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ABSTRACT

This paperdescribesa designmethodologyto reduceon-
chip power supplyswitchingnoisecausedy currentpeaks
relatedto synchronouglock. In the proposedapproacha
synchronoushpperatingsystemmoduleis modifiedsothat
the clock basedcontrolis replacedby a self-timedone. At
the sametime the externalinterfaceis keptintact, without
the needfor synchronizers.The methodis appliedto the
path metric unit of the Viterbi decoder This reducesthe
peakcurrentby 87 % comparedo thefully synchronousle-
sign. Furthermorethis approachallowsthereductionof the
areadevotedto the on-chipdecouplingcapacitanceeeded
to supprespower supplynoise.

1. INTRODUCTION

As technologyscalesdown into the deepsubmicrornregime
andthe size of chipsgrow larger the noiseimmunity will
be one of the mostimportantdesignmetric [12] to system
design. It is more difficult to managedifferent types of
noise,suchaspower supply crosstalk,andleakagenoise,
becausef the continuousreductionof supplyandthresh-
old voltaged[1]. If noiseis not handledproperlyit will in-
troduceadditionalsignaltransitiondelaysand might even
causdalseswitchingleadingto unreliableoperationof the
circuit. Paver supplynoiseor unwantedfluctuationof the
supplyvoltagewithin adigital ULSI chip mainly originates
from simultaneouslock-inducedswitching of CMOS cir-
cuitswhich causeshigh peakcurrentdraws from the power
source. The total power supply noiseis the sumof IR
voltagedrop andthe inductive switchingnoiseXLAT/ At
whereL and R arethe effective wire inductanceandresis-
tance,respectiely [3]. The AT is thetotal currentchange
during the rise andfall time At of the concurrentlytran-
sitioning signals. Hence,dealingwith high currentpeaks,
ratherthan averagecurrent,is a key issueto dealingwith
noiseinducedby power distribution network.

Oneway to counterattackthe power supplynoiseis to
usemore and more on-chip decouplingcapacitorso min-
imize voltagefluctuations. However, the areaneededfor

decouplingcapacitorsncreasesvith the sizeandcomple-
ity of the chip makingthis approacHessattractve. More
attractve approachis to focusdirectly to the sourceof cur
rentspikes. Thereis not muchthatcaneasilybe donewith
parasiticresistanceandinductance®r the total amountof
switching. However, it is possibleto decreasdghe num-
ber of simultaneouseventsso that the current peakswiill
be lower, and consequentlydecreasaoise. This is done
by tuning the timing of the circuit using self-timedlogic
sothatthe switchingof registersandlogical operationsan
be time-interleaed. The clock lines arereplacedby asyn-
chronouscommunicationlinks, which are usedto control
theregisters.In fact, combinationalogic andregisterscan
bedesignedndimplementedissynchronousnespnly the
clockline is controlledasynchronously

In this papemwe apply sucha methodto the pathmetric
unit of the Viterbi decoder The eight processinglements
of thepathmetricunit arecontrolledin a self-timedmanner
so that their internal operationis time-interleaed. At the
sameimethefunctionalityof thepathmetricunitis keptin-
tactaswell asexternalinterface.Furthermorethreediffer-
ent self-timedinterprocessocommunicationrschemesare
studiedin orderto decreaseurrentspikescausedy inter-
connectdbetweemrocessinglements.

2. VITERBI ALGORITHM

Error correctingcodesare commonlyusedin transmission
of digital datadueto their ability to reducethe error proba-
bility [10]. Thesecodesoperateby addingredundang into
signal so that someof the errorsthat occur during trans-
mission can be eliminatedin the decoder Corvolutional
codesareone of the major families of the error correcting
codes.A Viterbi decodelis usedto decodeconvolutionally
encodeddata[2]. The Viterbi algorithm canbe described
asan algorithmwhich decodeghe mostlikely datavalues
througha trellis from givensetof obsenations. Thetrellis
in this caserepresents pathof afinite setof statesfrom a
finite statemaching8]. Thisrelationis illustratedin Figure
1. Eachnoderepresents stateand eachedgerepresents



a possibletransitionbetweentwo statesat discretetime in-
tenals. Thealgorithmusesa setof pathmetricsto describe
thevariouscostsof differentpathsthroughthetrellis. These
metricsareusedto decidewhich pathis themostlikely path
to follow. It wasshown by Viterbi [10] thatthe likelihood
functionusedto determinghe shortespathcanbereduced
to aminimumdistancemeasureknown asa Hammingdis-
tance. The Hammingdistancecanbe definedasa number
of bitsthataredifferentbetweerthe obsernedsymbolatthe
decodefandthe sentsymbolfrom encoder

