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Abstract

A novel self-timedcommunicatiorprotocolis basedupon phase-modulationf a referencesignal.
The referenceandthe dataare senton the sametransmissiorlines and the datacanbe recoseredob-
servingthe sequencef eventson the samelines. The senderblock consistsof a referencegenerator
andvariable-delayelementswhile the recever includesa delay-locled loop for synchronizatioranda
mutualexclusionelementwith additionallogic (validity bit andFIFO) for datarecovery. This protocol
exhibits high robustnesawith respectto transienterrorscausedby narrav pulseinterferenceusually
associateavith crosstalkandradiation.

1 Intr oduction

Theissueof fastandreliablecommunicatiorfabricis crucialfor the successfutlesignof systems-on-chip.
An approactto designof suchcommunicatiorfabricis the Network-on-Chip(NoC) [1]. Thesynchroniza-
tion of blocksis a non-trivial aspeciof design,andresearcthasdeliveredinterfaceswhich areself-timed
andspeed-independeitd addresghis problem. An exampleof self-timedinterfacecanbe foundin [2],
wherethe communicatiorbetweentwo separateclock domainsis investigated. Transienterrorsdueto
cross-talkcross-couplinggroundbounceor ervironmentinterferencéoecomemoreprominentasintegra-
tion increasesandthis effect canbe obsenedinterconnectires,asunderlinedby thework of Dupontand
Nicolaidis[3, 4]. QuotingNicolaidis: “it is predictedthat single eventupsetsnducedby alphaparticles
andcosmicradiationwill becomea causeof unacceptablerrorratesin future very deepsubmicronand
nanometetechnologies.This problem,concerningn the pastmoreoften partsusedin spacewill affect
future ICs at sealevel” [4]. This motivatesthe fault toleranceapproactto design.Unfortunately the im-
plementatiorof fault toleranceleadsto hardware overheadswhich in its turn reduceghe reliability. It
may happenthatlarge systemsof the futurewill be spendingmosttime recoveringfrom transientfaults.
In orderto alleviate this problem,a simplefault maskingapproachwasintroducedin [5]. It wasapplied
to request-ackneledgemenhandshak protocols,exploiting the redundang createdby the feedbackac-
knowledgemensignal. In this paperwe also exploit protocolredundany, but feedbacksignalsare not
used. Both approacheeave a small percentag®f errorsunmasled. Althoughthey signi cantly reduce
errorrate,theneedin fault-tolerandesignremains.

Multiple-rail encodings basedon thetransmissiorof dataon two or morelines; oneor morelinesgo
highto indicateoneof the possiblecombination®f data. Typically, theseschemegmploy onestateasno-
data(a spacer usuallyzero).Usualsingle-railanddual-railtransmissiorsuffersfrom the effectsof single
eventupset{SEU),asthereceverin thechannekouldlosedata,latchwrongdataor losesynchronization.
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Figure2: Dual-rail protocols

Consider for instanceFigure 1 (a), wheredatais selectedoy a strobe. If a pulseis inducedon the data
line, the only way it could generateanerroris if the pulseoverlapswith therising edgeof a clock pulse.
The occurrenceof suchaneventhasalower probabilitythanthatof a narron pulseupsettingthe dataline
“far” from the strobepulse. However, considerthe casewherethe strobesignalis corruptedby the same
narrav pulse:if the pulseis strongenoughto be recognisedasa valid transition,the recever could latch
additionalunwanteddata, possiblynot only corruptingthe databeing sentat the time of the upset,but
forcingthesystemto losesynchronizationln the caseof dual-railusinga singlespaceiprotocol,the upset
couldappeaon eitherlinesandstill causeunwanteddatato enterthecommunicatiorchannelasin Figure
1(b).

From the brief descriptiongiven it is clearthat more robust approachesre neededfor theseasyn-
chronouscommunicatiorchannels.Dual-rail encodingusing an alternatingspacerprotocol offers better
resilienceto errors;neverthelessthe generalencodingis baseduponthe recovery of datafrom the value
of thelinesat a pointin time. Our solutionextendsthe conceptof alternatingspaceiprotocolto improve
robustnes®n transmissionines.

Ourfocusis onthereliability of on-chipcommunicatiorchannelgarticularlyfor NoCsandwe propose
amethodologyto improvetheresistancéeo the specialcaseof SEUsaffectingthe communicatiorfabric.
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Figure3: Block diagramof the overall system
2 Approach

2.1 Dual-rail encoding

Dual-rail codesare designedso, that datais sentacrosstwo lines ratherthana single one. The datais

encodeddy switchinghigh or low oneof thelines; the differencein level representanitem of data. The

traditionaldual-railprotocolemploys a singlespacerwherebyaftereachtransmissiorof avalid bit of data
thebusreturnsto the zerostate.In [6] the useof alternatingspacerss introducedandseveralimplications
with respecto securityissues(power signaturespre analysed.The paperconcludeghatthe alternating
spacetprotocol (ASP)is goodfor security the circuitsimplementingit areeasyto synthesisén standard
gates,andthe whole approachcan be integratedin the standarddesign o w. In this paperwe usethis

protocol,asit allowsthereceverto distinguishbetweerSEUsandvalid transitions.

