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Abstract

Synchronouscircuits are typically clocked considering
worst casetiming pathsso that timing errors are avoided
underall circumstances.In thecaseof a pipelinedproces-
sor, this has special implicationssincethe operating fre-
quencyof theentirepipelineis limitedby thesloweststage.
Our goal, in thispaper, is to achievehigherperformancein
superscalarprocessors by dynamicallyvaryingtheoperat-
ing frequencyduring run time pastworst caselimits. The
key objectiveis to seethe effect of overclocking on super-
scalarprocessors for variousbenchmarkapplications,and
analyzetheassociatedoverhead,in termsof extra hardware
anderror recoverypenalty, whentheclock frequencyis ad-
justeddynamically. We tolerate timing errors occurringat
speedshigher thanwhat the circuit is designedto operate
at by implementingan ef�cient error detectionand recov-
ery mechanism. We also studythe limitations imposedby
minimumpathconstraintson our technique. Experimental
resultsshowthat an average performancegain up to 57%
acrossall benchmarkapplicationsis achievable.

Keywords: Superscalarprocessor, Dynamicoverclock-
ing, Fault-TolerantComputing,Reliability.

1. Intr oduction

The performanceof processorshas traditionally been
characterizedby their operatingfrequency. The operating
frequency atwhichaprocessoror any digital systemis mar-
keted,is the frequency at which it is testedto operatereli-
ablyunderadverseoperatingconditions.In orderto satisfy
timing criteria, designersare forcedto assumeworst case
conditionswhile decidingtheclock frequency. Suchworst
casetiming delaysoccur rarely, allowing possibleperfor-
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manceimprovementthroughoverclocking. Over the last
decade,overclockingasa meansto improveprocessorper-
formanceis gainingpopularity[3]. Overclockingdoesnot
guaranteereliableexecution.To reliably take advantageof
this performanceimprovement,it is necessaryto tolerate
timing errors,whenthey occur.

Thevariablesaffectingpropagationdelaycanbedivided
into physicalvariations(introducedduringfabrication)and
environmentalvariations(introducedduring processorop-
eration) [12]. Physicalvariations lead to both inter–die
andintra–dievariations.Inter–dievariationsarelargely in-
dependentof designimplementation.Intra–dievariations,
which aredependenton designimplementation,aremostly
causedbyvariationsin gatedimension.To accountfor these
variations,designersoftenassumedelaysthreesigmafrom
thetypicaldelay. Environmentalvariationssuchastemper-
atureandpower supplyvoltagealsohave an effect on the
delaythroughany path.Theseconditionscanonly beesti-
matedwhen�xing theclockperiodof a circuit.

Theworstcasedelaywill beobservedonly if thelongest
path is exercisedby the inputs. The input combinations
which areresponsiblefor theworst casepathrarely occur.
For example,in thecaseof aripple–carryadder, thelongest
delayoccursonly whenacarrygeneratedat the�rst bit po-
sitionpropagatesthroughall remainingbit positions.How-
ever, a carrychainof this sort is very rarefor bothrandom
andapplicationgeneratedinputvectors[1].

Physicalandenvironmentalfactors,alongwith thecrit-
ical path of the design,force designersto opt for worst
caseclock periodsto ensureerror freeoperation.Sincethe
clockperiodis �x edat muchhighervaluethanwhatis typ-
ically required,signi�cant performanceimprovementscan
beachievedthroughoverclocking.

A new andmoreconservative approachthanoverclock-
ing seeksto exploit theperformancegapleft by worstcase
designparameters,whileatthesametimeprovidingreliable
execution. This approach,coined“better thanworst case
design”[1], usesprinciplesfrom fault tolerance,employing
somecombinationof spatialandtemporalredundancy.



1.1. Our contribution

This paperpresentsa solution,which addressesthelim-
itationsimposedby worstcasedesign,calledSPRIT3E, or
SuperscalarPeRformanceImprovementThroughTolerat-
ing Timing Errors [2]. The SPRIT3E framework allows
the clock frequency of a superscalarprocessorto be dy-
namicallytunedto its optimalvalue,beyondtheworstcase
limit. Becausethefrequency is dynamicallymodi�ed asthe
processoris running,variationsin theenvironmentalcondi-
tions,suchastemperatureandvoltage,aswell asvariations
presentfrom fabrication,areautomaticallyadjustedfor. As
frequency scalesto highervalues,timing errorswill begin
to occur. To preventtheseerrorsfrom corruptingtheexecu-
tion of theprocessor, fault tolerancein theform of temporal
redundancy is used. Speci�cally, pipelinestagesareaug-
mentedwith a local fault detectionand recovery (LFDR)
circuit.

