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Abstract

A novel self-timedcommunicationprotocol is baseduponphase-modulationof a referencesignal.

The referenceandthe dataaresenton the sametransmissionlines andthe datacanbe recoveredob-

servingthe sequenceof eventson the samelines. The senderblock consistsof a referencegenerator

andvariable-delayelements,while thereceiver includesa delay-locked loop for synchronizationanda

mutualexclusionelementwith additionallogic (validity bit andFIFO) for datarecovery. This protocol

exhibits high robustnesswith respectto transienterrorscausedby narrow pulseinterference,usually

associatedwith crosstalkandradiation.

1 Intr oduction

Theissueof fastandreliablecommunicationfabricis crucialfor thesuccessfuldesignof systems-on-chip.

An approachto designof suchcommunicationfabricis theNetwork-on-Chip(NoC)[1]. Thesynchroniza-

tion of blocksis a non-trivial aspectof design,andresearchhasdeliveredinterfaceswhich areself-timed

andspeed-independentto addressthis problem. An exampleof self-timedinterfacecanbe found in [2],

wherethe communicationbetweentwo separateclock domainsis investigated.Transienterrorsdue to

cross-talk,cross-coupling,groundbounceor environmentinterferencebecomemoreprominentasintegra-

tion increases,andthiseffectcanbeobservedinterconnectwires,asunderlinedby thework of Dupontand

Nicolaidis [3, 4]. QuotingNicolaidis: “it is predictedthat singleeventupsetsinducedby alphaparticles

andcosmicradiationwill becomea causeof unacceptableerror ratesin futurevery deepsubmicronand

nanometertechnologies.This problem,concerningin thepastmoreoftenpartsusedin space,will affect

future ICs at sealevel” [4]. This motivatesthefault toleranceapproachto design.Unfortunately, the im-

plementationof fault toleranceleadsto hardwareoverheads,which in its turn reducesthe reliability. It

mayhappenthat largesystemsof the futurewill be spendingmosttime recoveringfrom transientfaults.

In orderto alleviate this problem,a simplefault maskingapproachwasintroducedin [5]. It wasapplied

to request-acknowledgementhandshake protocols,exploiting theredundancy createdby thefeedbackac-

knowledgementsignal. In this paperwe alsoexploit protocol redundancy, but feedbacksignalsarenot

used.Both approachesleave a small percentageof errorsunmasked. Although they signi�cantly reduce

errorrate,theneedin fault-tolerantdesignremains.

Multiple-rail encodingis basedon thetransmissionof dataon two or morelines;oneor morelinesgo

high to indicateoneof thepossiblecombinationsof data.Typically, theseschemesemploy onestateasno-

data(aspacer, usuallyzero).Usualsingle-railanddual-rail transmissionsuffersfrom theeffectsof single

eventupsets(SEU),asthereceiverin thechannelcouldlosedata,latchwrongdataor losesynchronization.
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Figure2: Dual-rail protocols

Consider, for instance,Figure1 (a), wheredatais selectedby a strobe. If a pulseis inducedon thedata

line, theonly way it couldgenerateanerror is if thepulseoverlapswith therising edgeof a clock pulse.

Theoccurrenceof suchaneventhasa lowerprobabilitythanthatof a narrow pulseupsettingthedataline

“f ar” from thestrobepulse.However, considerthecasewherethestrobesignalis corruptedby thesame

narrow pulse: if thepulseis strongenoughto berecognisedasa valid transition,thereceiver could latch

additionalunwanteddata,possiblynot only corruptingthe databeingsentat the time of the upset,but

forcingthesystemto losesynchronization.In thecaseof dual-railusingasinglespacerprotocol,theupset

couldappearoneitherlinesandstill causeunwanteddatato enterthecommunicationchannel,asin Figure

1 (b).

From the brief descriptiongiven it is clear that more robust approachesare neededfor theseasyn-

chronouscommunicationchannels.Dual-rail encodingusingan alternatingspacerprotocoloffersbetter

resilienceto errors;nevertheless,thegeneralencodingis basedupontherecovery of datafrom thevalue

of the linesat a point in time. Our solutionextendstheconceptof alternatingspacerprotocolto improve

robustnesson transmissionlines.