2.2 PSKapproach

The proposedapproachbuilds uponthe ASP. The senderand the recever, asin Figure 3, can be syn-
chronoussystemsalbeit within completelyuncorrelatectlock domains;alternatvely they canbe fully-
asynchronouslocks, or combinationsof the two. Thereferencesignalis usedfor samplingthe databy
its rising andfalling transitions. The databeingsentmodulatethe phaseof the clock differentlyon each
transmissiornine by controllingthevariabledelayelement{VDE). Thereceverrecoversthedataby com-
paringthe signalsto eachother Datavaluesareencodedasthe sign of the phasedifferenceof the clock
signal on the transmissionines. Ratherthan measuringthe phasedifference,the recever decodeghe
databy observingthe sequencef eventson the transmissiorines. The recever recordsthe dataupon
the arrival of the rst transition,but the bit validity is recordedonly whenthe next spacersettleson the
transmissiorines Therefore the measureof interestis the differential delayintroducedby the VDESs on
thetransmissiorines,which we indicatewith

This differentialdelayintroduceaneventwindow whereanimbalanceonthelinesis presentThesize
of this eventwindow is determinedby , which indicatesthe “nominal value” for this window, andthe
jitter introducedby the channelon eachline . Providedthatthe systemis ableto rejecttransientfaults
appearingoutsidethe eventwindow, one suchfault will generatean error only if it happenswithin the
window. Effectively, we reducetheeventwindow to aminimumin orderto minimisetheeffectof transient
faults,while still recognisingdata.

In orderfor the datato becorrectlyrecovered, mustberecognisedttherecever (but notmeasured);
however if the channelintroducesa systematidifferential delay betweenthe lines, transmissiorcanbe
impaired.Carefuldesigncould minimizethis problem,but in orderto cancelout the effect of this system-
atic differentialdelay somesynchronizatiorbetweernthe two transmissioriines at the receiver is needed.
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Figure4: (a) Exampleof waveformsfor Figure3

GinosarandKol [7] describethe problemof adaptivesyndironizationand proposean adaptatiorprotocol
which employs a training sessionwherethe circuit stopsoperatingandthe sendeitransmitsdummydata
to the recever; otheradaptationprotocolsare described.In ary casesto ensurereliability, the jitter
introducedby the channelmustbe taken into accountso that where = max(j j) in orderto
guaranteeleterministidoehaiour of thesystem.However, if T is theclock period, T andtherefore
canbechosersothatT > . Thevalueof canbeestimatedisingvarioustechnique$8].

The factthatvalid datais recordedonly whenthe next spacelis generatedandthereforewhenboth
transmissiorlines have changedstatus)hasan importantproperty: a hazardon one of the transmission
lines (generatedy cross-talk,EM interference cosmicradiation)will not be recordedasdata. This is
particularlyimportantif severalsingle-eentupsetSEU) canbe generatedy the ervironment;provided
the eventsdo not affect bothlinesat the sameinstant the systemwill ignoretheerror.

An importantpropertyof the alternating-spaceprotocoldescribedn [6], from which the following
de nitions are reported,is the minimisationof the exposue time (the variationin enegy consumption
whenprocessinglatavalues). This is the time wherethe enegy imbalanceis exhibited andit is shavn
in the samepaperthatthe alternating-spaceprotocolhasa smallerexposuretime thanthe single-spacer
protocol,in particulay the lower boundis one gatedelay andthe upperboundis one clock cycle. The
new approactproposedn this paper however, minimizesthe exposuretiime of the bus,sothatthebounds
dependbn and andthefollowinginequalityholds: + >exposuetime> . Notethatusingasingle-
spacerprotocol,onecould minimizethe exposuretime by minimizing thewidth of the pulsesrepresenting
data;however, this hasthe dravbackof increasingspectrunoccupatiorby the datasignal.

In termsof robustnessand predictability of behaiour, the systemis suchthata fault will becomean
error, if it appearshroughtheedgeof thesecond-artiing signal,andwhenafaultinvolvesbothlinesatthe
sametime. As a solutionto thelattercasethedesignercouldroutethetwo linessothatthey arephysically
apartif thesynchronizeemployedatthereceverhasenoughcapturerange.The rst casehasno solution;
however, the probability of suchan eventoccurringis proportionalto theratio of andthe clock period.
Thereforetheapproactto avoid sucherrorswould beto employ somehigh-level protocolto detectand/or
correcterrors.
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3 Operation Principles

3.1 Sender

Figure5(a) shows a possibledesignof the senderhaving dual-railinput. The VDE implementationsre
shawvn in Figure5(a), wherethe coarseVDE canbe usedin our senderandthe ne VDE canbe usedto
calibratea mesochronousystem7], whichis oneof applicationareasor our approachFor thelatter, the
two datalinescanbesetto 11 or 00.