Theamountof frequency scalingis stronglyin�uenced
by the numberof input combinationsresponsiblefor the
longertiming-paths.As frequency is scaledhigherdynam-
ically, morenumberof input combinationswould result in
error. Eachtimeanerroroccurs,additionaltime is required
to recover from thaterror. We monitortheerrorrateduring
run time, andbasedon a set tolerableerror rate that does
not affect the performance,we adjustthe clock frequency
dynamically.

Anotherfactorthat in�uencesfrequency scalingis con-
taminationdelayof thecircuit. Contaminationdelayis the
minimum amountof time beginning from when the input
to a logic becomesstableandvalid to thetime thattheout-
put of that logic beginsto change.We explain in Section4
how contaminationdelaylimits frequency scaling. In Sec-
tion 5, we explain how we can overcomethis limitation,
usingCLA addersto illustrateour point.

To evaluate the SPRIT3E framework, several experi-
mentswereperformed.First, to explorethepossibilitiesof
dynamicfrequency scaling,an18x18multiplier wasoper-
atedatvaryingfrequencies,andthenumberof resultanttim-
ing errorswasobserved. Next, having developeda LFDR
framework thatshows anachievablefrequency 44%faster
thantheworstcaselevel with themultiplier, the technique
wasappliedto a superscalarprocessor. Usinga superscalar
processorsynthesizedin anFPGA,thefrequency andappli-
cationdependenttiming errorbehavior wasanalyzed.Then
with theseresults,theability of theSPRIT3E methodology
to provide performanceimprovementwas determinedfor
variouserrorsamplingimplementations.For long termex-
ecution,on anaverage,all benchmarksshow anachievable
performanceimprovementof up to 57% whencontinuous
errorsamplingtechniqueis implemented.

Therestof this paperis organizedasfollows: Section2
providesa review of relatedliterature.Theerrormitigation

techniqueandglobal recovery in superscalarprocessorsis
describedin Section3. In Section4, a descriptionof the
clocking systemusedto generatethe dynamicallymodi�-
ableclock is given. In Section5, the effect of contamina-
tion delay on frequency scalingis studied. In Section6,
dynamicclock tuningmethodologyis presentedalongwith
threedifferenterrorsamplingtechniques.Ourexperimental
framework andresultsarepresentedin Section7. Section8
concludesthepaper.

2. Relatedwork

Sincethe traditional designmethodologyassumesthat
clock frequency is �x ed at the worst casepropagationde-
lay, a largebodyof work existsto improvesynchronouscir-
cuit performancewithout violating this assumption.Com-
montechniquessuchasdevice scalinganddeeperpipelin-
ing havebeenextensivelyusedto increaseprocessorperfor-
mance.However, asobservedin [6, 7,18], thereis anupper
boundon theeffectivenessof thesetechniques.

Several strategies have beenproposedthat apply fault
toleranceto a processorwith thegoalof improving perfor-
mancepastworstcaselimits. Both theSSD[9] andDIVA
[17] architecturesapply fault tolerancein the form of a re-
dundantprocessor. In thesemechanisms,instructionsare
re–executedandchecked. Therefore,timing errorsmaybe
allowed to occur in the main processor. However, the au-
thorsdonotanalyzethefrequency dependenterrorbehavior
andthusdo not quantify the amountof achievableperfor-
mancegain. In [10], theissue,registerrenaming,andALU
logic of a superscalarprocessorarereplacedwith approxi-
mateversionsthatexecutein half thetime,but notnecessar-
ily correct. Two versionsof theoriginal ALU andregister
renaminglogic arerequiredto detecterrorsin theapproxi-
mateversions.Thusthisschemehasahighoverhead.

TEATIME, proposedin [16], scalesthe frequency of
a pipeline using dynamicerror avoidance. However, this
techniqueignores the input dependenceof the observed
delay. Thus, it will stabilize on a frequency that is too
conservative. The optimal operatingfrequency of a pro-
cessoris dynamicallyachievableonly when timing errors
aredetectedandrecoveredfrom. TIMERTOL [15] design
methodologyusesanoverclockedlogic blockwith multiple
safelyclockedblocksof thesamelogic.