Ourfocusis onthereliability of on-chipcommunicationchannelsparticularlyfor NoCsandwepropose

a methodologyto improvetheresistanceto thespecialcaseof SEUsaffectingthecommunicationfabric.
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Figure3: Block diagramof theoverall system

2 Approach

2.1 Dual-rail encoding

Dual-rail codesaredesignedso, that datais sentacrosstwo lines ratherthana singleone. The datais

encodedby switchinghigh or low oneof the lines; thedifferencein level representsan item of data.The

traditionaldual-railprotocolemploysasinglespacer, wherebyaftereachtransmissionof avalid bit of data

thebusreturnsto thezerostate.In [6] theuseof alternatingspacersis introducedandseveralimplications

with respectto securityissues(power signatures)areanalysed.The paperconcludesthat the alternating

spacerprotocol(ASP) is goodfor security, thecircuits implementingit areeasyto synthesisein standard

gates,and the whole approachcanbe integratedin the standarddesign�o w. In this paperwe usethis

protocol,asit allows thereceiver to distinguishbetweenSEUsandvalid transitions.

2.2 PSK approach

The proposedapproachbuilds upon the ASP. The senderand the receiver, as in Figure3, can be syn-

chronoussystems,albeit within completelyuncorrelatedclock domains;alternatively they canbe fully-

asynchronousblocks,or combinationsof the two. The referencesignalis usedfor samplingthe databy

its rising andfalling transitions.Thedatabeingsentmodulatethephaseof theclock differentlyon each

transmissionline by controllingthevariabledelayelements(VDE). Thereceiverrecoversthedataby com-

paringthesignalsto eachother. Datavaluesareencodedasthesignof thephasedifferenceof theclock

signal on the transmissionlines. Ratherthan measuringthe phasedifference,the receiver decodesthe

databy observingthe sequenceof eventson the transmissionlines. The receiver recordsthe dataupon

the arrival of the �rst transition,but the bit validity is recordedonly whenthe next spacersettleson the

transmissionlines. Therefore,themeasureof interestis thedifferential delayintroducedby theVDEs on

thetransmissionlines,whichwe indicatewith � .

Thisdifferentialdelayintroduceaneventwindow, whereanimbalanceon thelinesis present.Thesize

of this event window is determinedby � , which indicatesthe “nominal value” for this window, andthe

jitter introducedby thechannelon eachline 
 . Provided that thesystemis ableto rejecttransientfaults

appearingoutsidethe event window, onesuchfault will generatean error only if it happenswithin the

window. Effectively, wereducetheeventwindow to aminimumin orderto minimisetheeffectof transient

faults,while still recognisingdata.

In orderfor thedatato becorrectlyrecovered,� mustberecognisedat thereceiver (but notmeasured);

however if the channelintroducesa systematicdifferential delaybetweenthe lines, transmissioncanbe

impaired.Carefuldesigncouldminimizethis problem,but in orderto cancelout theeffectof this system-

atic differentialdelaysomesynchronizationbetweenthetwo transmissionlinesat thereceiver is needed.
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Figure4: (a)Exampleof waveformsfor Figure3

GinosarandKol [7] describetheproblemof adaptivesynchronizationandproposeanadaptationprotocol

which employs a training session, wherethecircuit stopsoperatingandthesendertransmitsdummydata

to the receiver; otheradaptationprotocolsaredescribed.In any cases,to ensurereliability, the jitter 


introducedby the channelmustbe taken into accountso that � � � where� = max(j
 j) in order to

guaranteedeterministicbehaviour of thesystem.However, if T is theclockperiod,� � T andtherefore�

canbechosensothatT > � � � . Thevalueof � canbeestimatedusingvarioustechniques[8].

The fact that valid datais recordedonly whenthenext spaceris generated(andthereforewhenboth

transmissionlines have changedstatus)hasan importantproperty: a hazardon oneof the transmission

lines (generatedby cross-talk,EM interference,cosmicradiation)will not be recordedasdata. This is

particularlyimportantif severalsingle-eventupsets(SEU)canbegeneratedby theenvironment;provided

theeventsdonotaffectbothlinesat thesameinstant, thesystemwill ignoretheerror.

An importantpropertyof the alternating-spacerprotocoldescribedin [6], from which the following

de�nitions are reported,is the minimisationof the exposure time (the variation in energy consumption

whenprocessingdatavalues). This is the time wherethe energy imbalanceis exhibited andit is shown

in the samepaperthat thealternating-spacerprotocolhasa smallerexposuretime thanthesingle-spacer

protocol, in particular, the lower boundis onegatedelayandthe upperboundis oneclock cycle. The

new approachproposedin this paper, however, minimizestheexposuretime of thebus,sothatthebounds

dependon� and� andthefollowing inequalityholds:� + � >exposuretime>� � � . Notethatusingasingle-

spacerprotocol,onecouldminimizetheexposuretimeby minimizing thewidth of thepulsesrepresenting

data;however, this hasthedrawbackof increasingspectrumoccupationby thedatasignal.