3.2 Recever

Thereceverblock hasthetaskof recoveringthe datasentover the communicatiorchannelusingthe ap-
proachdescribedthis taskis performedby a PhaseDetector(PD). Much literatureis devotedto thedesign
andanalysisof a numberof differentPDs. In our case the quantity of interestis the timing relationship
betweertwo relatedeventshappeningnthetwo transmissioines,andin particularonly the sequencef
eventsratherthantheir absolutedistancen time. Therefore the PD canbe binary quantizedor lead/lag,
indicatingthatoneeventon oneline leadsor lagsthe othercorrespondingventon the otherline.

A Mutual Exclusionelement{ME), shaovnin Figure6 (a)and(b) [9, 10], is essentiallyanS-R ip- op
followed by a metastability Iter , which allows the two inputsto be very closeto eachotherin termsof
arrival time. If therequirement is met,thenthe determinisnof the systemis guaranteedandthis
will preventthe S-R ip- op from enteringmetastability However, asthejitter is a randomvariable,the
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Figure7: Doublemutex receier
time couldbebelow the expectedvalue,presentinga metastabilitthazard hencethe useof anME.

The ME will only recognizeeventson the rising edgeof the inputs;in orderto follow the protocol
correctly thefalling edgeof theinput mustalsoencodedata.Hencethe PD is built aroundtwo MEs, one
of which hasthe inputsinverted,asshavn in Figure7. To completethe PD, additionallogic is required
which perform event detectionand indicatesthe presenceof a valid bit at the output. This logic is a
combinationalfunction of the input of the PD andthe outputsof the MEs. It usesmemoryelementgo
ensurestableinputsto the ME andto avoid usingmorecomplex circuitry only atthe outputsof the MEs.

As in ary circuit decodingPhaseModulation,the recever will requiresomephasealignmentsystem,
in orderto make surethatthetwo incomingmodulatectlock signalsaresynchronizedin orderto perform
phasealignment,a DLL canbeusedandthe PD canbe sharedetweenthe datarecosery systemandthe
DLL, which will resemblea lead/lag-typePLL describedn [11]. For thistype of PLLs a classof Iters
called sequential Iter s is described which hasthe attractize property of being governedby statistical
equationsand,importantly by a setof obsenedvaluesratherthana linear combinationof a setof inputs.
Previouswork by the author[12] hasillustrateda DLL basedon such lters thatcanbe employedin this
case.

3.3 RepeatersBridgesand Wir e Characteristics

The systemrelies on the signalsseenfrom the receier's PD beingalignedwith respectto their relative
phase. This candeterioratein long wires, asthe cross-talkbetweenthe two lines is dependenbn the
coupling capacitancef the wires, which in turnsdependson their length. If however the two wires are
routeddifferently, increasingthe physicaldistancebetweenthem,arny mismatchin lengthandin number
of viaswouldresultin differenceof resistancef thewire; theoverall capacitancéetweerthewire andthe
groundplanescanalsobe affectedif thewires“hop” acrosdayers. Thesetwo effectsresultin mismatch
of thetime constanof thewiresandthereforethedelayrelationshipwill becorrupted.

As a countermeasurivo options,not mutually exclusive, canbe consideredclock-distribution tech-
nigues(andin general,layouttechniquesyndthe useof repeates or bridges We de ne a repeatera
device which simply regenerateshe phaserelationshipbetweerthe two signalsacrosshe wires;abridge
is a device which recevesthe dataandre-sendst across.Both canbeimplementedoy putting back-to-
backa recever anda sender A recever, however, canbe a morelight-weight device, with low-lateng
andof simpleimplementationThe bridges,instead couldbe usedto performadditionalfunctions:if used
in NoCs, thesedevices canhave several outputs(a combinationof a recever and several senders)thus
forming a network switch. A disadwantageof bridges/switchess their lateng. Thelateng is de ned by

NCL-EECE-MSD-TR-2005-108/niversity of NewcastleuponTyne 6
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Figure8: Repeatedesign

A low-lateng solutionis a repeateshovn in Figure 8. It doesnot posses&rror maskingproperties,
asit doesnot wait for the validation. The designis basedupontwo transparentatches,which become
disabledassoonasthe codeword arrives. After this, they storethe statefor thetime interval de ned by
the delayelement.At the endof theinterval they startconductingthe input datato the outputagain. If a
narrov pulseinterferencearrivesto the input during the spacerstate, it propagateso the outputandgets
“expanded’to the sametime interval. Suchanerrorwill be correctedaterattherecever. Thelimitation
of this circuit is the minimumswitchingseparationnterval, which shouldexceedthe lateng of two gates:
theEXOR andthe AND gates.

