactlythe samefrequencywith
an unknownskew. We then genealize this designfor
links with clodks whosefrequenciesre rational multi-
plesof eath other clocks whosefrequenciesre closely
matded,and arbitrary clocks. We showthat in ead of
thesecasesthe STARI interfacecanexploit the stability
of typical clocksto achievelow latenciesand negligible
probabilities of syndronizationfailure usingvery sim-
ple hardware,

1 Intr oduction

Increasingintegration densitiesand clock frequen-
cies drive designergto implementincreasingnumbers
of on-chip clock domains. As tight timing tolerances
cannotbe guaranteetbetweertiming domainscommu-
nication betweendomainseither takes place at a rate
slower thanthe systemclock (e.g.onetransferfor ev-
ery two cyclesof the clock) or with somekind of mixed
synchronous/asynchronsdesign. This paperpresents
afamily of novel asynchronousircuits for transferring
databetweerclock domains.

Our circuits are basedon the STARI [12] approach
where a self-timed FIFO is usedto compensateor
skew betweerntwo synchronousystemsoperatingwith
a commonclock. We shav the simple casewhere
the FIFO consistsof a single, handshakingstage,and
achievesa skew toleranceof nearlytwo clock periods.

We shav how this leadsto small, low-overheadinter-
faces. Unlike the original STARI [12], the designpre-
sentecheresupportinterfacesnvherethesendeandre-
ceiver operateat differentfrequencies.

Figure 1 shavs threetypical scenariosvherea chip
is partitionedinto multiple clockdomains.n gure 1.a,
a singleclock drivesall timing domains.This is a typ-
ical situationin high-performancelesignssuchas mi-
croprocessorfor generalpurposecomputers.In these
designs,clock and dataskew [14] arise from a vari-
ety of sourceg[2]. First, scalingtrendswith decreas-
ing feature sizesdecreasegate delayscausinga cor-
respondingincreasein clock frequencies. For high-
performancedesigns clock frequenciesare further in-
creasedy architecturatrendsfavoring deepepipelines
with fewer gatesper pipeline stage. Traditionally, de-
signergargetclock skews of about10%of theclock pe-
riod[21, 27, 20, 16,18]. Longwire delaysandvariations
in buffer delaymale thesetargetschallenging.Accord-
ingly, designersesortto carefullayout[1, chapter7.4]
andactive skew compensatiofi33]. Likewise, fabrica-
tion engineerseducewiring delaysby deploying copper
wires [8] to lower resistancendlow-k dielectrics[11]
to reducecapacitanceTheseapproachesomeatacost:
circuit andlayoutapproacheto loweringclock skew of-
tendo soatanincreasen circuit complexity andpower
consumptionjmprovementdn materialsarelimited by
physicalconstants.

While membersof the asynchronousesearctcom-
munity have citedthe problemsof clock skew for years
asa motivation for asynchronouslesign,synchronous
designsremain prevalant. Large synchronouslesigns
aretypically partionednto smalldomainswithin which
wire delaysandclock skew aresmall(e.g.[26]) andtak-
ing extra measuredor communicationbetweenclock
domains.For example,the Intel Pentium4 architecture
includespipelinestagesvhosesolepurposeés to “drive”
dataacroschipbetweerclockdomaing15]. In thispa-
per, we describeasynchronouinterfacesbetweensyn-
chronousclock domainsthat offer high skew tolerance
with minimal areaandlateng overheads.
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Figure 1. Chips with Multiple Clock Domains

Figure 1.b depictsa designwheredifferentportions
of the chip operateat differentfrequenciesandthevar-
ious clocks are derived from a commonsource. This
commonlyoccursin system-on-chiglesignsvheredif-
ferentIP blocks operateat different clock frequencies
or in multi-rate digital-signal-processingesigns. Al-
thoughmultiple clock frequenciesare used,thesefre-
guenciesare exactrationalmultiplesof eachother, and
theseratios are typically known in advanceor are de-
terminedby pre-designedperatingmodesof the de-
sign. Knowing the exactrelationshipbetweenthe var
iousclockfrequenciegnableghedesignof aninterface
thatoperatesvith low lateng andwithout synchroniza-
tion. Section6 describe®ur designfor this scenario.

Finally, gure 1.c shawvs a designwhere different
portionsof the chip operatewith clocksfrom indepen-
dent sources. This occurs,for example,in the design
of network routers[19] where eachline card receves
a bit streamwith an embeddedtlock from a different
source Althougheachstreamcomeswith its own clock,
typically theseclocks are very closely matchedin fre-
gueng. For example,ATM standardspecify that bit-
ratesbewithin onepartpermillion of theirnominalval-
ues. In section7, we shav thatwe canadaptour sim-
ple interfaceto exploit this closematchingand provide
robust datatransferwithout incurring synchronization
overheadn the lateng critical path. In section8, we
generalizehis solutionto designswith arbitraryclocks.

The essentiabbsenation behindour designsis that
clocksfor synchronousystemsare designedo be ex-
tremelystable. Thus,we candesignSTARI styleinter
facesthat provide moderateamountsof skew tolerance
anddynamicallycompensatéor ary long-termdrift. As
describedabore, we presentdesignswhen the sender
and recever operateat exactly the samefrequengy; at
frequencieghatarerationalmultiplesof eachother; at
closelymatchedrequenciesandat arbitrary relatively
stablefrequencies. In the remainderof the paper we
shav thatthesedesignsaresmallandcanoperateathigh
clock frequenciesvith low latencies.