State

Fig. 1. Trellis spreadovertime andthe correspondingtate
diagramof the FSM.

The functionality of the Viterbi algorithm can be de-
scribedasfollows. For all transitionsatatime ¢ into a par
ticular state,it decideswhich of themwasthe mostlikely
to occurby selectingthe smallestpathmetric value. If two
or moretransitionshave an equalpathmetric valuethe de-
cisionis maderandomly The bestmetricis thenassigned
into the statessurvivor pathandothermetricsarediscarded.
The survivor pathis generatedby addingthe previous path
metric at time ¢ — 1 into the presentmetric at time ¢. In
the endof the metric calculationthe survivor pathis deter
minedasbeforebut the selectionof the shortespathhasto
be made. Thisis carriedout by choosingthe survivor path
with thesmallesipathmetricvalueandagainif oneor more
pathshave anequalsmallestvaluethe mostlik ely pathwill
bechoserrandomly

3. SYSTEM ARCHITECTURE DESIGN

The pathmetric unit (PMU) is the core of the computation
in theViterbi decoderandthereforet dominateghe overall
power consumption.For instancewith a randominput bit
sequencehe power dissipationof the PMU canbe ashigh
as 90 % of the overall power consumptior[2]. This moti-
vatesto concentratalesignefforts to the PMU in orderto
smoothethecurrentprofile of thecircuit.
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Fig. 2. Thestructureof the Viterbi decoder

3.1. SynchronousAr chitecture

Synchronougdecoderis implementedusing hard-decision
decoding[11]. It usesonebit quantizationon thereceved
bits andHammingdistance[8] to updatethe path metrics.
The architectureof the decoderis illustratedin Figure 2.
The branchmetric unit calculatesthe branchmetricsac-
cording to the Hammingdistancemethod. Thesemetrics
aresentto the pathmetricunit, which consistof eightACS
processinglementsanda controlunit [11]. Eachof those
processinglementxontaingwo ACS cellswhich all have
similar functionality with threedifferentbasicoperations:
addition,comparisorandselection.One ACS cell contains
two addersa comparatara pathmetric out unit, anda se-
lector The pathmetricoutunitis usedto storetheresultsof
thecomparisorat the currentcountingcycle andto transfer
data. The selectorchooseghe smallestpath metric value
and countsthe correspondingstate. The interconnectde-
tweenprocessorareusedto transmitevery clock cycle the
previous path metric valueswhich are neededo calculate
thenew ones.At everyrising clock edgeeachof thosepro-
cessingelementsalculatesnew pathmetricvaluesandde-
cisionvalues.The survivor memoryunit is usedto storethe
decisionvalues which arethe resultsof the ACS counting.
Thetracebackoperationreadsthesevaluesbackwardsand
outputstheoriginal bit sequence.

3.2. Method for de-synchmnization

The purposeof de-synchronizations to decreasehe num-
berof simultaneouswitchingeventssothatthecurrentpeaks
will belowerandconsequentlgecreasowersupplynoise
andelectromagnetimterferenc€ EMI) [6]. Thisis doneby
replacingtheclocklineswith asynchronousommunication
links thatareusedto controlsimultaneougventsin thesys-
tem. The methoddoesnot requireto re-designof the en-
tire systemjt is necessargnly to adda self-timedcontrol,
re-routeexisting clock lines, andin somecasesaddregis-



ter levels. Before applyingthe method,sourcesof highest
currentpeaksneedsto be identified. This canbe doneby

investigatingswitching activity of the circuit andlocating
power consumingparts of the circuits such as arithmetic
units, pipelines,interconnecdrivers,etc. A morereliable
way is to usesomeplaceandroutetool with a supportof

graphicalrepresentationf voltagedropsin differentloca-
tionsof thechip.

