REDUCING NOISE IN HIGH-PERFORMANCE ON-CHIP BUSSEGMENTS

P. Liljeberg, J. Tuominen, S.Tuuna, J. Plosila, and J.Isoaho

ElectroniccandCommunicatiorSystems
Dept. of InformationTechnology
Universityof Turku, Finland
{pakrli | joeltu| sataty| juplos| jisoahd @utu.fi

ABSTRACT

In this paperwe presentechniquesandanalysison re-
ducingcrosstalkandswitchingnoisein sggmentsof a pipe-
lined on-chipbus. Eachsegmentin sucha busarchitecture
consistsof two high-performancdinks transferingdatasi-
multaneouslyin the oppositedirections. The segmentsare
isolatedby self-timedtransferstageswhich pipeline data
flow. Time-interleaing, dual-railand1-of-4 dataencoding
techniquesreusedfor reducingproblemscausedy inter-
connectsignalcoupling,currentpeaks,andthe probability
for erroneoustates.

1. INTRODUCTION

Pawer supply noiseor unwantedfluctuationof the supply
voltagewithin a digital ULSI chip mainly originatesfrom
simultaneousclock-inducedswitching of CMOS circuits

which cause$ighpeakcurrentdravsfromthepowersource.

Thetotal power supplynoiseis the sumof two majorcom-
ponents: the resistie voltage drop IR and the inductive
switching noise LAI/At [2]. Here R and L arethe ef-
fective supplywire resistancendinductancerespectiely,
and AT is the total currentchangeduring the rise or fall
time At of the concurrentlytransitioningsignals. Hence,
dealingwith high currentspikes, ratherthan averagecur-
rent,is a key issueto minimize voltagefluctuationsin the
power supplynetwork. Typically, large on-chipdecoupling
capacitorsaare neededo provide a stablepower supplyfor
every systemmoduleon a chip [3]. The arearequiredby
thesecapacitorsaturallyincreasesith the sizeandcom-
plexity of the system.In orderto decreas¢he needfor de-
couplingcapacitancesurrentpeaksmustbe lowered. This
canbe accomplishedy decreasinghe numberof simulta-
neousswitching eventsin the system. Suchan approach,
basedon de-synaronizationof intermodule communica-
tion, is presentedh this paper

Noise causedy capacitve andinductive crosstalkbe-
tween on-chip signal wires is anotherfundamentalprob-
lem in modernhigh-speedsystem-on-chiglesign. Capac-
itive couplingis currentlydominant,but inductive coupling

becomeamore and more significantas signal frequencies
andon-chipwire lengthsincrease Crosstalkhastwo major
detrimentaleffects. Firstly, if the magnitudeandduration
of the couplednoiseis sufiicient, a signal may temporar
ily assumenerroneousogic valuewhichin turn maylead
to alogical failure. Secondly crosstalkalsoaffectstiming.
The delayof a wire not only dependson the propertiesof
the wire itself but also on how the wires that are capaci-
tively or inductively coupledto it are switching. If a wire
andanothemwire coupledto it switchsimultaneouslyn op-
positedirections,crosstalkincreaseshe delayof the wires
becausdwice as much chage mustbe transferredacross
the couplingcapacitanceOn the otherhand,if the coupled
wiresswitchin the samedirection,thedelayis reduced.
Crosstalkcanbekeptwithin appropriatdimits by suffi-
cientwire spacing.The spacingequirementganbe signif-
icantly easedfesultingin a more compactbus implemen-
tation, by controlling transmissiorof signalsin suchaway
that crosstalkis minimized. The noisereductionmethod-
ology describedn this papercombinesde-synchronization
techniqueswith appropriateasynchronousiata encoding
schemeso achieve this goalin on-chipbusdesign.