2 RelatedWork

Giventhechallenge®f transmittingsignalsbetween
clock domains,researcherfiave explored a variety of
asynchronoussolutions. Theserange from building
completelyasynchronouships[22, 10, 28] to various
combinationsof synchronousand asynchronousnod-
ulesin the samedesign.We focusonthelatterapproach
in this paper The variousmethodsor combiningasyn-
chronousand synchronousmodulesvary accordingto
the requirementghat are placedon the clock. At one
extreme,GALS (i.e. “Globally Asynchronous|.ocally
Synchronous”jlesignsnake very minimal assumptions
aboutclock timing, effectively turning the clock into a
bundled completionsignal and adding handshakingo
clockgenerationAt theotherextreme,"mesochronous”
and “plesiochronous”methodsrely on exact or nearly
exact frequeng matching of the clocks [23]. Be-
tweenthesetwo extremes,synchronizingouffers allow
eachdomainto operatewith its own, stableclock, but
malke minimal assumptiongboutthe relationshipse-
tweentheseclocks. Our approachefall squarelyin the
mesochronouand plesiochronougamps.We summa-
rize thesevariousapproachebelow.

2.1 GALS

As originally proposedby Chapiro[5], GALS (i.e.
“Globally Asynchronous,Locally Synchronous”)de-
signsusestoppableclocksto allow synchronousnod-
ules to communicateusing asynchronousprotocols.
Each synchronousdomain hasits own clock genera-
tor that consistsof a ring oscillatorwith a handshaking
stage. WhendomainX hasa valueto sendto domain
Y, X outputsthe value, sendsa requestio Y andstalls
its clock until it recevesanacknavledgmentLik ewise,
whendomainy is preparedo receve a valuefrom do-
main X, it stallsits clock, waits for a requestfrom X,
latchesthe value, sendsan acknavledgmentto X and
restartdts own clock.



YunandDonohu€[36] extendedChapiros approach
by addingamutual-eclusionelemento thering oscilla-
tor. This allows eachlocally synchronoublockto con-
tinue operatingwhile polling for input from its neigh-
bors. The mutual exclusion elementdelaysthe next
clock event, if neededto allow metastability[4] aris-
ing from the polling to resohe. Yun and Donohue$
approachallows GALS designgo bevery e xible, and
their methodshave beenextendedby several research
groupse.g.[25, 31, 24, 29.

GALS makesminimal assumptiongboutclock sta-
bility; in fact, GALS discardghe stability andlow-jitter
of clocksthatarethe hallmarksof synchronouslesign.
Jitter is the variation in the time betweensuccessie
clock events. This variationdirectly degradesthe per
formanceof synchronouslesigns. and clock pausing
exacerbategitter. After pausinga clock, the rst edge
throughthe ring oscillator and clock buffer will prop-
agateslower than subsequenévents[34]. The loss of
long-termtiming predictabilityandtheincreaseof jitter
are consequencesf the GALS approachof corverting
synchronouslesignsnto asynchronousnes.In this pa-
perwe shav thatmoreef cient designsareachievedby
letting synchronousnodulesbe synchronousandusing
simpleasynchronoumterfaceso compensatéor clock-
skew andothertiming uncertainties.

2.2 Synchronizing Buffers

The next stepin our taxonomyallows independent,
free-running,stableclocksin eachdomain,and makes
minimal assumptiongboutthe timing relationshipse-
tweenthem.A commonrule-of-thumbfor designspeci-
es theuseof two or threesynchronizingatcheswvhen-
ever a clock domainis crossed[17, chapter3.11.4].
For high-performancealesignswith a small numberof
gate-delayperclock period,evenlongerchainsmaybe
neededo achiee acceptabljow probabilitiesof fail-
ure. Seizwvic [30] recognizedthat thesesynchroniza-
tions can be pipelined allowing high throughputeven
whenthetime for reliablesynchronizatiotis mary clock
periods. Chelceaand Nowick [7] further optimized
this approachby noting that synchronizationgre only
neededor thereceverwhenthebufferis closeto empty
andonly neededor the sendemwhenthe buffer is close
tofull. All of theseapproachemcurtheworst-caseyn-
chronizationlateny whenthe buffersarenearlyempty
lyer andMarculescU16] evaluatedthe performanceof
a superscalamicroprocessodesigndecomposedsing
ChelceaandNowick's FIFOs. Superscalarareparticu-
larly sensitveto lateng, andlyer andMarculescuound
thattheperformanceenaltiesarisingfrom theaddeda-
teng outweighedhe power savings for the designthat
they considered.

2.3 STARI

Thesynchronizatiotateng of thedesignsdescribed
above can be reducedor eliminatedby taking advan-
tageof the stability of clocks. This stability allows us
to predictthe timing relationshipof clocksin different
domainswell into the future. Mesochronouslesigns
(a.k.a."STARI” [12, 13] or “source-synchronoug35])
haveacommonclock sourcefor thesendeandrecever,
guaranteeinghatbothoperateat the samefrequengy al-
thoughthe phasedifferencebetweenthe two may be
unknowvn. A FIFO at the recever is initialized to be
roughly half full. During eachclock period, the trans-
mitter insertsone item into the FIFO and the recever
removesonevaluefrom the FIFO. The FIFO occupang
remainswithin one of half-full, andover ows andun-
der owsareexcluded.Thisremovestheneedfor testing
full andemptyconditionsandtherebyremovestheneed
for synchronizatiorandsynchronizers.