TheRAZOR architecture[4, 5] usestemporalfault tol-
eranceby replicatingcritical pipelineregistersin order to
dynamicallyscalevoltagepast its worst caselimits. Ra-
zor achieves lower energy consumptionby reducingsup-
ply voltagein eachpipeline stage. Our goal is to allow
fasterexecution for non worst casedata by dynamically
varying the operatingfrequency. In RAZOR, an internal
core frequency generatoris availablewhich is capableof
generatingclocksat differentfrequencies,andtheduration



of the positive clock phaseis alsocon�gurable. However,
theclock frequency is con�guredand�x edbeforeprogram
execution. We dynamicallyadjustthe clock frequency to
theoptimalvalueduringrun time. This requiresonlineer-
ror ratemonitoringbut offershigherimprovement.In [11],
thetrade-off betweenreliability andperformanceis studied,
andoverclockingisusedto improvetheperformanceof reg-
ister�les. We useoverclockingin critical pipelinestagesto
improvetheperformanceof superscalarprocessor.

3. Timing error mitigation

To allow a superscalarprocessorto operateat frequen-
ciespasttheworstcaselimit, SPRIT3E useslocal fault de-
tection and recovery, addingredundantregistersbetween
pipelinestages.Our timing errormitigationschemeis sim-
ilar to theoneusedin Razor[5]. This schemeis mostsuit-
ableto dealwith multiple bidirectional(0 to 1 and1 to 0)
errors[13].

A diagramof theSPRIT3E techniqueappliedto asuper-
scalarprocessoris shown in Figure1. TheLFDR circuit is
highlightedin the �gure. The �rst register is clockedam-
bitiously at a frequency higherthanthat requiredfor error
freeoperation.Thebackupregisteris clockedin suchaway
that it is preventedfrom being affectedby timing errors,
and its output is considered“golden”. In Figure1, Main
Clock is theclockcontrollingsynchronousoperationof the
pipeline,aswouldbepresentin anun–augmentedpipeline.
PSClock, or PhaseShiftedclock, hasthe samefrequency
as the Main Clock, but is phaseshifted so that its rising
edgeoccursafter theMain Clock. Operationof theLFDR
circuit begins whenthe datafrom the pipelinelogic, Data
In, is storedin themainregisterat therising edgeof Main
Clock. At this point,DataOut providesthestoredvalueto
thenext stage,which beginsto computea result. Thenthe
rising edgeof PSClock will causetheinput to bestoredin
thebackupregister. By comparingtheoutputof bothregis-
ters,a timing erroris detectedandproperrecoverystepsare
taken,if needed,to ensurecorrectoperationof thepipeline.
Whenanerror is detected,theerroneouspipelinestagelo-
cally recoversby overwriting the datain the main register
with the correctdatain the backupregister. This happens
becauseof themultiplexer thatselectsbetweenDataIn and
thedatastoredin thebackupregister.

The backupregister is always provided with suf�cient
time to latch the data,henceit is free from metastability
issues. However, when the main register is overclocked,
the dataandclock inputsmay transitionat the sametime,
resultingin metastabilityof the main register. To handle
metastabilityissues,ametastabilitydetector[5] is incorpor-
tatedinto theLFDR circuit. Whenmetastabilityis detected
in themainregister, it is handledlikeatiming error, andthe
recoverymechanismis initiated.

Figure 1. SPRIT3E frame work

3.1. Global error recovery

In addition to local recovery, action must be taken on
a global scaleaswell to maintaincorrectexecutionof the
pipelinein the eventof a timing error. Global recovery is
necessaryto stall pipelinestagesbeforethe one in which
error occurred,and to insert a bubble,so that subsequent
pipelinestagesarenot affectedby theerror. In Figure1, a
delayregisteris shown betweentheoutputof there–order
buffer (ROB) andthecommitstage.This registeris neces-
saryto preventany erroneousvaluefrom beingcommitted
during the clock cycle neededfor error detection,and to
ensurethat thearchitecturalstateof the processorremains
correct.Fourerrorlocationsareshown in Figure1, denoted
asIF error, ID error, FUn error (n denotingnth functional
block), andROB error. Althoughthe exacterror recovery
stepstakenvaryby location,in termsof thebehavior of the
errorhandler, theseerrorscanbehandledin a similar man-
ner. Theglobal recovery steps,explainedbelow, arein ad-
dition to thelocal recoverythattakesplaceat theerroneous
pipelinestage.