2. METHODOLOGY FOR NOISE REDUCTION

Thepurposeof themethodologyis to preventspuriousran-
sitionsin the on-chipwires andtherebythe gatesthat are
connectedo thosewires. If this is not handledproperly, it
couldpotentiallycausestaticerroneoustatedo thecircuits
andleadto amalfunctionof theentiresystem Eventhough
the noisemight not always causefalseswitching, it could
still degradethe performanceby slowing down the signals.
In additionto above, the methodconcentrate®n minimiz-
ing currentpeaksby employing asynchronougechniques
andencodingschemesin thefirst phaseof the methodthe
systemis partitionedinto appropriateregions,illustratedin
Figure 1. A noisebudgetis createdto definenoise mar
gin for eachof thesepartitions. Doing so the effort can
be focusedon the mostcritical regions separately In the
secondphasethe numberof simultaneouswitchingevents



is decreasedn eachregion so that the currentpeakswill
be lower, consequentlylecreasingpower supplynoiseand
electromagnetiinterferencg EMI) [4]. This couldalsobe
referredto asde-synchronizatiorhecause¢hetiming of the
systemis re-tunedsothatsimultaneouglock relatedevents
are distributed into a larger time frame. The third phase
dealswith minimizing crosstalk. Differentasynchronous
encodingmethodsand de-synchronizatiortan be usedto
reducecrosstalkon abusaswill beexplainedin Sectior4.
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Fig. 1. Systenpartitioningfor decreasingoncurrenevents

3. PIPELINED BUS

In this paperboth crosstalkand switching noisecharacter
istics are analyzedon an advancedpipelinedbus structure
[5] tamgetedfor GALS basedsystem-on-chipglesign. The
bus architecturds a distributedorganizationbasedon self-
timed communicationUnlike in the caseof a corventional
bus,thepipelinedbuscanbesimultaneouslaccessedy all
the attachedorocessingelements. The physicalwires that
implementthebusaredividedinto N-1 sggmentswhereN
is the numberof modulesconnectedo the bus. The seg-
mentsare isolatedfrom eachotherby N transferstages
one attachedto eachmodule. The arbitrationand control
areevenly distributedamongthe transferstagesvhich con-
tain internal FIFO queuedfor pipelining the dataflow. A
bus segmentbetweenadjacenistagesconsistof two sepa-
rateunidirectionalpoint-to-pointinterconnectsvhichtrans-
fer dataasynchronouslypetweerthe stagesn oppositedi-
rections.Thesetwo links of a sgmentcanoperatan paral-
lel, anddueto pipelining,all sgmentsof thesystembuscan
transferdataconcurrently The pipelinedbusarchitecturas
illustratedin Figure2.
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Fig. 2. Pipelinedbusarchitecture
In thefollowing paragraphsrosstalkandswitchingnoise
in a segmentof the pipelinedbusis investigated Different
signalingmethodsare comparedagainsteachothersin or-

derto minimize noise,andeffectto the performances ana-
lyzed. Thepipelinedbuswasimplementeddy usinga 0.13
pm technologywith 1.2V supplyvoltage.Thewiresin the
bus seggmentin questionareplaced0.6 pm apartfrom each
otherandthey have lengthof 2 mm, width of 0.6 um and
thicknesof 0.32 um. Thesizeof transmittednessageare
32-bitin all the caseswith 150 psrise andfall times.

4. NOISE REDUCTION IN BUS

Theclockdictatedoperatiorforcesa greatdealof gatesand
flip-flopsin thechipto changaheir stateearlyatthesame
moment. As a consequenceahe currentprofile of the cir-

cuit is dominatedby the clock inducedhigh peaks,which

arethemainsourcefor power supplynoise.Utilizing asyn-
chronoustechniqueghosepeakscanbe folded to a longer
period of time by adjustingthe timing of the circuit. Fur

thermorejn asynchronouslesignalargenumberof capac-
itively andinductive coupledinterconnectslongthe chip
also switch simultaneously Crosstalkbetweenthosein-

terconnectwires can be reducedby employing self-timed
protocolsand encodingmethods. The noise analysiswas
performedfor both crosstalkand power supplynoise. The
worst-caseswitchingactiity wasexpected.

4.1. Noise characteristics of the bus segment

In the first phasenoise characteristicon a bus segment
areanalyzedwhenemploying the bundleddatacornvention
with the two-phasesignalingprotocol [7]. This protocol
waschosenin orderto minimize the signalingevents,and
therebythe delay in theratherlong interconnectvith con-
siderableparasiticproperties However, in this casethe sig-
nal protocol could be aswell synchronoudgrom the noise
analysispoint of view, becausell wires may switch at the
sametime andno encodingtechniquesare used. This sig-
nalingmethodsenesasa referencepoint of thenoisecom-
parisonagainstheothermethods.
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Fig. 3. Crosstalkvoltageon a bussegment.