A systemmodulecontainingseveralprocessinglements

is de-synchronizeih two phasesln the first phasethe in-
ternal blocks of processingelementsthat do not have in-
put datadependencieseedto beidentified. Clock lines of
thoseblockscanbecontrolledin aself-timedmanneisothat
their operationsaretime-interleaed. In the casethatthere
areinput datadependenciesr the dataoriginatesfrom two
or more alreadytime-interleaed sources,a register level
needsto be insertedin front of a block. With this possi-
ble redundanswitching of combinationallogic causedby
differentdataarrival times can be avoided. The height of
currentpeakscan be adjustedby changingthe granularity
during partitioninginto blocks. With a coarsegraingranu-
larity processingelementarepartitionedonly to afew time-
interleavedblocksandthesizeof the self-timedcontrolwill
besmall. Whena moresmoothercurrentprofile is required
the elementneedto be partitionedinto several blocks. On
the otherhand,with a finer granularitythe timing analysis
andverificationof correctoperationwill be more complex
aswell asthe size of the self-timedcontrol increases.In
the secondphasethe datadependencieandtiming require-
mentsof processinglementsaareanalyzed.The procedure
is similar aswith internalcircuit blocks,clock linesarere-
placedby asynchronousiandsha& channels.Only excep-
tion is the control of inter-processocommunicatiorwhich
cannotbeignored. Thisis dueto parasiticpropertiesof in-
terconnectdetweemrocessinglementswith considerable
load and power consumingdrivers. This will be discussed
in Section4.

3.3. Self-timed structur e of the path metric unit

The PMU of the Viterbi decodemwassynchronizedollow-
ing theguidelineggivenin previoussection.Theexternalin-
terfaceandthe original timing restrictionsof the self-timed
PMU are equalto the synchronousone. Furthermorethe
numberof processinglementsandtheinter-processocon-
nectionsverekeptthesameasthey werein thesynchronous
implementation. The structureof the self-timed PMU is
shawvn in Figure3. Thesynchronouslecoderoperatesvith
25 MHz clock which setsthe limit for the durationof one
countingcycle in the self-timedstructure.The countingcy-
cleisthetime periodthatit takesto calculateandoutputone
decodedit. Thenumberof countingcyclesdepend®nthe
numberof statesused.Onedecodedit requiresl0 cycles
for 64 statesdecoderand38 cyclesfor 512 statesdecoder
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Fig. 3. Thestructureof the self-timedPMU

Theself-timedPMU canbedividedinto two parts:syn-
chronousandasynchronousThe synchronougpart consist
of PMU control and decisioncontrol modules. The PMU
control unit actsas an interfacebetweensynchronousand
asynchronoudomains.lt controlsthe handshak logic that
activatesthe calculationandcommunicatesvith otherparts
of the decoder The decisioncontrol unit is usedto collect
the decisionvaluesthat arrive asynchronously The read-
ing operationof the decisionvaluesis clocked becauset
sendghedecisionvaluesto the synchronousurvivor mem-
ory unit.

Theasynchronoupartconsisiof theeight ACSprocess-
ing elementsanda timing control. Timing control is used
to interleave the operationof the ACS processingelements
via self-timedcommunicationchannels.Eachof thoseel-
ementsaredivided to four separatestages.The stagesare
controlledin a self-timed mannerso that their operations
aretime-interleaed. The countingcycle startsby activat-
ing two addersthefirsttwo stagesatslightly differenttime.
After completionof both additionsthe comparatorandthe
next processinglementareactivated. Hence,comparison,
third stage andadditionsin thenext processinglementare
executedn parallel. Laststage selectiorandtransferof the
new pathmetricvalue,is activatedimmediatelyafter com-
parison. Meanwhilestagesat the differentprocessingele-
mentsareactivatedin adominolik e fashion.After all ACS
processingelementshave completedtheir tasksthe timing
controlis acknavledgedanda new countingcycle canbe-

gin.