The otherapproactconsistdn actively controllingthelayoutof the designin orderto matchthe char
acteristicoof thetwo wires. This approactcanbetime-consumingasthe nal routingof thewireswould
not be known until thelayoutstage;f ary errorsoccur, the layoutmight have to beredonejncreasinghe
designtime unnecessarilyT hereforethe designercould make assumptiongboutthe nal physicalimple-
mentationof the wires at designtime usingworst-casescenariodasedon the procesparametersor the
particularprocessvhich will be employed. In this case someheuristicscanbe emplojedandthe process
could be automated.Note that a mismatchcanbe toleratedif it is within the DLL range;to increasethe
range,andhencethe toleranceon wire mismatchespnewould thenneedto change to accomodatdor
therequirements.

A bettersolutionwould attemptto optimisethe performancef thelink by sggmentingthe wiresand
addrepeaterslongtheline takinginto accounthelayoutconsideation. In practice thismeanso calculate
the maximumallowablelengthof thewiresto presere phaserelationshipwithin anacceptableangeand
includeat thatpointtherepeaterin this case someassumptionandcalculationsarerequired,aswell as,
possibly theinclusionof layouttechniquego improve reliability; however, theinclusionof repeatersvill
reducethe uncertaintyintroducedby long wires, hencesimplifying thedesignprocess.

Layouttechniguesimingto minimiseclock skew arebeinginvestigatedaswell assystemdo automate
thedesignof thewiresby identifying the optimalwire lengthbetweerrepeaters.
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4 Error Checking, Detectionand Corr ection

An interestingaspectof this systemis that error checkingis simpli ed thanksto the inherentnatureof
the transmission. Error detection/correctiortan be achiezed by the next layer up in a layerednetwork
hierarchy The subjectof errordetection/correctiois extensvely discussedhn literature,andhasbeenfor
alongtime with respecto networks.

Theerrorcheckingmechanisntanbe split into two types:stuck-atffaultsdetectioranddynamicerrors
detection(suchaserrorswhich causea changen thedynamicpropertiesof thedevice). The stuck-atfaults
canbe detectedby observingthe patternof changesn the spacer As the spaceralternatescontinously
betweertwo possiblespacersthedevice candetecta stuck-atfaultif thespacemlternatioris notobsened.
Notethatin thatcase,no datais received (as possiblyone of the lines hasnot switched). In the caseof
two-wire communicationthis could causea problemasa fault canbe seenasa failed datatransmission.
Therecever couldthenthrow an exceptionrequestinghe sendeito repeattransmissionbut this, in turn,
could causethe recever to expectdatawhenthe sendethasnone. Theseissuescanberesohedat design
time (atime-outmechanisntanbeincluded for instance)however, acommorntrait of ary solutionwould
be the inclusion of an accumulatowhich would “log” all the occurrence®f a spacerexceptionandbe
resetattheoccurrencef acorrectsequencef spacerslf thesumof all exceptionsexceedsagivenvalue,
thedevice would recognisehe presencef a stuck-atfault.

The detectionof “dynamic” errorscanbe performedemploying the DLL describedabore. The DLL
would correctany mismatchin time delayintroducedby thelinesif thisis within theDLL's capturerange.
However, if thisexceedsheDLL rangethecommunicatioomechanisntouldbedesignedothatany such
errorsis immediatlyrecognised.Considey for instance the casewhereone of the dual-rail line, saythe
onewhoseprecedencéndicatesa “0”, is signi cantly slower thanthe other In this situation,the amount
of delayintroducedontothe “1” line could not be sufcient to invert the edgesandthe systematidelay
offsetcouldbebeyondthe DLL range.In this casethereceverwill alwaysreceive “1"s regardlesof the
senders intention. The sendercould thenbe designedo appenda bit which is alwaysdifferentfrom the
last transmittedbit: if this lastbit of a transmissioris equalto the penultimate thenthe transmissioris
corrupted.

Similar approachesanbeemployedin the caseof multiple-rail systemgseeSection6).

5 Implementation Example

5.1 Description

An implementatiorexamplehasbeendesignedandsimulatedasproof-of-conceptThe sendeiis anasyn-
chronousblock assemble@sshown in Figure5(a),the coarseVDEs arebuilt asin Figure5(b); the delay
of 500pswaschosen.

Therecever designis illustratedin Figure9. Thetwo ME elementsandtheinputlogic (11-14) imple-
mentthe PDin therecever. It alsoincludescontrollogic for identifying code-vords.