Whenanerror occursin the instructionfetchstage,the
instructionthatwassentto thedecodestageis reducedto a
no–op.Additionally, theprogramcounteris stalledfor acy-
cle,sothatfollowing thecorrectionof theerror, thenext in-
structionis fetchedfrom thecorrectaddress.Finally, since
theprogramcounteris not updated,any branchor jump in-
structionsattemptingto write to PCduringthestall cycle is
stalledfor a cycle. All otherinstructionsin thepipelineare
allowedto continueexecution.

Any error occurringin the instructiondecodeand dis-
patchstageis propagatedto boththeROB,andtheallocated
functionalunit. In theROB, themostrecententryis cleared
by updatingthepointerto theheadof thebuffer. Whenthe
next instructionis dispatched,it will overwrite the faulty
instruction. To clear the functionalunit, the global error
handlermaintainsa recordof the functionalunit usedby
thedispatcherin thepreviouscycle. Whenan error in the
dispatchstageis detected,that unit is clearedto prevent it
from writing a wrongvalueto theROB. Finally, thesignal



notifying theinstructionfetchstageof asuccessfuldispatch
is loweredto prevent the IF stagefrom fetching the next
instructionduringtheerrorcorrectioncycle.

An errorin theexecutionof afunctionalunit storesanin-
correctvaluein theROB. Additionally, the incorrectvalue
is forwardedto otherfunctionalunits whoseoperandsde-
pendon the result of the faulty FU. In the ROB, the in-
structionis invalidatedto preventit from beingcommitted.
Thefunctionalunitsthathavebegunexecutionusingtheer-
roneousvalueare also stopped. This is accomplishedby
sendinganerrorsignalusingtheexisting forwardingpaths.
Finally, the available signal of the faulty functional unit
is loweredto prevent the next instructionfrom beingdis-
patchedto thatFU.

An error in the ROB outputis preventedfrom commit-
ting in the next cycle by the additionof the delayregister
mentionedpreviously. Whenan error is detected,the de-
lay registeris �ushed to preventa faulty commit. Also, the
ROB is preventedfrom attemptingto commitanew instruc-
tion in thenext cycle.Thisis accomplishedbymanipulating
thereadyto commitsignalfrom thecommitunit.

Figure 2. ALU error reco very

Figure2 shows thetiming detailsof theglobalerror re-
coveryschemewhenanerroroccursin theALU functional
unit. A seriesof ALU operationsis consideredas this is
theworst sequencefor anerror occurringin theALU. If a
differenttype of instructionis fetchedfollowing the ALU
instructioncausinga timing error, thatinstructionwouldbe
successfullydispatchedto a differentFU. In the�gure, the
addinstructioncompleteserrorfreeandmovesto theROB.
Thesub instruction,however, doesnot stabilizebeforebe-
ing capturedby the main register in cycle 3. This is de-
tected,andtheID stageis preventedfrom dispatchingtheor
instruction,effectively stallingfor onecycle. Additionally,
theincorrectvaluesentto theROB in cycle3 is cleared.

Thesystemshown in Figure1 is simplistic in that it as-
sumesonly oneclock cycle for eachpipeline stage. The
methodof errorrecoverypresentedhereis easilyextensible

to the superpipelinedcase. Another importantconsidera-
tion with this designis initialization of the pipeline. Error
detectionand recovery is triggeredonly after meaningful
datais presentin boththemainandbackupregisters.Also,
followingapipeline�ush causedby branchmis–prediction,
error detectionat a stageis stalleduntil meaningfuldata
againreachesthe stage.The delaybeforebeginningerror
detectionvariesbetweenstages,andis accountedfor in the
design.

Theareaoverheadfor timing errordetectionis keptlow
by re–usingthe combinationallogic which makes up the
pipeline stages,and by duplicatingonly critical pipeline
registers. Circuitry is also addedto perform global error
recovery, but this is modestaswell, sincethelogic involved
is not complex andre–usesalreadyexisting signalsin the
pipeline.Overall,SPRIT3E providesa viablemeansof tol-
eratingtiming errors.

4. Dynamic fr equencyscaling

To supporttheLFDR circuitry andmaximizetheperfor-
manceof the pipeline, the main andphaseshiftedclocks
mustbecarefullygenerated.