In this papemwe presenbothspecializationandgen-
eralizationsof the original STARI work. In sections3
and 5 we specializeSTARI by focusing on the case
wherethe FIFO consistsof a single stage. We shav
thatsuchimplementationganprovide nearlytwo clock
periodsof skew tolerance By optimizingfor the single-
stagecasewe obtainvery simpleinterfacesbetweerthe
edge-triggeredornventionscommonin synchronousle-
signandthe handshakingommunicatiorthatis charac-
teristicof selftimeddesigns We thengeneralizeSTARI
to relax the requirementof exactly matchedclocks at
thesendemlndrecever. We preseninterfaceswvherethe
sendelandrecever clock frequenciesrerationalmulti-
plesof eachother(Section6), closelymatched(Section
7), andarbitrary(Section8). In all of thesedesignswe
exploit thelong-termstability of clocksto obtainsimple
interfaceswith smalllatencies.

3 The Single-Stage-IFO

We now describea simpleinterfacecircuit for STARI
communicationwhenthe FIFO hasa single stage. As
shavn in gure 2, the FIFO consistsof a single latch,
andalatchcontrollerthatgenerates clockfor thislatch
basedntheclocksfrom thetransmitterandrecever. To
theuser this FIFO appearsasa latchwith two clockin-

puts:
data fro data to
transmitter ! receivel
Fr R

In this sectionandthenext, we assumehatthetransmit-
ter andrecever operateat exactly the samefrequeng,
only the relative phasedifferenceis unknowvn. This is
easilyachievedif bothof theirclocksarederivedfrom a
commonsource.
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Figure 2. The Single Stage FIFO

Figure3 depictsthetiming for the single-stagéIFO.
For simplicity, we assumehat the latchesare positive
edgetriggered. Our designeasily generalizego other
latchingstyles.For properoperationthelatchcontroller
must generatd- x so asto satisfy the set-upand hold
requirement®f latch-X andlatch-R. To satisfythere-
quirement®f latch-X, therising edgeof F x mustoccur
atleasttset up+ tprop (abbreviatedts in the gure) after
the previous Ft event, andat leastthoq  tprop (abbre-
viatedty, in the gure) beforethe next F 1 event,where
tset ups thold, @andtprop denotethe set-upand hold times
and propagationdelay of the latchesrespectiely. To
satisfy the requirementof latch-R, the rising edgeof
F x mustoccuratleastthoig  tprop afterthepreviousF g
event,andatleastiset up+ tprop beforethenext F r event.
The“exclusion”regionscorrespondingo theserequire-
mentsareindicatedoy cross-hatcherkgionsin gure 3.

Therearetwo windows of opportunityfor generating
Fx: arising edgeof Fx may occur betweena rising
edgeof F1 andthe subsequentising edgeof F g, or
betweertherising edgeof F r andthesubsequentsing
edgeof F 1. Wereferto thesescenariosaccordingo the
lastevent(F  or F g) thatoccursprior to eachF x event.
Thus,if Fx occursafteraF 1 eventbut beforethe next
F r event,wereferto this situationas“transmitterlast”,
andwe write “receiver-last” to referto theothercase.ln
the gure, dyr denoteghetime from therising edgeof
F 1 tothenext rising edgeof F r. Likewise,drT denotes
the time from the rising edgeof F r to the next rising
edgeof F1. Let P denotethe clock period. Now, let
orr denotethe width of the window of opportunityfor
the transmitterlast scenario,and grt denotethe width
of the window of opportunityfor the receverlastcase.
We have:

orr = tr 2(tset up*t tprop)
RT = drT  2(thold tprop)
) grr* RT = Orr+ drT  2(tset up™ thold)

= P 2tset up™ thold)

) maxgrr; 0rT) P=2  (tset up thoid)
(1)
In other words, if the clock period is greaterthan
2(tset up* thoid), thenthe window of opportunityfor at
leastoneof the transmitteflastor therecever-lastcase

is non-empty and the latch-controllercan generatea
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Figure 3. Clock Timing for the FIFO

clock that ensuregroperoperationof the interface. In

particularif grr > 0, thenthelatchcontrollercansafely
generatarising edgetset up+ tprop aftertherising edge
of F1; otherwise;grt mustbe positive, and the latch
controllercansafely generatea rising edgetnoid  tprop

aftertherising edgeof Fr. In section5 we shav how

the latch controller canbe initialized to operatein one
of thesetwo scenariosFor the remaindeof this section
wewill considersteadystateoperation.

The latch controller performsthe function of a C-
element. To seethis, rst consideroperationin a
transmitterlast scenariowith grr > 0. Following each
rising edgeof Ft event, the latch controller outputsa
correspondingising edgefor Fx. Then,therewill be
the next rising eventfor F g followed by a rising event
for F 1 beforethe controlleroutputsthe next rising edge
of Fx. Corversely for thereceverlastcase following
eachrising edgeof F x event,thecontrollerseesarising
eventfor Ft followedby a F g eventbeforegenerating
the next rising edgefor Fx. Betweenproducingcon-
secutverising edgesf F x, thelatchcontrollerreceves
rising edgedrom bothF 1t andF R in eithercase.