The recever obseresthe dual-rail pair of signals(x1 andx0), andthenbasedon the order of their
switching, recordsthe input code-vord. In orderto samplel-to-0 switching,theinvertedsignalsx1_bar
andx0_barareintroduced.Undernormaloperation,if x1 wins, thenx1g is generatedalternatiely if x0
wins, thenx0g signalis generated.The otherME componenbperatesimilarly for samplingthe falling
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Figure9: Implementedecever andits waveforms

edges.Thecorrespondingrantsignalsarex1bgandxObg.

In orderto prevent pulseinterferenceduring spacerstatesthe input logic (gatesl1-14) is used. For
example, assumingl winsthegrant,duringthe spacesstateif thex1 is changediueto interferencethen
gatell will holdthegrantsignaluntil next spacestatecoming(x0 andx1gareall high).

The control logic corverts dual-rail code-wordsto normal data. Two AN221 gatesimplementthis
mechanismAs thealternatve spaceiprotocolis used afteragrantsignalis generatedthe expectedspacer
is known. For example afterx1gis generatedthe expectedspaceis all-ones.Whenthelogic recevesthe
all-onespacera setsignalis generate@ndthe output(out=1)is produced.

Thesystenmwasimplementedisingthe AMS 0.35uCMOStechnology(TECH-CSI)undertheCadence
toolkit andsimulatedusingthe Cadencexnaloguesimulationtool.

5.2 Results

Figure9 shovs somewaveformsobtainedduring simulationof the systemdescribed.Thevalueof was
chosento be 5% of the clock period T, which in turn was 10 ns. The maximumvalueof the jitter could
thereforereach500psin thelimit.

We alsomadean experimentusingan unrealisticestimationof jitter to lessthan3pson eachtransmis-
sionline in orderto illustratethe behaiour at “extreme” conditions. Thevalueof was15ps, vetimes
biggerthenthe delay Evenattheseshorttimes,the PD doesnot entermetastabilityandexhibits correct
behaiour. In Figure9 thewindows wl andw3 indicatethe distance while w2 andw4 arethewindows
whereinterferencesreignored. Notein factthe rejectionof two faultshappeningat times7ps(w2) and
22ps(w3). In the rst casethe fault appearduring a transmissiorclock cycle, but the erroneougiatais
not latched;in the secondcase the fault appeardetweerntwo clock cycles,but it still doesnot affect the
behaiour of thetransmissiorine. Pleasenotethattwo transitionson “out” happercloseto thefaults,but
arecompletelyunrelatedo them:in fact,they aretheresultof the decodingof theinformationappearing
attimes(respectiely) 5Snsand20ns(the transitionson “out” startbeforethefaulty transitions).Thetime
betweenthe receptionof a valid dataandthe productionof that dataat the outputof the recever block
is 1.68ns. This time resultsfrom using ME, which arerelatively “slow” devices. If waschoseno be

NCL-EECE-MSD-TR-2005-108/niversity of NewcastleuponTyne 9
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larger, differenttechniquesouldhave beenusedfor the designof receverto recoverdata,leadingto faster
responsat the expenseof a wider eventwindow.

The recever is not Speedindependenandworks underthe FundamentaMode without completion
detectionlogic. Therefore sometiming assumptionsreusedin the designfor exampletheinvertersused
betweenthe two MEs musthave identicaldynamicbehaiour. Apart from this simple one, someothers
hold:

1. Thecycletime of the sendemustbe greaterthan1.68ns (time to generat@anoutputatthe PD);
2. mx1;x0i=00 =11 inv t and2 T 2 an221 aftertherelevantgrantis generated,;

3. < grantGener ate, Where gramcener ate iS thetime betweeranedgearriving andthe generation
of thecorrespondingrantsignal.

The rst assumptions expressedn 3.2. the seconds necessaryo guaranteehatthe lengthof the valid
spaceis long enoughfor the signalto propagatehroughthe ip- op attheright-handsideof Figure9 and
thefeedbackto reachthe ip- op to keepthevalue.

6 Multiple-rail encoding

The useof multiple-rail encodingis an attractize extensionto the system.Thework of JohnBainbridge,
summarisedn his thesis[13], describeghe useof a single-railbusto avoid the overheadmposedby the
useof multiple-rail busimplementationshowever, he alsoproposeghe useof 1-of-4 encoding[14] asa
possiblemprovementin termsof power ef ciency. Theideain this caseconsistdn encodinga symbolin
the sequencef arrival of areferencesignalovern wires. All theissuegresentedn the previoussections
hold, but othersigni cant propertiesappearwhich areworth investigating We reporta simpleanalysisas
anexample.

Assumethatthe delaysintroducedonto the n wires areall different,thatis, no two wires presenthe
samedelay Then,theorderof arrival in theidealcase(no noiseon thetransmissiorines)will correspond
to oneof n! combinations.Thesestatescanbe thereforebe transmittedasa singlesymbolon the wires.
This propertycanbe exploitedto transmit,say controlanddatainformationin onesymbol,or to multiplex
severalchannebntoasinglechannel.