In termsof robustnessandpredictabilityof behaviour, thesystemis suchthata fault will becomean

error, if it appearsthroughtheedgeof thesecond-arrivingsignal,andwhenafault involvesbothlinesat the

sametime. As asolutionto thelattercase,thedesignercouldroutethetwo linessothatthey arephysically

apartif thesynchronizeremployedat thereceiverhasenoughcapturerange.The�rst casehasnosolution;

however, theprobabilityof suchaneventoccurringis proportionalto theratio of � andtheclock period.

Therefore,theapproachto avoid sucherrorswouldbeto 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-rail input. The VDE implementationsare

shown in Figure5(a),wherethecoarseVDE canbeusedin our sender, andthe�ne VDE canbeusedto

calibrateamesochronoussystem[7], which is oneof applicationareasfor ourapproach.For thelatter, the

two datalinescanbesetto 11or 00.

3.2 Receiver

Thereceiverblock hasthetaskof recoveringthedatasentover thecommunicationchannel;usingtheap-

proachdescribed,this taskis performedby aPhaseDetector(PD).Much literatureis devotedto thedesign

andanalysisof a numberof differentPDs. In our case,thequantityof interestis the timing relationship

betweentwo relatedeventshappeningonthetwo transmissionlines,andin particularonly thesequenceof

eventsratherthantheir absolutedistancein time. Therefore,thePD canbebinary quantizedor lead/lag,

indicatingthatoneeventononeline leadsor lagstheothercorrespondingeventon theotherline.

A MutualExclusionelement(ME), shown in Figure6 (a)and(b) [9, 10], is essentiallyanS-R�ip-�op

followedby a metastability�lter , which allows the two inputsto be very closeto eachotherin termsof

arrival time. If therequirement� � 
 is met,thenthedeterminismof thesystemis guaranteed,andthis

will preventtheS-R�ip-�op from enteringmetastability. However, asthe jitter is a randomvariable,the
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Figure7: Doublemutex receiver

time � � 
 couldbebelow theexpectedvalue,presentingametastabilityhazard,hencetheuseof anME.

The ME will only recognizeeventson the rising edgeof the inputs; in order to follow the protocol

correctly, thefalling edgeof theinput mustalsoencodedata.HencethePD is built aroundtwo MEs,one

of which hasthe inputsinverted,asshown in Figure7. To completethePD, 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 usesmemoryelementsto

ensurestableinputsto theME andto avoid usingmorecomplex circuitry only at theoutputsof theMEs.

As in any circuit decodingPhaseModulation,thereceiver will requiresomephasealignmentsystem,

in orderto makesurethatthetwo incomingmodulatedclocksignalsaresynchronized.In orderto perform

phasealignment,a DLL canbeusedandthePD canbesharedbetweenthedatarecoverysystemandthe

DLL, which will resemblea lead/lag-typePLL describedin [11]. For this typeof PLLs a classof �lters

called sequential�lter s is described,which hasthe attractive propertyof being governedby statistical

equationsand,importantly, by a setof observedvaluesratherthana linearcombinationof a setof inputs.

Previouswork by theauthor[12] hasillustrateda DLL basedon such�lters thatcanbeemployedin this

case.

3.3 Repeaters,Bridgesand Wir eCharacteristics

The systemrelieson the signalsseenfrom the receiver's PD beingalignedwith respectto their relative

phase. This can deterioratein long wires, as the cross-talkbetweenthe two lines is dependenton the

couplingcapacitanceof the wires,which in turnsdependson their length. If however the two wires are

routeddifferently, increasingthephysicaldistancebetweenthem,any mismatchin lengthandin number

of viaswouldresultin differenceof resistanceof thewire; theoverallcapacitancebetweenthewire andthe

groundplanescanalsobeaffectedif thewires“hop” acrosslayers.Thesetwo effectsresultin mismatch

of thetimeconstantof thewiresandthereforethedelayrelationshipwill becorrupted.