4. INTER-PROCESSORCOMMUNICA TION

As circuit densityincreasesindtechnologyscalesdown the
parasiticeffectsof interconnectwires will have substantial
impactto power consumptionnoise,andspeed9]. Theef-
fect of capacitve andresistie parasiticincreasesvith the
length of the interconnectand consequentlyarger drivers
are neededo drive thoseinterconnects.In a systemwith
several interconnects significantportion of total power is



dissipatedn datatransfersbetweendifferentmodules[4].
The simultaneousdatatransferalong capacitve intercon-
nectsin sucha systemcausesigh peakcurrentdravs from
the power supply[7]. In this studytheinterprocessocom-
municationwasimplementedwith threedifferentmethods.
Thepurposavasto find amethodthatreducesnostthepeak
currentvaluescauseddy driving theinterconnectbetween
theprocessinglements.

Thefirst implementationis asynchronousundleddata
approactwheretheinterconnectsrecontrolledusingfour-
phasehandshak protocol[5]. The term four-phaserefers
to thenumberof communicatioractions:Firstly the sender
setsrequesthigh which informs the recever that datais
valid. Secondlythe recever absorbshe dataand setsthe
acknavledgemenhigh. Thirdly thesenderespondby set-
ting the requestlow which meansthat datais no longer
valid. Fourthly the receiver acknavledgesthis by setting
the acknavledgementsignal low. In this implementation
it is assumedhat the senderis the active party which ini-
tializes the communicationcycle. In this implementation
certainamountof delayis needeetweertwo consecutie
eventsto make suredatahasenoughtime to stabilize. The
differenceto the synchronousnterconnectss thatthesein-
terconnectglo not switch simultaneously Processingele-
mentactivatesthe datatransferevery time whennew data
hasbecomevalid. At thereceverthe datais collectedinto
registerin orderto avoid overlappingbetweerthe new data
andthe currentdata.

In the secondimplementationdatabits are transmitted
in atime-interleaedfashion.A messagés partitionedinto
four 4-bit groupswhich aretransferedata slightly different
times with respectto eachother Hence,the power hun-
gry busdriverswill not switchexactly atthe samemoment
of time, insteadonly a setof driverswill switch simulta-
neously This considerablyreduceghe peakcurrentdraw
andthereforethe switching noiseis decreasedIn this ap-
proachn-bit messageequiresn wiresfor dataand2 wires
for thehandsha&signals.Obviously, this methodsacrifices
theperformanceo theincreasecdhoisemaigin. However, by
keepingthedelaysbetweerbit groupsrelatively small,con-
siderablyreductionin noisecan be achiezed with a minor
performancdoss.

Thethird implementationutilizesdelayinsensitve four-
phasedual-railencoding.This protocolencodesherequest
into datasignalsusingtwo wires perbit. A databit is en-
codedontotwo wires; transmittingn-bit datathenrequires
2n + 1 wires,2n for dataandonefor acknavledge.4-phase
dual-railencodinghasthreelegal states:'00’ for idle, '10’
for valid zeroand’01’ for valid one. The combination'11’
isillegal state.Transmissiorf abit requiredransitionfrom
theidle stateto eitherthevalid O or thevalid 1 state.After
thesendehasrecevedtheacknavledge,it mustmadetran-
sitionbackto theidle state.

5. ANALYSIS

PhysicaklnalysisvasperformedusingCadencelesigrntools
with two differenttechnologiesd.35um and0.18 um. Af-
tersynthesisverilognetlistandageneratonstrainformat
file wasgeneratedor the Silicon Ensemblelaceandroute
tool. Thiswasnecessaryo getinformationfrom thecapac-
itive loadsof theinterconnectsln orderto getcomparable
resultsthe row utilization was 85 % in eachimplementa-
tion. The interconnectdetweenthe processingelements
were modeledusingthe capacitve andresistve loadsob-
tainedfrom theplaceandrouteanalysis.The currentprofile
analysiswasperformedo the PMU consistingof 64 states.
The durationof the PMU simulationwasratherlong there-
fore with 512 statesonly theinterconnectsveresimulated.