Note thatin this casethe power consumptiorper symbol of the proposedencodingschemewill be
greaterthanin the caseof 1-of-n encodingasmorelineswill switchpersymbol;however, the availability
of n! combinationpersymbolreduceghe overall switchingactiity.

Table1 shavs a summaryof someencodinganda comparisorwith the phaseencodingscheméillus-
tratedhere. Notethat, evenif the numberof transitionsper symbolappeatto favour 1-of-m schemesthe
overall numberof transitionsfor an example128 bit paclet shavs signi cantly differentbehaiour. This,
coupledwith the availability of extra stateswhich could be usedto encodecontrol signals,indicgtesan

. _ . n
attractive featureof the scheme.In generalfor ann-of-mencodingthe numberof stateds and
m

thetransitiongper symbolin the caseof a NRZ protocolwill ben, while for RTZ protocolit will betwice
asmary. In the caseof the phaseencodedschemethe numberof transitionsper symbolis alwaysthe
numberof rails. Thetotal numberof transitionsperpacletwill be:

transitionsper padet = [(padketlength/(bit per symbo)](transitionsper symbo)

NCL-EECE-MSD-TR-2005-108/niversity of NewcastleuponTyne 10



C.D'AlessandroD. ShangA. Bystrov, A. Yakovlev, O. Maevsky: Phase-encodetransmissiorfor NoC

Typeof Link Available | Bitsper | Extra| Transitions| Transitions
states symbol | states| persymbol| perpaclket
4-rail Phase-encoded 24 4 8 4 128
1-of-4RTZ 4 2 0 2 128
1-of-4NRZ 4 2 0 1 64
6-rail Phase-encoded 720 9 208 6 90
1-of-6 RTZ 6 2 2 2 128
1-of-6 NRZ 6 2 2 1 64

Tablel: Exampleof comparisorbetweerdifferentencodingandrelative power consumptiorin termsof
transitionsoverthelink. Packetlength= 128bit. RTZ = ReturnTo Zero.NRZ = Non Returnto Zero.

Givena paclet of p bits, for the phaseencodingschemedhe equatiorwill be:

transitionsper pacet= Wgzp(nT n, wheren is the numberof wires

For the n-of-mencoding(RTZ):

transitionsper packet= $——P1% 2n, wherem is the numberof wires andn is the numberof

log>
m

wiresswitchingpersymbol. Table2 illustratessomeresultsfor a 128-longpaclet. Then-of-mresultsrefer
to RTZ protocol,morewidely used.

Numberof wires(m)

2 ] 3] 4] 5] 6] 7] 8] 9] 10

PhaseEncoding| 256 | 192 | 128 | 110| 90 | 77 | 72 | 72 | 70

1-of-m 256 | 256 | 128 | 128 | 128 | 128| 86 | 86 | 86
2-of-m — | 512| 256 | 172 | 172| 128 | 128 | 104 | 104
3-of-m - — | 384 | 258 | 192 | 156 | 156 | 132 | 132
4-of-m - - — | 512| 344 | 208 | 176 | 176 | 152
5-of-m - - - — | 640 | 320 | 260 | 220 | 190
6-of-m - - - - — | 768 | 384 | 264 | 228
7-of-m - - - - - — | 602 | 364 | 308
8-of-m - - - - - - — | 688| 416
9-of-m - - - - - - - - | 774

Table2: Numberof transitionsper paclet (packetlength= 128 bit) for differentencodings.

Thetableshavs thatfor large numbersof wires (>5) thenumberof transitionsoverthelinks employed
by the phaseencodingtechniqueis much smallerthanthatemployed for 1-of-m encoding(which is the
smallesf then-of-mtechniqueshavn). Notethatthis only appliesto RTZ protocol,asthe NRZ protocol
reduceghe switching by half at the expenseof unpredictablespacers.The numberof transitionscanbe
usedasameando evaluatethe power consumptiorof thelink: thereforewe show thatthe phaseencoding
techniquecandeliver high performancesatrelatively low power, lessthan1-of-mtechniquesthanksto the
highernumberof stategper symbol. Also, the systemcantransmitdataandcontrol informationtogethey
further improving the throughput. However, it is importantto rememebethat a large numberof wires
imposeshigh compleity of the senderandrecever, especiallythe latter. If MEs areemployed, banksof
MEswill beneededo receve anddecodehe symbolsandadditionallogic will alsobenecessary

In the caseof multiple-rail transmissionthe cross-talkeffect becomemoreprominentandcanstrongly
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n4 15
B b T T

s 16
b .—W—.—KA/\/—TW—. bb

ne 17
c .—A@Q—.—M/\/—TW—. cc

Figure10: First-ordermodelof four wiresfor 4-rail link

affect the integrity of the databeingsent. Figure 10 shovs a modelof a 4-wire communicatiorchannel
whereonly theRC non-idealitieof thewiresaretakeninto account.The capacitorsepresenthecoupling
to the bottom groundand the coupling acrossthe wires involved in the communication. This model,
althoughsimplistic with respecto the real caseof a physicalchannel,is usefulto visualizethe effect of

capacitanceandresistanceicrosshe wires. Figuresll a) to f) illustratetheseeffects. We only shav the

resultfor a 4-wire channelasthe resultsfor the 2-wire channelcasecan be considereda subsetof the

resultsfor the 4-wire case.