As a countermeasuretwo options,not mutuallyexclusive,canbeconsidered:clock-distribution tech-

niques(and in general,layout techniques)and the useof repeaters or bridges. We de�ne a repeatera

devicewhich simply regeneratesthephaserelationshipbetweenthetwo signalsacrossthewires;a bridge

is a device which receivesthedataandre-sendsit across.Both canbe implementedby puttingback-to-

backa receiver anda sender. A receiver, however, canbe a morelight-weight device, with low-latency

andof simpleimplementation.Thebridges,instead,couldbeusedto performadditionalfunctions:if used

in NoCs,thesedevicescanhave several outputs(a combinationof a receiver andseveral senders),thus

forming a network switch. A disadvantageof bridges/switchesis their latency. The latency is de�ned by

NCL-EECE-MSD-TR-2005-106,Universityof NewcastleuponTyne 6
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thedatavalidationprocess,which �nishes only afterthesecondwire haveswitched.
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Figure8: Repeaterdesign

A low-latency solutionis a repeatershown in Figure8. It doesnot possesserrormaskingproperties,

as it doesnot wait for the validation. The designis basedupontwo transparentlatches,which become

disabledassoonasthecodeword arrives. After this, they storethestatefor the time interval de�ned by

thedelayelement.At theendof the interval they startconductingthe input datato theoutputagain. If a

narrow pulseinterferencearrivesto the input during thespacerstate,it propagatesto theoutputandgets

“expanded”to thesametime interval. Suchanerrorwill becorrectedlaterat thereceiver. Thelimitation

of thiscircuit is theminimumswitchingseparationinterval, whichshouldexceedthelatency of two gates:

theEXORandtheAND gates.

Theotherapproachconsistsin actively controllingthelayoutof thedesignin orderto matchthechar-

acteristicsof thetwo wires. This approachcanbetime-consuming,asthe�nal routingof thewireswould

not beknown until thelayoutstage;if any errorsoccur, thelayoutmight have to beredone,increasingthe

designtimeunnecessarily. Therefore,thedesignercouldmakeassumptionsaboutthe�nal physicalimple-

mentationof thewiresat designtime usingworst-casescenariosbasedon theprocessparametersfor the

particularprocesswhich will beemployed. In this case,someheuristicscanbeemployedandtheprocess

couldbeautomated.Note thata mismatchcanbe toleratedif it is within theDLL range;to increasethe

range,andhencethe toleranceon wire mismatches,onewould thenneedto change� to accomodatefor

therequirements.

A bettersolutionwould attemptto optimisetheperformanceof the link by segmentingthewiresand

addrepeatersalongtheline takingintoaccountthelayoutconsideration. In practice,thismeansto calculate

themaximumallowablelengthof thewiresto preservephaserelationshipwithin anacceptablerangeand

includeat thatpoint therepeater. In this case,someassumptionsandcalculationsarerequired,aswell as,

possibly, theinclusionof layouttechniquesto improve reliability; however, theinclusionof repeaterswill

reducetheuncertaintyintroducedby longwires,hencesimplifying thedesignprocess.

Layouttechniquesaimingtominimiseclockskew arebeinginvestigated,aswell assystemsto automate

thedesignof thewiresby identifying theoptimalwire lengthbetweenrepeaters.
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4 Err or Checking,Detectionand Corr ection

An interestingaspectof this systemis that error checkingis simpli�ed thanksto the inherentnatureof

the transmission.Error detection/correctioncanbe achieved by the next layer up in a layerednetwork

hierarchy. Thesubjectof errordetection/correctionis extensively discussedin literature,andhasbeenfor

a long timewith respectto networks.

Theerrorcheckingmechanismcanbesplit into two types:stuck-atfaultsdetectionanddynamicerrors

detection(suchaserrorswhichcauseachangein thedynamicpropertiesof thedevice). Thestuck-atfaults

canbe detectedby observingthe patternof changesin the spacer. As the spaceralternatescontinously

betweentwo possiblespacers,thedevicecandetectastuck-atfault if thespaceralternationis notobserved.

Note that in that case,no datais received(aspossiblyoneof the lines hasnot switched). In the caseof

two-wire communication,this couldcausea problemasa fault canbeseenasa faileddatatransmission.

Thereceiver could thenthrow anexceptionrequestingthesenderto repeattransmission,but this, in turn,

couldcausethereceiver to expectdatawhenthesenderhasnone.Theseissuescanberesolvedat design

time(a time-outmechanismcanbeincluded,for instance);however, acommontrait of any solutionwould

be the inclusionof an accumulatorwhich would “log” all the occurrencesof a spacerexceptionandbe

resetat theoccurrenceof acorrectsequenceof spacers.If thesumof all exceptionsexceedsagivenvalue,

thedevicewould recognisethepresenceof a stuck-atfault.

Thedetectionof “dynamic” errorscanbe performedemploying theDLL describedabove. TheDLL

wouldcorrectany mismatchin timedelayintroducedby thelinesif this is within theDLL'scapturerange.