5.1. Current profile

Themotivationfor reducingthepeakcurrentvaluesis illus-
tratedin Figure4. Duringtheactive phaseof theprocessing
elementsin the synchronousiesignthe clock relatedcur-
rentpeaksareashigh as1.2 A. Furthermoretheidle time
betweenthe calculationcausegpeakcurrentvaluesaround
1 A. Hencein asynchronousystemmary flip-flops switch
without having an actualinput to processbecausehey are
connectedo theclock.
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The averagecapacitve loadsof the interconnectsare
from 100fF to 240fF in the 0.35um technology The cor-
respondingaverageresistive loadsare from 5 Q to 10 €.
Above arethe minimumandthe maximumvaluesobtained
from analysisperformedafter placeandroute which area
function of the interconnectiength. Thereforethe values
usedto modelthe interconnectsn the currentprofile anal-
ysis are spreadbetweenabove values. The 64 statePMU
wasanalyzedvith 0.35um technologyusingthreedifferent
inter-processoicommunicationmethodsbetweenthe pro-
cessingelementsasexplainedearlier Eachbit of the 16-bit
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wide interconnectsvas modeledseparatelywith its actual
capacitve andresistve load.

Correspondinganalysiswas performedwith 0.18 ym
technology The averagecapacitve and resistive loads of
theinterconnectsverefrom 37 fF to 72 fF andfrom 39 to
75 Q respectiely. The separaténterconnectnalysiswas
performedo illustratethe effect of technologyscaling. The
effect of the technologyscalingwas a decreasén capaci-
tancevaluesandanincreasen resistance/alueswhencom-
paredtowardsthe 0.35um technologyascanbe expected.

The currentprofile of the 64 statePMU with 0.35 um
technologyis shovn in Figure5. During the active phase
of the processingelements,the currentpeaksare around
550 mA which is only half of thosein the corresponding
512statemplementation Similarly with the512statePMU
the decreasés minor duringtheidle periodof the process-
ing elements. With the self-timed implementationusing
asynchronousnterconnectghe currentpeaksare reduced
by 75 % duringthe active phase lf appliedto the512state
implementatiorthe peakvaluesduring countingshouldde-
creasdrom 1.2 A to 300mA.
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Fig. 5. Currentprofile of thesynchronou$4 statesPMU

Thepeakcurrentvaluesarereducednostwhenthe self-
timed PMU is implementedvith time-interleaedintercon-
nectmethod.This currentprofile is shavn in Figure6. The
reductionis 87 %, from 550mA to 70 mA, duringthecount-
ing cycle. Oneof the advantagef the self-timedmethod
canbeseenduringtheidle periodbetweerthe countingcy-
cles.Thisisillustratedin Figure6 asasignificantlylowered
currentpeakvalues,the reductionis 97 %. Above values
resultsfrom the partitioning of datatransferandthe natu-
ral supportof the power down duringtheidle periodin the
self-timedimplementation.

Theresultsof thecurrentprofileanalysidor the0.35um
technologyarecollectedin Tablel. Thesevaluesaremea-
suredaspeakto peakvalues.Separatgeakcurrentvalues
arepresentedor interconnectsitilizing the loadsfrom the
64 stateand 512 stateimplementations.It shows that all

7om i NBMINUS/

il A

20n 1.2u 1.5u

ﬁ

TN oy
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asynchronousmplementationgrovide lower currentpeaks
thanthe correspondingynchronousne.

Table 1. Peakcurrentvaluesfor 0.35um technology

Design | PMU(64) | Int.co.(64)| Int.co.(512)

Sync. 550mA 36mA 39mA

Async. 140mA 4.5mA 6.2mA
Interleaved | 70 mA 3.2mA 3.2mA
Dual-Rail 80 mA 8.4mA 9.3mA

Thecurrentprofile analysisvasalsoperformedwith the
0.18umtechnologyfor theinterconnectsshovn in Table2.
Comparedo theresultsgainedwith the0.35um technology
the peak currentvaluesare significantly lower. The opti-
malinterconnectmplementations the asynchronoume-
interleaved datatransferwherethe messagés partitioned
into four 4-bit groups. The currentpeaksare reducedby
92 %, from 16 mA to 1.3 mA, regardlesf the numberof
statesused. In this implementatiorthe interconnectsvere
relatively short. Thereforethe effect of theinterconnect®n
the currentprofile wasrathersmall. All of thethreedesign
methodsreducethe currentpeaksconsiderablycompared
to the synchronousne. The self-timedPMU implemented
with thetime-interleaedinterconnectgivesthe mostopti-
mal resultregardlesf thetechnology Above resultsshov
that a large amountof the switchingnoisecanbe reduced
by usingself-timeddesignapproach.