In our design, timing is determinedby the rising
edgesof the clocks. Accordingly, we use a self-
resetting[6, 32] implementatioras shovn in gure 4.
On a rising edgeof F, transistorsm1 and m2 pull
nodeat low. Thethree-irverterchainto the gateof m1
disablesthe pull-down path shortly after F + hasgone
highto make thecircuit edge-sensitie ratherthanlevel-
sensitve. Likewise, nodeagr dropson a rising edgeof
F r. Whenbothhave droppednodec goedow, resetting
the edge-triggere-elementindgeneratinga pulseon
Fx. Delaydr ensureshatthe delayfrom arising edge
of F 1 toarisingedgeof F x is greatethantset up+ tprop.
Likewise,delaydg ensureshatthedelayfrom F g to F x
is greaterthantholg  tprop. AS promised,our designis
extremelysimpleandrequiresvery little layoutarea.

4 Skew Tolerance

To analyzethe skew toleranceof our designwe start
with a transmitterlast scenario; proper operationre-
quiresgrr > 0 whichis equialentto drr > 2(tset up+
tprop) . If theinitial time differencedrry, is greatetthan
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Figure 4. The Latch Controller

this value, thenthe transmittermay be further delayed
byuptodrro 2(tset upt tprop) Withoutmalfunctionof
theinterface.

Figure 5 shovs what happensstarting from a
transmitterlast scenariovheretransmittereventsoccur
progressiely earlier due to drift in the skew. In this
gure, the transmitteroutputsthe sequenceof values:
[ 1,0;A;B;C;:::] onnodeQt. Thevaluesshowvn for
Qx, and Qr shov how transmitterdatais propagated
to the othertwo latches. For eachF x event, the g-
ure shaws a vertical dottedline labeledwith the value
loadedinto latch-X by thatevent,andwith arrowvs from
F 1 andF r eventsshaving thetwo eventsthattriggered
the latch controller Therising edgesof F x for values
B andC aretransmitteflastevents;for valueD, theF 1
and F r eventsare coincident;and for values andF,
F x is generatedby receverlastevents.In all casesthe
latchcontrollerwaitsuntil it hasrecevedeventsonboth
inputs. Therelative orderof arrival of the rising edges
of Ft andF r doesnt matter;thus,no synchronization
is necessary

Whenthe F 1+ eventprecedeshe F g event,thenthe
interfaceoperatesn thereceverlastmode,startingwith
drt = P. The interface continuesto operatewithout
droppingavalueaslong asdrt > 2(thoid  tprop). Start-
ing with aninitial time differenceof drro, transmitter
eventscanoccurupto P dyro timeunitsearlierbefore
thereceverlastscenariooccurs.At this pointdgt = P,
andthe transmittercanoccurupto P 2(tpoig
time units earlierwithout malfunction.

To summarizeif theinterfacestartsin a transmitter
last scenariowith drr = drro, thenthe Ft canbede-
layed with respectto Fr by upto drro  2(tset up+
tprop) time units, andit canbe advancedby up to 2P
drro  2(thold tprop) time unitswithout malfunctionof
the interface. The total width of the interval of rela-
tive delaysfor which the interfaceoperatesorrectlyis
2(P tset up thoid). Equivalentargumentdoldstarting
from a receverlast scenario. Thus, if the latch set-up
and hold window is small relative to the clock period,
thenour designoffers nearlytwo clock periodsof skew
tolerance.
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Figure 5. Drifting Skew

In additionto the set-upandhold requirementsnode
c in the latch controllermustreturnhigh following the
generatiorof a F x pulsebeforethe arrival of the next
rising edgeon Ft or Fr. Let h be the time between
triggeringthe latch controllerandthe subsequemnteturn
of nodec to a high value. Let dyq anddgero denotethe
time from a rising edgeof F o to the next rising edge
of F ro andvice-versa. As explainedin [3], properop-
erationwith the transmitterlastrequiresdroo > h, and
properoperatiorwith receverlastrequiredgoro> h. At
leastoneof thetwo modess feasibleif

P > 2h 2

For our proof-of-conceptest-chip[3], our latch set-up
and hold windows were signi cantly smallerthan the
latch controller's cycle time. Thus, the constraintsof
equation? arethecritical onesfor our design.

5 Initialization

Undermary circumstancegyr andgrt arebothpos-
itive. Whenthis occurs the interfacecanoperaten ei-
thertransmitterlast or receverlastmode. This section
describestwo criteria for selecting“better” mode and
initialization procedurego achieve it. We assumethat
it is acceptabldor the interfaceto drop values,dupli-
catevalues,and/orexhibit metastablebehaior during
initialization. Of course jt mustdeliver datawithout er-
ror aftercompletionof initialization.

5.1 Maximum Robustness

Clock jitter, temperaturalrift, andother uctuations
causehe skew on physicalchipsto vary while the chip
is operating.Typically, this variationis just aslikely to
makethetransmitterearlierasit is to makeit later. Thus,
to maximizerobustnesgo skew variation, we want to
choosethe modethat tolerateshe largestskew change
in eitherdirection. This corresponddo startingin the
transmittedlastmodeif drr > drt andin therecever-
lastmodeif dtr < dgrr.