However, if thisexceedstheDLL range,thecommunicationmechanismcouldbedesignedsothatany such

errorsis immediatlyrecognised.Consider, for instance,thecasewhereoneof thedual-rail line, saythe

onewhoseprecedenceindicatesa “0”, is signi�cantly slower thantheother. In this situation,theamount

of delayintroducedonto the “1” line couldnot be suf�cient to invert theedgesandthesystematicdelay

offsetcouldbebeyondtheDLL range.In this case,thereceiverwill alwaysreceive “1”s regardlessof the

sender's intention. Thesendercould thenbedesignedto appenda bit which is alwaysdifferentfrom the

last transmittedbit: if this last bit of a transmissionis equalto the penultimate,thenthe transmissionis

corrupted.

Similarapproachescanbeemployedin thecaseof multiple-rail systems(seeSection6).

5 Implementation Example

5.1 Description

An implementationexamplehasbeendesignedandsimulatedasproof-of-concept.Thesenderis anasyn-

chronousblock assembledasshown in Figure5(a),thecoarseVDEs arebuilt asin Figure5(b); thedelay

of 500pswaschosen.

Thereceiver designis illustratedin Figure9. Thetwo ME elementsandtheinput logic (I1-I4) imple-

mentthePD in thereceiver. It alsoincludescontrollogic for identifyingcode-words.

The receiver observesthe dual-rail pair of signals(x1 andx0), andthenbasedon the orderof their

switching,recordsthe input code-word. In orderto sample1-to-0switching,the invertedsignalsx1_bar

andx0_barareintroduced.Undernormaloperation,if x1 wins, thenx1g is generated,alternatively if x0

wins, thenx0g signalis generated.The otherME componentoperatessimilarly for samplingthe falling

NCL-EECE-MSD-TR-2005-106,Universityof NewcastleuponTyne 8
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Figure9: Implementedreceiverandits waveforms

edges.Thecorrespondinggrantsignalsarex1bgandx0bg.

In order to prevent pulseinterferenceduring spacerstates,the input logic (gatesI1-I4) is used. For

example,assumingx1 wins thegrant,duringthespacerstate,if thex1 is changeddueto interference,then

gateI1 will hold thegrantsignaluntil next spacerstatecoming(x0 andx1gareall high).

The control logic convertsdual-rail code-words to normal data. Two AN221 gatesimplementthis

mechanism.As thealternativespacerprotocolis used,afteragrantsignalis generated,theexpectedspacer

is known. For example,afterx1g is generated,theexpectedspaceris all-ones.Whenthelogic receivesthe

all-onespacer, asetsignalis generatedandtheoutput(out=1)is produced.

ThesystemwasimplementedusingtheAMS 0.35uCMOStechnology(TECH-CSI)undertheCadence

toolkit andsimulatedusingtheCadenceanaloguesimulationtool.

5.2 Results

Figure9 shows somewaveformsobtainedduringsimulationof thesystemdescribed.Thevalueof � was

chosento be 5% of theclock periodT, which in turn was10 ns. Themaximumvalueof the jitter could

thereforereach500psin thelimit.

We alsomadeanexperimentusinganunrealisticestimationof jitter to lessthan3psoneachtransmis-

sion line in orderto illustratethebehaviour at “extreme”conditions.Thevalueof � was15ps,� ve times

biggerthenthedelay. Evenat theseshorttimes,thePD doesnot entermetastabilityandexhibits correct

behaviour. In Figure9 thewindows w1 andw3 indicatethedistance� while w2 andw4 arethewindows

whereinterferencesareignored.Note in fact therejectionof two faultshappeningat times7ps(w2) and

22ps(w3). In the �rst case,the fault appearduring a transmissionclock cycle, but theerroneousdatais

not latched;in thesecondcase,the fault appearsbetweentwo clock cycles,but it still doesnot affect the

behaviour of thetransmissionline. Pleasenotethattwo transitionson “out” happencloseto thefaults,but

arecompletelyunrelatedto them: in fact,they aretheresultof thedecodingof theinformationappearing

at times(respectively) 5nsand20ns(the transitionson “out” startbeforethefaulty transitions).Thetime

betweenthe receptionof a valid dataandthe productionof that dataat the outputof the receiver block

is 1.68ns. This time resultsfrom usingME, which arerelatively “slow” devices. If � waschosento be
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larger, differenttechniquescouldhavebeenusedfor thedesignof receiverto recoverdata,leadingto faster

responseat theexpenseof a widereventwindow.