Theworst-cas&oltagecouplingbetweeradjacentvires,
crosstalk,in sucha busis shavn in Figure 3, wherethree
transfercyclesareconsideredlt occurswhenall thewires
in thebusexceptonein themiddle switchessimultaneously
from zeroto onewhile the intendedvalue for the wire in
the middle is zero. The maximumcrosstalkvoltagethatis
coupledto thatwire is 144mV or 12 % of the supplyvolt-
age. Onemight think 12 % is not a significantamountof
noise,but it couldeasilybe crucialwhenaddedo theother
noisesourcessuchas switchingnoise,electromagnetiin-
terference recever and transmitteroffsetandso on. The
currentdraw of the busdriversis showvn in Figure4 by the
curnvea,theupperone.As canbeseenthecurrentprofileis
clearlydominatedy the currentpeaksnducedby simulta-
neoussignalswitching.

4.2. Time-Interleaving

In thisapproaclatabitsaresendn atime-interleaedfash-
ion. A messages dividedinto bit groupswhich aretrans-
mitted at slightly differenttimeswith respecto eachothet
Hence the pawerhungrybusdriverswill notswitchexactly
at the samemomentof time, insteadonly a setof drivers
will switch simultaneously This considerablyreduceshe
peakcurrentdraw andthereforethe switchingnoise. Each
of thesedatagroupsare formed so that a group doesnot
containadjacentbits. For exampleif a 32-bit messages
divided into four groups,the first group containsbits O, 4,
8, 12, 16, 20, 24, 28. This reducescrosstalksinceneigh-
boringbuswiresdo not switchexactly atthesamemoment.
In additionto attenuatedrosstalkcharacteristicssucha bit
division decreaseshe switching noise even further. This
is becausehe busdriversinvolvedin transmittinga certain
groupof bits arenot locatednext to eachother Therefore
the concurrentcurrentdraw of the driversis spreadinto a
larger area,reducingthe local peakcurrent. The number
of wiresin the bus arekeptsameasbefore,n-bit messages
requiresn wiresfor thedataand2 wiresfor the handshak
signals. Obviously, this methodsacrificesthe performance
to theincreasedoisemaigin. However, by keepingthe de-
lays betweenbit groupsrelatively small, considerablee-
ductionof noisecanbe achiezedwith a minor performance
loss.

The currentprofile of the bus sggmentwith time-inter
leaving is shown in Figure4 by the curve b. Eachmessage
wasdivided into four 8-bit groupswhich weretransmitted
in aninterleavedfashion.Thetime interval betweergroups
was80 ps,obtainedby usinganaveragesizedriver. As can
be seenthe peakvaluesareconsiderablyjower whencom-
paredto the synchronougurve. Furthermorethe profile is
significantlysmootheandthe peaksarereducedoy 43%.

In additionto the above datapartitioning,the effect on
thenoisewhenthe datatransmissions partitionedinto two
andthreegroupswerestudied.The crosstalkandpeakcur-
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Fig. 4. Currentprofilesof abusseymenta) synchronoush)
time-interleaed.

rentvalueswith differentmessaggartitioningareshavnin
Figureb, wherecrosstalkvaluesareillustratedassolidlines
andpeakcurrentvaluesare presentedisdashedines. The
analysisvasperformedwith differentinterleaving timesup
to 200 ps, after which the reductionin both valuescanbe
thoughtsaturatedAs canbe expected the amountof noise
decreasewhenthetime betweerbit groupsincreasesThe
noisecharacteristiovith differentinterlearing timeswhen
thedatais partitionedinto four 8-bit groupsis presenteds
the curvesdenotedby c. This methodprovidesthe lowest
noisecoeficientsof thethreedifferentpartitioningmethods
thatwerestudied. However, this is the slowvestonesinceit
containsmostgroups,andthereforethe time consumedyy
interleaving is largest. For example,by using 100 pstime
intervalsthe transfertime is increasedy 300 ps but at the
sametime the crosstalkis reducedby 50 %, from 12 % to
6 %, andthe peakcurrenthasdecreasedy 49 %. Similar
behaior but with a smallerdecreasén noise characteris-
tics canbe seenwhenthe datais dividedinto threeor two
groups,the curveslabeledby b anda, respectiely. How-
ever the decreasén crosstalkis rathersmallwhenthe data
transferis dividedinto two groups.
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Fig. 5. Peakcurrentin afunctionof time-interleaing