Table 2. PeakCurrentValuesfor 0.18 um Technology

Design Int.co.(64) | Int.co.(512)

Sync. 15mA 16.5mA

Async. 1.9mA 3.2mA
Interleaved | 1.3mA 1.3mA
Dual-Rail 4.7mA 4.8mA




5.2. Area

In additionto above currentprofile analysis the impactof
the presentedself-timed designapproachto the areawas
alsoanalyzed Theareacomparison®etweerthesynchron-
ousandasynchronousmplementationsveremadeaccord-
ing to theresultsgainedfrom the synthesigool. Thediffer-
encesn areashetweerthetwo differentdesignapproaches
with 0.35um technologyareshowvn in Table3. In orderto
malketheareacomparisorbetweerimplementationstraight-
forward,relative areasareusedwheresynchronou$4 state
PMU senesasa referencepoint. In the asynchronou$4
stateimplementatiortheareais 21 % largerthanthe areaof
the correspondingynchronousystem. As the size of the
decodeilincreasesheareapenaltydecreasesyith 512 state
implementatiorthe differencen total areais 2 %.

Table 3. Relatve areadn the0.35um technology

Numberof states| Comh area| Seq.area| Totalarea
Sync.64 1 1 1
Async.64 1.13 1.42 1.28
Sync.512 4.07 5.63 4.85
Async.512 4.48 5.38 4.93

Similar comparisormadewith the 0.18 um technology
is showvn in Table4. Therelative areadecrease every
designcomparedo the correspondin@reasrom 0.35m
technology The asynchronou$4 stateimplementationis
16 % largerthanthe correspondingynchronousne. Sim-
ilarly aswith the 0.35um technologythe areapenaltiegle-
creasewhenthe sizeof the decoderincreasesIn factthe
total areaof the asynchronou$12 stateimplementatioris
thesameasit is in thesynchronousne.

Table 4. Relatve areasn the0.18 um technology

Numberof states| Comh area| Seq.area| Totalarea
Sync.64 1 1 1
Async. 64 1.14 1.22 1.18
Sync.512 3.67 5.37 4.55
Async.512 4.38 4.70 4.55

The absencef the clock circuitry in the asynchronous
implementationsasesthe areathatcanbe usedfor sequen-
tial logic. However, the amountof combinatoriallogic in-
creaseslueto theself-timedcontrolcircuitry. In the0.35um
and 0.18 pym technologieghe asynchronousmplementa-
tions with 512 statehasaboutthe sametotal areathanthe
correspondingynchronouone. Whenthe size of the de-
coderincreasesheamountof sequentiabreaincreasesig-
nificantly. This leadto the situationwherethe areaneeded
to the clock circuitry compensatethe areaneededor the
self-timedcontrolcircuitry.

6. CONCLUSION

An approacho minimize high currentpeakscausedy si-
multaneousclock inducedswitching of circuits hasbeen
introducedthat consequentlyreduceson-chip power sup-
ply noise. This approachis basedon de-synchronization
methodwhich allowsto time-interleaetheoperatiorof dis-
tinct systemmodulesso that currentdrav from the power
supply canbe folded to a longer periodof time. The path
metric unit of the Viterbi decodemwasusedasa casestudy
to exploit the possibility of reducingcurrentpeaks.There-
duction of currentpeakswas 87 % comparedto the syn-
chronousversion.However, this camewith anareapenalty
of 21 %. The areapenaltydecreaseasthe size of the de-
coderincreasegndthe technologyscalesdown. Reducing
noisehasanimmediateimpact,boostingbothprecisionand
performance.The casestudy consideredn this paperre-
vealedthe possibility to decreasdhe currentspikesusing
self-timedapproach.
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