The receiver is not SpeedIndependentandworks underthe FundamentalMode without completion

detectionlogic. Therefore,sometiming assumptionsareusedin thedesign,for exampletheinvertersused

betweenthe two MEs musthave identicaldynamicbehaviour. Apart from this simpleone,someothers

hold:

1. Thecycle timeof thesendermustbegreaterthan1.68ns(time to generateanoutputat thePD);

2. � hx 1;x 0i =00 =11 � � inv + � and 2 + 2� an 221 aftertherelevantgrantis generated;

3. � < � gr antGener ate , where� gr antGener ate is the time betweenan edgearriving andthegeneration

of thecorrespondinggrantsignal.

The �rst assumptionis expressedin 3.2. thesecondis necessaryto guaranteethat the lengthof thevalid

spaceris longenoughfor thesignalto propagatethroughthe�ip-�op at theright-handsideof Figure9 and

thefeedbackto reachthe�ip-�op to keepthevalue.

6 Multiple-rail encoding

Theuseof multiple-rail encodingis anattractive extensionto thesystem.Thework of JohnBainbridge,

summarisedin his thesis[13], describestheuseof a single-railbusto avoid theoverheadimposedby the

useof multiple-rail bus implementations;however, healsoproposestheuseof 1-of-4 encoding[14] asa

possibleimprovementin termsof power ef�ciency. Theideain this caseconsistsin encodinga symbolin

thesequenceof arrival of a referencesignalovern wires. All theissuespresentedin theprevioussections

hold,but othersigni�cant propertiesappear, whichareworth investigating.We reporta simpleanalysisas

anexample.

Assumethat thedelaysintroducedonto then wiresareall different,that is, no two wirespresentthe

samedelay. Then,theorderof arrival in theidealcase(nonoiseon thetransmissionlines)will correspond

to oneof n! combinations.Thesestatescanbe thereforebe transmittedasa singlesymbolon thewires.

Thispropertycanbeexploitedto transmit,say, controlanddatainformationin onesymbol,or to multiplex

severalchannelontoasinglechannel.

Note that in this casethe power consumptionper symbolof the proposedencodingschemewill be

greaterthanin thecaseof 1-of-n encodingasmorelineswill switchpersymbol;however, theavailability

of n! combinationpersymbolreducestheoverall switchingactivity.

Table1 shows a summaryof someencodinganda comparisonwith thephaseencodingschemeillus-

tratedhere.Notethat,evenif thenumberof transitionspersymbolappearto favour 1-of-m schemes,the

overall numberof transitionsfor anexample128bit packet shows signi�cantly differentbehaviour. This,

coupledwith the availability of extra stateswhich could be usedto encodecontrol signals,indicatesan

attractive featureof thescheme.In general,for ann-of-mencoding,thenumberof statesis

 
n

m

!

and

thetransitionspersymbolin thecaseof a NRZ protocolwill ben, while for RTZ protocolit will betwice

asmany. In the caseof the phaseencodedscheme,the numberof transitionsper symbol is always the

numberof rails. Thetotalnumberof transitionsperpacketwill be:

transitionsper packet= [(packet length)/(bit persymbol)](transitionsper symbol)
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Typeof Link Available Bits per Extra Transitions Transitions
states symbol states persymbol perpacket

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-6RTZ 6 2 2 2 128
1-of-6NRZ 6 2 2 1 64

Table1: Exampleof comparisonbetweendifferentencodingandrelative power consumptionin termsof
transitionsover thelink. Packet length= 128bit. RTZ = ReturnTo Zero.NRZ = NonReturnto Zero.

Givenapacketof p bits, for thephaseencodingschemetheequationwill be:

transitionsper packet= p
blog 2 (n !) c n, wheren is thenumberof wires

For then-of-mencoding(RTZ):

transitionsper packet = p$

log 2

 
n

m

!% 2n, wherem is the numberof wires andn is the numberof

wiresswitchingpersymbol.Table2 illustratessomeresultsfor a128-longpacket. 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 transitionsperpacket (packet length= 128bit) for differentencodings.

Thetableshowsthatfor largenumbersof wires(>5) thenumberof transitionsover thelinks employed

by the phaseencodingtechniqueis muchsmallerthanthat employed for 1-of-m encoding(which is the

smallestof then-of-mtechniquesshown). Notethatthisonly appliesto RTZ protocol,astheNRZ protocol

reducesthe switchingby half at the expenseof unpredictablespacers.The numberof transitionscanbe

usedasameansto evaluatethepowerconsumptionof thelink: therefore,weshow thatthephaseencoding

techniquecandeliverhighperformancesat relatively low power, lessthan1-of-mtechniques,thanksto the

highernumberof statespersymbol. Also, thesystemcantransmitdataandcontrol informationtogether,

further improving the throughput. However, it is importantto rememeberthat a large numberof wires

imposeshigh complexity of thesenderandreceiver, especiallythe latter. If MEs areemployed,banksof

MEs will beneededto receiveanddecodethesymbolsandadditionallogic will alsobenecessary.