The timing error toleranceprovided by the SPRIT3E
hardware requiressupportfrom preciseclock generation.
Figure3 shows threepossiblewaysof generatingthe two
clockswhentheworstcasepropagationdelayis 10 ns,and
thecontaminationdelayis 3 ns.

� In CaseI, thereis no frequency scaling,andtheclock
periodof the Main clock is equalto the propagation
delay. As a result,thereis no needto phaseshift the
PSclock. Thetwo clocksareidenticalin thiscase.

� In CaseII, the frequency of the Main clock is scaled
to 9 ns. To compensatefor this reducedclock period,
thePSclock is phaseshiftedby 1 ns,sothat from the
risingedgeof theMain clockto thesecondrisingedge
of thePSclock,we have thefull propagationdelayof
thelogic circuit. Althoughthereis a rising edgeof PS
clock 1 ns after the rising edgeof Main clock, it will
not corruptthedatato bestoredin theredundantreg-
isterasnew inputsto thelogic will take at leasta time
periodequivalentto contaminationdelayto changethe
output.

� CaseIII shows themaximumpossiblefrequency scal-
ing. In this case,theclock periodof theMain clock is
7 ns,andthephaseshift of thePSclock is 3 ns. It is
not possibleto scalefurtherbecauseif thephaseshift
is increasedbeyondthecontaminationdelayof thecir-
cuit, theredundantregistermaygetincorrectresultand
cannotbeconsidered“golden”.



Figure 3. Examples of Main and PS cloc ks

Impact of error rate on performance. A factorthatlim-
its frequency scalingis error rate. As frequency is scaled
higher, thenumberof input combinationsthat resultin de-
laysgreaterthanthenew clock periodalsoincreases.Each
errortakesadditionalcyclesto recover. Theimpactof error
rateis analyzedasfollows:

Let told denotetheoriginal clockperiod.
Let tnew denotetheclockperiodafterfrequency scaling.
Let tdif f be the time differencebetweenthe original

clockperiodandthenew clockperiod.
If aparticularapplicationtakesn clockcyclesto execute,

thenthetotalexecutiontimeis reducedby tdif f � n, if there
is noerror.

Let Se denotethe fraction of clock cyclesaffected,by
errors,dueto scaling.

Let k bethenumberof cyclesneededto recover from an
error.

To achieve any performanceimprovement,Equation1
mustbesatis�ed.

Se � n � k � tnew < tdif f � n (1)

Se <
tdif f

tnew � k
(2)

Accordingto Equation2, for CaseIII in Figure3, theerror
ratemustbehigherthan42%for this techniqueto yield no
performanceimprovementwhenk = 1.

Speedupcalculation. Theoverallspeedupachievableus-
ing our techniqueis derived below andis given by Equa-
tion 5.

In a computation,it is possiblethatwhentheclock fre-
quency is scaled,thereis anincreasein thetotal numberof
executioncycles. In a pipelinedprocessor, whenthe pro-
cessoraccessesmemory, thenumberof clock cyclestaken
for thatmemoryoperationincreaseswhenthefrequency is

scaled,if theclock frequency of thememoryremainscon-
stant. Considera processorwhoseclock period is 10 ns,
anda memoryaccesswhich takes20 CPU cycles. If after
scaling,theclock periodis reducedto 5 ns, thenthesame
memoryaccesswould take40CPUcycles.

Let Sc denotethefactorby which thenumberof cycles,
taken to executean application,increasesbecauseof scal-
ing. Let exold denotethe old executiontime. Let exnew

denotethenew executiontime. Let Sov denotetheoverall
speedupachieved.

exold = n � told (3)

exnew = n � tnew + Sc � n � tnew + Se � k � n � tnew

(4)

Sov =
exold

exnew
=

told

tnew � (1 + Sc + k � Se)
(5)

For CaseIII in Figure3, if weconsiderk to be1,Se to be
10%,andSc to be10%,thenweachieveanoverallspeedup
of 1.19.

5. Managing contamination delay to increase
phaseshift

As explainedin Section4, thedependenceof phaseshift
oncontaminationdelayleadsdirectlyto thelimitationof the
frequency scaling.In general,themaximumimprovement,
dependenton the propagationdelay, tpd , andthecontami-
nationdelay, tcd, is givenby t cd

t pd
.