An easyway to achieve thisis to insertanadjustable
delayinto the self-resetcycle of thelatch-controller If
this delay is initially very large, then neithermodeis
feasibleandthe latch-controllerwill generatell-timed
clock signals. By graduallydecreasinghis delay the
circuit will reacha point whereexactly one of the two
modesis feasibleand after oneor two cyclesthe latch
controllerwill operatestablyin that mode. As the de-
lay is further decreasedthe latch controller will re-
mainin the rst modethatbecamdeasible. This is the
modewith the larger skew mamgin. Thus, the analog
dynamicsof our circuit provide a very simple mecha-
nism for initialization. For our proof-of-conceptchip,
we implementedhe variabledelayfor initialization by
modulatingthegroundpotentialfor circuitsin thelatch-
controller Seg[3] for details.

Metastabilitycanoccurif drogo  dgoro  P=2: there
is a metastableperiodic behaior separatingthe peri-
odic attractorscorrespondingo the “transmitterlast”
and “receiverlast” modes. The probability of remain-
ing in this metastablesituationdrops exponentiallyin
time with the keeperinvertersfor nodesar andag pro-
viding thefeedback.To ensurerobustoperationanim-
plementatiorshouldeitherusea “strongkeeper”circuit
for theseinvertersor allow extratime for initialization.

5.2 Minimum Latency

When both transmitterlast and recever-last modes
arefeasible thetransmittedastmodehasa lateng that
is one clock period lessthan that of the receverlast
mode. For designswhere lateng is critical for per
formance(e.g. [9, 16]), it may be desirableto select
transmittedlastmodewhenever possible . Thefollowing
initialization procedureachievesthis behaior:

1. Starttheinterfacerunningatfull-speednoneedor
thespeedhadjustmenusedn sections.1). Thelatch
controllerwill settleinto oneof its two modes.

2. Wait long enoughto ensurethat the probability of
metastabilityfailuresis insigni cant.

3. Suppresonetransmitterclock event. If the latch
controllerhadbeenin the transmittedlast mode, it
will now seetwo recever eventsbeforethe next
transmitterevent and continuein transmittefast
mode. On the other hand, had it beenin the
recever-lastmode thelatchcontrollerwill seeone
recevereventbeforethenext transmittereventand
switch to transmittedast. If dreo > h, thenthe
controllerwill remainin transmittetlast,otherwise
it will missa recever eventwhenthe controller's
internalresetcompletesafterthearrival of arising
edgeof F ro andthenresumeoperationin recever-
last.
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Figure 6. An Interface with Rational Clocks

4. Allow adequatgime for the resolutionof metasta-
bility thatcanoccurif the controllerfalls backinto
recever-lastmode.

As describedthis proceduremake no guaranteesf ro-
bustnessvhenforcingthetransmittedastmode.To pro-
vide somerobustnessagainstskew drift clock jitter, the
latchcontrollercanbe operatedvith a slight slow-down
duringthis initialization andbroughtto full speedunder
normal operation. Alternatively, section6 describesa
nearmissdetectorcircuit that candetectwhenthe con-
troller is closeto its limits; in which casethe controller
canbereturnedo thereceverlastmodeby suppressing
aFrevent.

6 Rational Clock FrequencyMultiples

We now considetthe situationdepictedn gure 1.b:
thefrequencie®f the senders andrecever's clocksare
pre-determinedationalmultiplesof eachother Let Py
be the period of the transmitters clock and Pk be the
periodof therecever'sclock. Let Nr andNt bepositive
and mutually prime with Nr=Nr = Pr=Pg (Nr andNr
correspondo the frequencief the respectre clocks).
We developourdesignsassumindNg > Nt anddescribe
theNt > Ng caseatthe endof this section.

Figure 6 shavs our designfor Ng > Ny. By theas-
sumptionthattherecever operatest a higherratethan
the transmittey therewill be recever cyclesfor which
no new transmitteddatais available. Theratemultiplier
outputsNt pulseson nodeF y to thelatchcontrollerfor
every N cyclesof therecever's clock asshavn below:

sum := 0;
for each cycle of Fr do
if sum 0 then
outputapulseonFy;
sum:= sum+ Ny Ng;
elsesum := sum + Nr;
endif
od

By analogywith Fr andF g, let F ;o be the internally
delayedversionof Fy in the latch controller, and let
drqyoanddyoro bede ned asdropanddgerorespectiely.
As notedabove, the rate multiplier introducesperiodic



Figure 7. Exploiting periodic jitter

jitter into Fy with aperiodof NrRPr = Ny Py. Let dyorog
denotethetime from therising edgeof F o producedy
the (kNR)th rising edgeof F g to the next rising edgeof
F 1o for ary integerk. It is straightforvardto show:

min(dyero) = dyerog

maxdyor) = dyorog+ PR & 3)
min(dray0) = Pr  dyorog PR"'%
maxdrqo) = Pr dyorog

The cycle time constraintf the latch controllercanbe
satis edif:

max(dyerog; Pr - dyorog  Pr+ %) > h (4

which holdsfor ary valueof dyorog if:
Pr (1 §)Pr > 2h ()

For designswhere the latch set-upand hold require-
mentsare the dominantconstraints similar boundsfor

Pr and Pr canbe derived. Thus, our one-stage-IFO

can interface betweensynchronousiomainsoperating
atdifferent,rationallyrelatedfrequenciesFurthermore,
theinitialization methodsdescribedn section5.1 apply
directly to the rational clocks case. Comparingequa-
tion 5 with equation2 shaws that the minimum period
for the slower clock hasbeenincreasedy thejitter of

Fy createdby theratemultiplier.