In thecaseof multiple-rail transmission,thecross-talkeffectbecomemoreprominentandcanstrongly
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Figure10: First-ordermodelof four wiresfor 4-rail link

affect the integrity of the databeingsent. Figure10 shows a modelof a 4-wire communicationchannel

whereonly theRCnon-idealitiesof thewiresaretakeninto account.Thecapacitorsrepresentthecoupling

to the bottom groundand the coupling acrossthe wires involved in the communication. This model,

althoughsimplisticwith respectto the real caseof a physicalchannel,is usefulto visualizetheeffect of

capacitanceandresistanceacrossthewires. Figures11 a) to f) illustratetheseeffects. We only show the

result for a 4-wire channelas the resultsfor the 2-wire channelcasecanbe considereda subsetof the

resultsfor the4-wire case.

The imagesshow the time relationshipat the receiver betweenthe edges. The time of arrival with

respectto the�rst arriving edgewasrecorded;therelative timesweresortedandplotted.Theshapeof the

surfaceat the senderwould be a �at surfaceat 45 degreesfrom the x-y plane: this is becausethe edges

aresentat equaltime distancefrom eachother. First notethat the corruptionof phasedifferenceacross

thechannelis proportionalto the lengthof thewires. This is dueto theproportionalitybetweencoupling

to groundandareaof thewire (itself proportionalto the length)andbetweenthecouplingbetweenwires

andthelengthsof thewires. The�gures refer to a .35� m processandthewiresarethick metalsitting on

thetop layer. We assumeno layerchangeandthereforenoviasacrossthewholelengthof thewires.Also

notethat,perhapsintuitively, thecorruptionof phaserelationshipdependson thecombination.Notethat

the reductionin time distanceis greaterwhentwo adjacentwiresswitch. To illustratethis phenomenon,

considerTable3, whichcontainstheresultsof the2 mmcaseshown in Figure11 f).

Becausethe time distancebetweeneventsat the senderwasof 1 ns the time distanceat the receiver

shouldhave beenretained.Instead,this distanceis greatlycorruptedin severalcases:althoughtheorder

of arrival is preserved,the time distanceis reducedin somecasesby morethan80%. Thesecorruptions

alwaysoccurwhentheadjacentwire is beingswitched.Notethatthetotal timebetweenthe�rst eventand

thelastshouldbe3 ns,while theaverageis 2.5ns.

Thereasonfor thestrongrelationshipbetweenwire number, cross-talkandphasecorruptionis dueto

the intrinsic natureof thesystem:asall wiresswitchat time differencesbetweeneachotherapproaching

zero(if weassumethatthetimedifference� respectstheinequalityT > � whereT representstheminimum
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Wire a Wire b Wire c Wire d 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 acbd
0.19 – 1.48 0.57 bacd

– 0.82 1.19 0.64 abcd

Table3: Resultsfor 2 mm wires. thenumbersindicatethetime distancebetweenaneventon therelative
wire andthepreviousevent,asshown in thecorrespondingcell in thecolumn“Orderof arrival”. Thetimes
arein nanosecondsandthetimedifferenceat thesenderwasof 1 ns. As anexample,considerrow 1, where
the orderof arrival is “dcba”. If wire d switchesat time 0, wire c will switch at time 0.69ns, wire b at
1.27+0.69because1.27is the time betweeneventson b andc, wire a at 0.58+1.27+0.69ns for thesame
reason

distancebetweentwo eventshappeningon the referencesignal) they canbe considered“allies” for the

purposesof cross-talk.Thereforethe switchingof oneline will affect the switchingof the adjacentline

in that the latter will performthe switchingfasterthanif it wereto switch alone. For large numbersof

wires,this couldbecomea signi�cant problem,asthecross-talkbetweennon-adjacentlineswill decrease

strongly;experimentshaveshown thatfor 4 wirestheeffectsof cross-talk,althoughcausingcorruptionof

phase,arenot suchto causeerrorsin datareceived. For largenumbersof wires(experimentshave shown

that “large” might mean>6) the switchingof a “cluster” of wires after an “isolated” wire switchingcan

resultin errors,asthesequenceis corrupted.To understandthis effect, considera groupof 6 wires (a-f)

anda combinationof switchingd-a-e-f-b-c.In this case,if � wasnot chosenproperly, the fact thatd has

switchedhelpse to switchfaster. However, a,whichat thesenderis beforee,hasnootherwiresto “help”.