Sincecontaminationdelaylimits performanceimprove-
ment,it might beworthwhile to redesignthe logic andin-
creasethecontaminationdelay. But increasingthecontam-
ination delayof a logic circuit without affecting its prop-
agationdelayis not a trivial issue[14]. At �rst glance,it
might appearthat addingdelayby insertingbuffers to the
shortestpathswill solve theproblem.But delayof acircuit
is stronglyinput dependent,andseveral inputsplay a role
in decidingthevalueof anoutputin a particularcycle.

To show that it is possibleto increasecontamination
delay without affecting the propagationdelay, we experi-
mentedonaCLA addercircuit. A 32–bitCLA addercircuit
hasapropagationdelayof 3.99ns,but aninsigni�cant con-
taminationdelayof 0.06 ns, thusallowing almostno per-
formanceimprovementusing our technique. Our experi-
mentsindicatethat by carefully studyingthe input–output
relationshipof a given circuit, it is possibleto overcome
thelimitation imposedby contaminationdelayonour tech-
nique. The following casestudypresentsour experiments
andresultswe achievedfor aCLA addercircuit.

Case Study: Incr easing contamination delay of CLA
adder circuits. Let us �rst consideran8–bit CLA adder.
The propagationdelay of the circuit is estimatedto be



Figure 4. 8-bit CLA adder With additional delay bloc ks to increase contamination delay

1.06ns,andthecontaminationdelay, 0.06ns. We synthe-
sizedthe circuit usingCadenceBuildGatesSynthesistool
in PhysicallyKnowledgeableSynthesis(PKS) mode. We
usedthe 0.18 um CadenceGenericStandardCell Library
(GSCLib)for timing estimation.

For the 8–bit CLA adder, from timing reports,we ob-
served that just about20%of thepathshave a delaymore
than0.75ns.Thoughthis is highly motivatingandprovides
astrongreasonto applyourtechnique,a0.06nscontamina-
tion delayactsasa dampenerandwe risk incorrectopera-
tion if theclockperiodis reducedbeyond1 ns.Toovercome
the limitation imposedby the contaminationdelay, we in-
creasedthecontaminationdelaywithoutaffectingtheprop-
agationdelay of the circuit. After carefully studyingthe
propagationdelaypattern,weobservedthatit is possibleto
increasecontaminationdelayby distributing theadditional
delay, either to the input sideor the outputside,or both.
More importantly the overall propagationdelay remained
unchanged.Figure4 shows thenew CLA addercircuit.

After addingdelayvalues,thecontaminationdelayof the
circuit now is 0.37ns,while thepropagationdelayremains
unchangedat 1.06ns. Now 31%of thetiming pathshavea
delayvaluegreaterthan0.75ns. Having a controlover the
increasein contaminationdelay gives us an advantageto
tunethecircuit's frequency to theoptimalvaluedepending
ontheapplicationandthefrequency of occurenceof certain
input combinations.Introducingdelayto increasecontam-
ination delay increasesthe areaof the circuit. Therefore,
judiciouslyincreasingcontaminationdelaymakessurethat
theincreasein areais keptminimal.

Table 1 provides all relevant details before and after
adding contaminationdelay in 8–bit, 32–bit and 64–bit
CLA addercircuits. The propagationdelay, tpd andcon-
taminationdelay, tcd aregivenin “ns”, andtheareais given
in “ �m 2”. As we canseethereis an increasein areaafter
increasingcontaminationdelay. Using slower buffers, the
increasein areacanbesigni�cantly reduced.Theintention
of ourexperimentsis to demonstratethatcontaminationde-
lay canbeincreasedwithoutaffectingpropagationdelayfor

certaincircuits. However, delayaddition increasespower
consumption.For the 64-bit CLA adder, the total power
beforeaddingdelayis 0.0144mW, andthetotal power in-
creasesto 0.0222mW afteraddingdelays.

Table 1. Impl. Details of CLA Adder Circuits
Adder Original DelayAdded

tcd tpd Area tcd tpd Area
8-bit 0.06 1.06 304 0.35 1.06 928
32-bit 0.06 3.99 1216 1.21 3.99 14528
64-bit 0.06 7.89 2432 1.82 7.89 47752