Theratemultiplier introducesperiodicjitter. We can
exploit this predictability to increasethe robustnessof
the interface. For every Nr consecutie cycles of the
recever'sclock,thevariablesum takeson eachvaluein

sum is arbitrary andwe canusethisfreedonto increase
the skew toleranceof our design.

Figure7 shaws the operationof our interfacewhere
the transmitterclock frequeng is 3=5 that of the re-
ceier. Thetracesfor sum; andFy:1 shav the worst-
casesequencéor sum: with thischoiceh < Pr=2 must
hold for properoperation.In particulay if the Fy event
generatedvhen sum; transitionsfrom 2 to 0O triggers
thelatchcontrollerto produceaF x event,thenthe self-
resetcycle mustcompletein time for therising edgeof

F 1 thatoccursPr=2 later(indicatedby thearrow labeled
A in the diagram). On the otherhand,if this Fy event
doesnottriggerthelatchcontroller thenthe subsequent
F 1 event must, andthe resultingself-resetcycle must
completdn timefor thenext Fy event,againPr=2 later
(indicatedby thearrow labeledB in thediagram).

Thetracesfor sum, andF .2 showv the optimal se-
guencefor sum for the sametransmitterand recever
clocks.For thisscenariothecritical timing occurswvhen
therising edgeof F thatis producedvhensum; goes
from 2 to O triggersa F x pulse. The self-resetof the
latchcontrollermustcompleteorior to thenext F y pulse
Pk timeunitslater Thus,with this choiceof thesum se-
guencethelatchcontrollercanoperateat half therateas
requiredby the worst-casesequenceWe rst derivethe
constraint®n Pr andPr thatensureroperoperatiorfor
ary phasedifferencebetweenthe two clocksassuming
the optimal sum sequence We thendescribehow our
initialization techniquefrom section5.1 canbe adapted
to nd this sequence.

Regardlessof how the sumsequences chosenthe
Fu clockhasajitter of (1 1=N)Pg with respecto an
evenly spacedtlock with periodPr. Themaximallyro-
bustsequencédor sum centersthe Fy jitter interval as
closelyaspossibleon the F t clock. The interval may
beoff centerby asmuchasgcdPr; Pr) = Pr=Ng dueto
thediscretesetof choicesfor the sum sequenceFrom
theseobsenations, the smallerof the time from a ris-
ing edgeof F to that triggersthe latch controllerto the
next rising edgeof F o or vice-versais Pr  Pr=2. It is
alsopossiblethata rising edgeof F o triggersthelatch
controllerandthatthe next input eventfor thecontroller
is the next rising edgeof Fyo. The minimumtime be-
tweentwo suchrising edgesis bNgr=NycP. Combining
thesetwo constraintsyields that thereis a feasiblese-
guencefor sum suchthatthe cycle time constraintsof
thelatchcontrolleraresatis ed aslong as:

PR > h (6)

Comparingwith equation5 we seethat choosingthe
optimal sumsequence&an greatly relax the cycle time
requirementfor the latch controller, or, equivalently,
greatlyincreasehe robustnesf theinterface. For ex-
amplewith Pr = 1InsandPr = 1:2ns equation5 ( x ed
choicefor the sum sequence)equiresh < 0:1ns With
theoptimalchoicefor the sum sequencegquationg re-
quiresh < 0:7ns areductionin the speedrequiredby a
factorof 7 for this example.

Thesequencéor sum thatmaximizegobustnesgan
be selectedaspart of the initialization of the interface.
We baseour approachon two obsenations. First, the
optimal sequenceavorks with a larger value of h than
ary othersequenceSecondwe canshift from onese-
guenceto anotheby addingNrt + 1 (resp.Ny  Ngr+ 1)

1. Nr modNy
Pr max 3; Ny



Figure 8. A Miss Detector

to sum insteadof Nt (resp.Nr  Ng). Generalizinghe
initialization techniquedescribedn 5.1, we startwith a
large valuefor h andgraduallydecreasdt. Eachtime
thelatch-controllerfails to resetin time for thenext F 1o
or Fyo event,we shift to the next sum sequenceWhen
h is small enoughthat the latch controller can operate
with the optimalsum sequencehut notthe othersthen
theratemultiplier will switchfrom onesequencéo the
next until it reacheghe optimal one. At this point, the
latch controllerwill successfullyresetafter eachcycle
in time for the next F 1o and F o events,andthe rate
multiplier will remainwith the optimalsequence.

Figure8 shaws our circuit thatreportswhenarising
edgeof F 1 or Fy arrivesatthelatchcontrollerprior to
the completionof the controller'sinternalreset.We call
suchan eventa “miss” andcall our circuit a “miss de-
tector”. A missoccursif arising edgeis recevedwhile
the ¢ signalof the latch controller (see gure 4) is still
low. NotingthatF x is aninvertedversionof ¢, we use
the F x signalin the seriesstacksof transistorghatde-
tectsuchevents.The delayof theinverterthatproduces
F x givesour circuit alittle extramamgin: it alsoreports
“nearmisses”.Whena (near)missoccurs,nodex goes
low andnodey goeshigh. Thesetransitionsoccurasyn-
chronouslywith respectto Fr. The synchronizerpro-
videsa delayedversionof y in therecever's clock do-
main. The synchronizeis only active duringinitializa-
tion anddoesnot contributeto thelateng of datatrans-
fers understeady-stat®peration,accordingly the syn-
chronizercanhave a large lateng andcorrespondingly
minusculeprobability of failure.