Therefore,at thereceiver, ecouldarriveslightly beforea,or causemetastabilityat thereceiverwhichcould

resolve with a or e arriving �rst arbitrarily, resultingin a receivedcombinationd-e-a-f-b-c,differentfrom

whatwasintended.

How to choosethecorrectvalueof � is underinvestigation.Anothermajor factorwhich would help

avoiding this effect is thephysicaldistancebetweenthe transmissionwires,which canbe imposedin the
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routerat layout.

7 Futur e Work

NoCs are the obvious applicationdomainto investigatethe full potentialof this novel approach. For

instance,theneedto insertbuffersalongthe transmissionlines to regeneratethephaserelationshipgoes

handin handwith the presenceof buffers alongthe transmissionmediumof a NoC. The capabilitiesof

thesystemto supportmultiplexing is an additionalusefulproperty, togetherwith thesimplicity of error-

checking,whichcanbeperformedatvariouslevel.

Someissuesare underinvestigationand modelsand simulationsare being developed,in particular

in the areasof jitter estimationandselectionof the optimal value of � for reliable datarecovery. The

problemof jitter estimationis important: asthevalueof � dependson theperiodof the referencesignal

(or in any caseon theminimumtime betweentwo subsequenttransitionson thereferenceline) andon the

jitter, calculationof the jitter would leadto the identi�cation of theminimumvaluefor � . However, jitter

estimationis not a trivial task,asshown in relative literature. Several optionsareunderscrutiny at the

moment,with somepromisingresultalreadybeingproduced.

Anothersubjectof investigationis theoptimisationof wire lengthandbuffer insertion. As described

in Section3.3, an algorithm,possiblyto be automated,which would leadto thecorrectidenti�cation of

optimalwire lengthandtheinclusionof repeatersalongtheline canthetaskof thedesigner.

As describedin Section3.3,theadditionof controllogic onabridgewouldallow packetroutingacross

thenetwork employing this novel technique.This logic would have to readthepackets,decodethemand

forwardthemappropriately.

Finally, work in underway to analysevariousencodingschemesanddifferentvaluesfor n in thecase

of multiple-rail encoding. Differentencodingscan improve throughputof the link andreducethe error

rate. At the sametime, increasingthe valueof n increasesdramaticallythe complexity of the receiver

in termsof areaconsumptionanddecodingtime, andalsointroducesan additionaloverheadin termsof

synchronisationof all then lines.

8 Conclusions

A novel interconnectionapproachfor SoCshasbeenpresentedtogetherwith someexamplesof imple-

mentation.Theresultsshow high robustnessto transientfaultsof the typedescribed(narrow-pulses)and

relativesimplicity of implementation.An importantfeatureof thesystemdescribedis theadaptabilityto a

varietyof environments(GALS, NoCs),achievedwithout theneedfor sophisticatedcircuitry. In fact,the

systemcanalmostbe“pluggedin” andwork, aslongasthesynchronizationprotocolandthebuffer stages

aredesignedcorrectly.

Thesimulationresultsshow thatthecircuit worksasexpectedandhastheability to �lter out interfer-

ence.More accurateevaluationof jitter andidenti�cation of minimal eventwindows (possiblyon-line) is

underconsideration.Togetherwith the jitter introducedon the transmissionlines, additionalsourcesof

jitter arein fact the delayelementsthemselves,particularlyif a delayline is employed. A moreanalyt-

ical descriptionof the designrequirementsis thereforebeingcarriedout, togetherwith a moreaccurate

de�nition of theeffectsof a fault appearingthroughthewindow w1.
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Futurework aimsto implementmorecomplex protocolsemploying a larger numberof transmission

lines in orderto increasethroughputof thechannelandincreasereliability, automatethedesignprocess,

identify theoptimumwire lengthandrepeatersnumber, and�nally to devisereliableon-chipjitter estima-

tion techniques.
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(a) (b)

(c) (d)

(e) (f)

Figure11: Resultsfor 4-rail implementationexample.Thex-axis(horizontal)is thecombinationnumber
of arrival (4!=24 possiblecombinations),they-axis(front to back)representstheorderof arrival andthe
z-axis(vertical) the time of arrival of the edgewith respectto the �rst edgereceived. For correctphase
relationship,thesurfaceshouldbe �at andat anangleof 45 degreesfrom thex-y plane,asevery edgeis
sentat thesametime distancefrom theprevious.Froma) to f) thewire lengthis increased:2 � m, 20 � m,
200� m, 500� m, 1 mm,2 mm
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