4.3. Dual-rail and 1-of-4 data encoding

An alternatve to the bundleddatamethodis dual-rail en-
codingin which eachdatabit actasa separateequessig-
nal [6]. A databit is encodecbntotwo wires; transmitting



n-bit datathenrequires2n + 1 wires, 2n for dataandone
for acknavledge. An often used4-phasedual-rail encod-
ing hasthreelegal states:’00’ for idle, '10’ for valid zero,
and’01’ for valid one. The combination'11’ is theillegal
state.Transmissiorof a bit requirestransitionfrom theidle
stateto eitherthevalid O or valid 1 state. After the sender
hasreceivedtheacknavledge,it mustmadetransitionback
to the idle state. In the 2-phasedual-rail encodingthere
areno idle andillegal states. The transmittedvalueis en-
codedinto eventssothatonly of thetwo wiresis allowedto
male a transitionduring a cycle. A transitionon onewire
indicatesthe sendingof '0’ while a transitionon the other
indicatessendingof '1’. After the recever hasacknawl-
edgedthe data,a new transfercycle may startimmediately
by atransitionin eitherof thetwo wires. Notice thatin this
casethe value of the codeword is not important,only the
mutually exclusive eventsmatter The dual-railencodingis
insensitve to thewire delaysandhencethereis no needfor
ary timing assumptiongik e in the bundleddatasignaling.
This is advantageousvhenoneis usingautomatedouting
particularly for long on-chipinterconnects. Comparecdto
synchronousbus the reductionin power supply noiseand
crosstalkwasrathersmall.

In addition to above commonly usedencodingmeth-
odsthereareplenty of othertechniqueg8]. A particularly
interestingoneis a 1-of-4 delayinsensitve dataencoding
schemdl]. It bearsaresemblanceo thedual-railencoding
and can useboth transitionand level signaling protocols,
eventhoughthedecodingof thetransitionsignalingis quite
a lot of morecomple. In additionto that, the numberof
requiredwires is the same. In the 1-of-4 dataencodinga
two-bit symbolis transmittedby usingfour wires. A two-
bit code,’00’, '01’, '10’, or’11’, istransmittedby changing
the signallevel on just one of the four wires. 1-of-4 en-
codingaswell asall the otherl-of-N encodingmethodsare
delayinsensitie [8].
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Fig. 6. Currentprofilesof atﬁﬂes(;eg;menta) synchronoush)
1-of-4 encoding.

The currentprofiles of the synchronousand 1-to-4 en-
codedbusareshavn in Figure6. Thecurrentpeaksaresig-
nificantly lowercomparedo thesynchronousus,while the
effect on crosstalkis rathersmall. However, the crosstalk
should not be as detrimentalto performancefor a 1-to-4

encodednterconnecasit is for single-railimplementation
[1], sincethe adjacentwires cannotswitch in oppositedi-
rections.The 1-of-4 encodings attractve in thelow-power
perspectie becauset transmitstwo bits of informationus-
ing two transitionsasopposedo thedual-railencodinghat
requiresfour transitions.The averagecurrentconsumption
of the 32-bitbusis 7.5mA for thesynchronousneand3.5
mA for the 1-of-4 encodinginterconnectthe reductionbe-
ing 53 %. This demonstratethe low-power characteristics
of the 1-of-4 encoding.

5. CONCLUSION

A methodologyto minimize crosstalkand switchingnoise
characteristicén a high performancebus waspresentedn
thispaper Themethodologys basednde-synchronization
of the systemand asynchronougncodingschemes.With
de-synchronizationtime-interleaed bit groupsguarantee
thatall driversdo not switch simultaneously This reduces
both crosstalkand switchingnoiseconsiderably The peak
currentis decreased3 % andthe crosstalkis reduced37
% when the bus transactionsare divided into four signal
groupswith 70 pstime-interleaing. In additionto above
the 1-of-4 delayinsensitve dataencodingschemewasap-
plied. It is attractve from the low-power designpoint of
view sincethe averagecurrentis reducedby 53 % com-
paredto the synchronousus. The studyconsideredn this
paperrevealedthe possibility to decreasehe crosstalkand
power supplynoiseby utilizing asynchronoutechniques.
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