This section has shavn how our simple interface
basedon a one-stageself-timed FIFO can be usedin
designswith multiple, rationally relatedclock frequen-
cies. We have focusedon the casewherethe recever
clock frequeng is greatetthanthatof the transmitter If
the transmitterhasthe higher clock frequeng, equiva-
lent designscanbe usedwith the rate multiplier in the
transmitters clock domain.

7 Plesiochionousinterfaces

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

With closefrequeng matchingtherelative timing of
clockedgesatthelatchinterfacechangeseryslowly. In
particular critical synchronizatioreventsoccurat arate
correspondingdo the differencebetweenthe clock fre-
guencies We canmodify the missdetectorcircuit from
gure 8 to provide an outputindicating whena rising
edgefrom F 1 occursshortly after the latch controller
completests reset,andanotheroutputindicatingwhen
the timing of FR is closeto the maigin. Furthermore,
we canusea delayedversionof F x sothatnearmisses
will bereportedwhena signi cant magin still remains.
If thesesignalsindicate,for example,whenonly 0:1P
of mamgin remains,thousandof cycles remainbefore
anerrorcouldactuallyoccur Thus,we cansynchronize
thesesignalsto the transmitterandrecever clockswith
extremelyhighreliability, andusethesynchronizeder
sionsto take appropriatecorrective action. For example,
if arisingedgeof F g occurdessthan0:1P afterthelatch
controllercompletests resetthentherecever canskip
clockingthelatchcontrolleronasubsequentycle. This
will switchtheinterfacefrom operatingwith the rising
edgeof the transmitters clock arriving much after the
correspondingdgeof the recever's clock to operation
wheretherecever's clock edgearrivesslightly afterthe
transmitters. Likewise, if a rising edgeof F1 occurs
lessthan0:1P afterthelatchcontrollercompletests re-
set,thenthetransmittercanskip sendingdataandclock
on a subsequentycle. Such protocolsare commonly
implementedusing “stuff bytes” [9] whereextra bytes
are paddedat the end of a datapaclet, with padding
addedif thetransmittedagsbehindor deletedif there-
ceiveris slow. Suchprotocolsareeasilyimplementedn
the framework of our latch controllerandmissdetector

Although synchronizationsrerequiredduring oper
ation,thelateng of thesesynchronizationss notcritical
for thelatenq of thedatapath. The datalatencg for our
interfaceis alwayslessthan2P. By addinganarbiterto
detectwhenthelatch controlleris in recever-lastmode
with enoughmargin to be ableto safelyswitchto trans-
mitter last,theworst-casalatalateng canbereducedo
slightly greaterthan P with an averagelateng slightly
greatetthanP=2.



8 Arbitrary Clock Frequencies

We now considerthe casewherethe transmitterand
receveroperatevith independentlocksatarbitraryfre-
guencies. Initially, it might seemthat such a design
requiresthe overheadof synchronizingbuffers as de-
scribedin section2.2. However, clock frequenciesare
extremelystablein nearlyall synchronouslesigns.We
can exploit this stability evenif the frequenciesarent
known in advance. We combineour designsfrom the
previoustwo sectiongo supporcommunicatiorwith ar
bitrary clock frequencies.

Firstly, the transmitterand recever forward their
clocksto eachother Eachusesa counterto produce
an initial estimateof the clock frequeng of the other
Theseestimategprovide a rationalapproximatiorof the
ratio of two clock frequencieslf thenominalclock fre-
guencieareknown in advance this stepcanbeskipped.

Secondlyif therecever's clock frequeng is higher
thanthat of the transmittey it usesa rate-multiplierto
createanapproximatiorof thetransmitters clock. Lik e-
wise, the transmitterusesa rate multiplier if it hasthe
higherclock frequeng. We operatethe latch controller
with the (possibly rate-multiplied)clocks provided by
thetransmitterandrecever.

Becausethe frequeng valuesthat we have for the
two clocksareonly approximationsalbeitvery accurate
onesthe FIFOwill be proneto occasionalinder ow or
over ow. We useseparaténearmiss” signalsfor F
andF r andforward nearmisseventsto the client with
the fasterclock, i.e. the one using the rate-multiplier
Thisclientupdatests estimateof theotherclient'sclock
frequeng thuschangingtherateof eventsoutputby its
rate multiplier. This is a second-ordecontrol system,
anda little bit of careis neededo ensurestability. A
simple approachis that the client with the fasterclock
usesa counterto measurethe time betweennearmiss
eventsand usesthis informationto updateits estimate
of the other client's clock frequeng. This processis
guadraticallycorvergentand stable. At the sametime
asupdatingthe frequeny estimatea rst-order correc-
tion canbe appliedby addingan offsetto sum to bring
thelatch controllerbackto a point nearthe centerof its
safeoperatingregion. If the nearmisswasfor theclock
generatedy the rate multiplier, thenthis offset should
be negative (to retardthe rate multipler), otherwiseit
shouldbepositive.

As for the plesiochronousénterfacedescribedn the
previous section,synchronizationsre requiredduring
operation.Again, the lateng of thesesynchronizations
is not critical for the lateng/ of the datapath. These
synchronizationareinfrequentitheir rateis determined
by theresolutionof the rate-multiplierandthe drift rate
of theclock frequencies.