The imagesshow the time relationshipat the recever betweenthe edges. The time of arrival with
respecto the rst arriving edgewasrecordedtherelative timesweresortedandplotted. The shapeof the
surfaceat the sendemwould bea at surfaceat 45 degreesfrom the x-y plane: this is becausehe edges
are sentat equaltime distancefrom eachother First notethatthe corruptionof phasedifferenceacross
the channelis proportionalto the lengthof the wires. Thisis dueto the proportionalitybetweencoupling
to groundandareaof the wire (itself proportionalto the length)andbetweernthe couplingbetweenwires
andthelengthsof thewires. The gures referto a.35 m procesandthewiresarethick metalsitting on
thetop layer. We assumeno layerchangeandthereforeno viasacrosgshe wholelengthof the wires. Also
notethat, perhapsntuitively, the corruptionof phaserelationshipdependson the combination.Note that
thereductionin time distanceis greaterwhentwo adjacenwires switch. To illustratethis phenomenon
considerTable3, which containgheresultsof the2 mm caseshavn in Figure11f).

Becausdhe time distancebetweeneventsat the sendemwas of 1 nsthe time distanceat the recever
shouldhave beenretained.Instead this distances greatlycorruptedin several cases:althoughthe order
of arrival is presered, the time distanceis reducedn somecasedy morethan80%. Thesecorruptions
alwaysoccurwhentheadjacenivire is beingswitched.Notethatthetotal time betweerthe rst eventand
thelastshouldbe 3 ns,while the averageis 2.5ns.

Thereasorfor the strongrelationshipbetweernwire number cross-talkandphasecorruptionis dueto
theintrinsic natureof the system:asall wires switch at time differencedbetweeneachotherapproaching
zero(if weassumehatthetimedifference respectsheinequalityT > whereT representtheminimum
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| Wirea| Wireb | Wirec | Wired | Orderof arrival |

0.58 1.27 0.69 - dcba
1.20 0.52 0.80 - dcab
1.12 1.32 0.15 - dbca
1.06 0.67 0.92 - dacb
0.20 1.34 1.07 - dbac
1.04 0.80 0.89 - dabc
0.57 1.48 - 0.19 cdba
1.56 0.46 - 0.19 cdab
1.41 - 0.47 0.45 bdca

- 1.00 0.73 1.10 adcb
0.72 - 0.88 0.47 bdac

- 0.96 0.56 1.11 adbc
1.22 0.51 - 0.65 cbda
0.45 0.96 - 0.88 cadb
1.38 - 0.51 0.60 bcda

- 1.20 1.38 0.25 acdb
0.19 - 0.37 1.57 badc

- 0.85 0.50 1.17 abdc
0.61 0.51 - 1.38 cbad
0.44 0.56 - 1.48 cabd
0.65 - 0.51 1.22 bcad

- 0.19 1.37 1.18 achd
0.19 - 1.48 0.57 bacd

- 0.82 1.19 0.64 abcd

Table3: Resultsfor 2 mm wires. the numbersndicatethetime distancebetweeraneventon therelative
wire andthepreviousevent,asshavn in the correspondingell in thecolumn“Order of arrival’. Thetimes
arein nanosecondandthetime differenceatthesendemwasof 1 ns As anexample,considerow 1, where
the orderof arrival is “dcba”. If wire d switchesattime 0, wire ¢ will switch attime 0.69ns,wire b at
1.27+0.6%ecausd .27 is thetime betweeneventson b andc, wire aat 0.58+1.27+0.6%s for the same
reason

distancebetweentwo eventshappeningon the referencesignal) they canbe considered‘allies” for the
purposef cross-talk. Thereforethe switching of oneline will affect the switchingof the adjacentine
in thatthe latter will performthe switchingfasterthanif it wereto switch alone. For large numbersof
wires, this couldbecomea signi cant problem,asthe cross-talkbetweemon-adjacentineswill decrease
strongly;experimentshave shown thatfor 4 wiresthe effectsof cross-talk althoughcausingcorruptionof
phasearenot suchto causeerrorsin datareceved. For large numbersof wires (experimentshave shovn
that“large” might mean>6) the switchingof a “cluster” of wires after an “isolated” wire switchingcan
resultin errors,asthe sequencés corrupted. To understandhis effect, considera group of 6 wires (a-f)
anda combinationof switchingd-a-e-f-b-c.In this casejif wasnot choserproperly, the factthatd has
switchedhelpse to switchfaster However, a, which atthe sendeiis beforee, hasno otherwiresto “help”.
Thereforeattherecever, e couldarrive slightly beforea, or causametastabilityatthe receverwhich could
resole with a or e arriving rst arbitrarily, resultingin a receved combinationd-e-a-f-b-c differentfrom
whatwasintended.