FIFO-1 3

P_Ut : d qf=P FIFO-R oy —HD_out
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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 interfacespresentedn the sectionst through8
donotprovide datatransferonevery cycle of thetrans-
mitter andrecever clocks. The cycleson which trans-
fers occuris determinecby the interface. In mary de-
signs,thesendeandreceverneedmorecontrolof when
transfersoccur Having solved the problemsof mis-
matchedclocks, o w controlis straightforward. For ex-
ample, gure 9 shavs animplementatiorthatpresents
FIFO interfaceto boththetransmitterandrecever. The
equationgor Empty, gr, andpr are:

Empty = er®:pt
g = Get™:er (7
pr = pth: (er” Get)

FIFO-R s a purely synchronous$-IFO clocked by F g.
FIFO-1is our single-stagd-1FO design. The two rate-
multipliers compensateor frequeny differencesbe-
tweenF g andF 1, andthe box labeled“sync” is a syn-
chronizer

Whenthe transmitterperformsa put, it mustassert
Put andthe dataat D_in until thenext F o event. If the
transmitters clock frequeng is no greaterthanthe re-
cever's,thentherecanbeaf to eventfor every eventof
F 1 andtheinterfacecanacceptlatafrom thetransmitter
oneverycycle. If thetransmitterdoesnot performa Put
for somef to event,thentheresulting‘empty” valuewill
be notedby afalsevalueof pt atthe outputof FIFO-1.

If FIFO-R is non-empty Get requestdrom the re-
ceiver are forwardedto FIFO-R on gr and datafrom
FIFO-Ris outputonD_out. If FIFO-Ris empty thenthe
receveris signaledthatdatais availableif anonly if the
transmitteperformedaPut for thelasttransferof FIFO-
1:i.e.,ptis true. In this casethe valueat the outputof
FIFO-1bypasse$IFO-R andgoesdirectly throughthe
multiplexor to D_out. The only increasein lateng for
our designis thelateng of this multiplexor.

If mary cycleselapsewithout the recever perform-
ing a Get, thenFIFO-Rmaybecoméfull. Thenear-full



outputof this FIFO indicatesthat FIFO-R haslittle re-
mainingcapacity This signalis synchronizedo F 1 to
indicateto the transmitterthat the interfaceis full. As
long asthe remainingcapacityin FIFO-R whennear-
full is asserteds greaterthanthe synchronizedateng
plustwo (for datain FIFO-1),over ow is prevented.

10 Conclusion

We have presented very simple designfor source-
synchronousommunicationlt is basednaself-timed,
ripple FIFO with a singlestage.Whereas singlestage
pointer FIFO provides no skew compensatior{sucha
pointerFIFO is simply a latch clocked by the transmit-
ter), the single-stageipple FIFO provides nearly two
clock periodsof skew toleranceand can operatecor-
rectlyfor ary initial phaseoffsetbetweerthetransmitter
andthe recever of the channel. The simplicity of the
single-stagé-1FO enablesimpli cations andoptimiza-
tion, thustaking good advantageof self-timeddesign.
We presenteda design consistingof a self-resetting,
edge-triggeredC-elementthat generatesa clock inter-
mediateto the clocks of the transmitterand recever.
Thisintermediateclock strobesalatchthatcorveysdata
from the transmitterto the recever. Thetiming of this
clock signal ensureghat the set-upand hold require-
mentsof the recever andthe intermediatdatch areall
satis ed. Our designcanbeinitialized to provide max-
imal robustnessagainstclock jitter and skew drift by
adjustingthe speedof the self-resettingC-elementdur-
ing its initial operation.Alternatively, the interfacecan
be initialized for minimum lateng by deliberatelysup-
pressingatransmitterclock eventto thelatchduringini-
tialization.

Sectionss through8 shaved how this designcanbe
adaptedor moregeneralizealockingscenariosnclud-
ing clocks with rationally relatedfrequenciesclosely
matchedclocks,andarbitraryclocks. In all of thesede-
signs,ary synchronizatioris carriedoutonapathwhose
latengy doesnot impactthe datapath. Thus, our de-
signscanachieve latencieghatareatmostslightly more
thanoneclock periodandtypically abouthalf that. To
achieve this performanceye exploit the frequeng sta-
bility of clocksin synchronouslesigns.

In general, the overheadsof synchronizationand
handshakingare only neededto addresgiming issues
that cannotbe resohed statically Whenthe clocks of
the transmitterand recever are identicalin frequeng,
then only the relative phaseneedsto be resohed, and
this canbedoneby asimplehandshakingircuit suchas
our latch controllershovn in gure 4. Whenthe clocks
arerationallyrelated theclientwith thefasterclock can
usearatemultiplier to constructinapproximatiorof the
otherclient's clock. Therearenumeroussomorphicse-
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guence®f eventsthatcanbegeneratedby theratemul-
tiplier, andwe usesynchronizatiorduringinitialization
to determinethe optimalsequenceWhentheclocksare
closely matchedin frequeng, only the long-termdrift
needdo beidenti ed. Thesynchronizethatdetectghis
drift canhave high latengy without impactingthe data
pathlateng. Finally, whenarbitrary clock frequencies
areused,we canstill exploit the frequeny stability of
theseclocks. Again, synchronizations only neededo
detectlong-termdrift, andthis doesnotimpactthe data
pathlateng.

We have designeda proof-of-conceptchip in the
TSMC 0:18u CMOS procesdor our designfor clients
operatingat identical clock frequenciesand it is cur
rently in fabrication.We are currentlydesigninga chip
to demonstrateur interfacesbasedon miss-detectors
andwill fabricatet in 2003.
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