How to choosethe correctvalueof is underinvestigation. Anothermajor factorwhich would help
avoiding this effect is the physicaldistancebetweerthe transmissiorwires, which canbe imposedin the

NCL-EECE-MSD-TR-2005-108/niversity of NewcastleuponTyne 13



C.D'AlessandroD. ShangA. Bystrov, A. Yakovlev, O. Maevsky: Phase-encodetransmissiorfor NoC

routeratlayout.

7 Future Work

NoCs are the obvious applicationdomainto investigatethe full potentialof this novel approach. For
instance the needto insertbuffers alongthe transmissiorines to regeneratahe phaserelationshipgoes
handin handwith the presencef buffers alongthe transmissiormediumof a NoC. The capabilitiesof
the systemto supportmultiplexing is an additionaluseful property togetherwith the simplicity of error
checkingwhich canbe performedat variouslevel.

Someissuesare underinvestigationand modelsand simulationsare being developed,in particular
in the areasof jitter estimationand selectionof the optimal value of for reliable datarecovery. The
problemof jitter estimationis important: asthe valueof dependsn the periodof the referencesignal
(or in any caseon the minimumtime betweertwo subsequentansitionson thereferencdine) andon the
jitter, calculationof thejitter would leadto theidenti cation of the minimumvaluefor . However, jitter
estimationis not a trivial task, asshaown in relative literature. Several optionsare underscrutiry at the
momentwith somepromisingresultalreadybeingproduced.

Anothersubjectof investigationis the optimisationof wire lengthandbuffer insertion. As described
in Section3.3, an algorithm, possiblyto be automatedwhich would leadto the correctidenti cation of
optimalwire lengthandtheinclusionof repeaterslongtheline canthetaskof thedesigner

As describedn Section3.3,theadditionof controllogic onabridgewould allow pacletroutingacross
the network employing this novel technique.This logic would have to readthe paclets,decode¢hemand
forwardthemappropriately

Finally, work in underway to analysevariousencodingschemesnddifferentvaluesfor n in the case
of multiple-rail encoding. Differentencodingscanimprove throughputof the link andreducethe error
rate. At the sametime, increasingthe value of n increasesiramaticallythe compleity of the recever
in termsof areaconsumptiorand decodingtime, andalsointroducesan additionaloverheadn termsof
synchronisatiomf all then lines.

8 Conclusions

A novel interconnectiorapproachfor SoCshasbeenpresentedogetherwith someexamplesof imple-
mentation.The resultsshov high robustnesgo transientfaultsof the type describednarronv-pulses)and
relative simplicity of implementation An importantfeatureof the systemdescribeds the adaptabilityto a
variety of environments(GALS, NoCs),achiezedwithout the needfor sophisticateatircuitry. In fact,the
systemcanalmostbe “pluggedin” andwork, aslong asthe synchronizatiomprotocolandthebuffer stages
aredesignectorrectly

The simulationresultsshawv thatthe circuit works asexpectedandhasthe ability to Iter outinterfer
ence.More accuratevaluationof jitter andidenti cation of minimal eventwindows (possiblyon-line)is
underconsideration.Togetherwith the jitter introducedon the transmissiorines, additionalsourcesof
jitter arein factthe delay elementshemseles, particularlyif a delayline is employed. A moreanalyt-
ical descriptionof the designrequirementss thereforebeing carriedout, togetherwith a more accurate
de nition of theeffectsof afaultappearinghroughthewindow w1.
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Futurework aimsto implementmore complex protocolsemploying a larger numberof transmission
linesin orderto increasehroughputof the channelandincreasereliability, automatehe designprocess,
identify the optimumwire lengthandrepeateraumberand nally to devisereliableon-chipjitter estima-

tion techniques.
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(@) (b)

(© (d)

(e) ®

Figurell: Resultsfor 4-rail implementatiorexample. The x-axis(horizontal)is the combinationnumber
of arrival (4!1=24 possiblecombinations)the y-axis (front to back)representshe orderof arrival andthe

z-axis(vertical) the time of arrival of the edgewith respecto the rst edgereceved. For correctphase
relationship the surfaceshouldbe at andat anangleof 45 degreesfrom the x-y plane,asevery edgeis

sentatthe sametime distancerom the previous. Froma) to f) thewire lengthis increased2 m,20 m,

200 m,500 m,1mm,2mm
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