6. Dynamic fr equencytuning and error sam-
pling techniques

The dynamically tunedfrequency is achieved through
theglobalfeedbacksystempicturedin Figure5. Beforeop-
erationbegins,a small,non–zero,errorrateis programmed
as the set point. The clock controller is initialized with
the worst casedelayparametersof the pipeline. As stated
above, the initial frequency of the clocksis theworst case
propagationdelay, andthe PSclock begins with no phase
shift. Theclock generatorblock consistsof a voltagecon-
trolled oscillator(VCO) in serieswith 2 digital clock man-
agers(DCMs). TheVCO is ableto generatea variablefre-
quency clocktomeetthevaluegivenby theclockcontroller.
The�rst DCM locks theoutputof theVCO to provide the
Mainclockto thepipeline.ThesecondDCM providesady-
namicallymodi�able phaseshift. It takestheMain clockas
well asthevaluerequestedby the clock controllerto gen-
eratethe PSclock. Both DCMs provide a locked output
aswell, which is usedto determinewhentheMain andPS
clockshave regainedstability. During theperiodin which
theclocksarebeingadjusted,thepipelinemustbestalled.
To avoid ahighoverheadfrom frequentclockswitching,the
numberof timing errorsin thepipelinewill besampledata
largeinterval.



Figure 5. Feedbac k contr ol system used to
tune cloc k frequenc y

Whenconsideringdifferentsamplingmethods,thereis
a tradeoff betweenthe allowablesamplingfrequency and
thenumberof bitsneededto storethehistoryof errorsused
to measurethe error rate. The lengthof the error history
shouldbelongenoughto accuratelyestimatetheerrorrate.
In the following discussion,a window of 100,000proces-
sorcyclesis used.Threesamplingmethodsareconsidered:
discrete,continuous,andsemi–continuous.

In the discretemethod,a singlecounterkeepstheerror
history, incrementingevery cycle in which anerroroccurs.
Whenthewindow of 100,000cyclespasses,thecounteris
checked,anddependingon the setpoint, the clock period
is adjusted.The error counteris thenclearedto countthe
errorsoccurringin the next window. The maximumsize
neededfor thecounterin thediscretecaseis 17bits.

Ontheothersideof thespectrum,thecontinuousmethod
usesaslidingwindow of 100,000cyclesto maintainthehis-
toryof errors.To implementthiswindow, a100,000bit shift
registeris used,onebit for every cycle in thewindow. The
counteris incrementedor decremented,if thevalueshifted
in is not sameasthe valueshiftedout. Thereare100,000
bitsneededfor theshift registerand17bits for thecounter.

In order to obtain bene�ts similar to the continuous
case,yet avoid its high overhead,a third, semi–continuous
methodis used. In this method,the error window is di-
videdinto 5 counters.Eachcountermaintainsthe total er-
rorsoccurringin separate20,000cyclesof theerrorhistory.
Thecountersareusedin a rotatingfashionsothatat every
sampling,theoldestcounteris clearedandbeginscounting.
Eachcounterneeds15 bits, so for the 5 counters,75 bits
will berequired.

7. Experimental results

To gaugetheperformanceimprovementsprovidedby the
SPRIT3E framework, a sequenceof experimentswereper-
formed.An initial studyof asimplemultiplier circuit estab-
lished that signi�cant room for improvementdoesindeed
exist. From there,applicationsexecutingon a superscalar

processorwereanalyzed,andtheeffectsof augmentingthe
pipelinewith SPRIT3E werecalculated.

As a�rst stepin evaluatingthis technique,thefrequency
inducedtiming errorsof a multiplier circuit areobserved.
In [13], multiplier circuit error ratesareanalyzedfor both
inter–die and intra–die variations by effectively altering
logic delay via voltagecontrol. We perform similar ex-
periments,but analyzeoperatingfrequency inducedtiming
errors. The circuit is implementedin a Xilinx XC2VP30
FPGA.A blockdiagramof thesystemis shown in Figure6.
As presentedin previoussections,themainandPSclocks
operateat the samefrequency, with a phaseshift between
them.However, in this experiment,theperiodof theclocks
remainsconstantat theworstcasedelay. Thephaseshift of
the PSclock latchesthe multiplier result in the early reg-
ister after a delay. In operation,two linear feedbackshift
registersproviderandominputsto themultiplier logic each
mainclockcycle.To minimizetheroutingdelays,an18x18
multiplier block embeddedinto the logic of the FPGA is
used.Theoutputis latched�rst by theearlyregister, anda
phaseshift laterby themainregister. Errorcheckingoccurs
at every cycle,andis pipelinedto allow maximumshifting
of the PSclock. A �nite statemachine(FSM) is usedto
enablethe error counterfor 10,000cycles. To prevent the
counterfrom countingerrorsthat occurswheninitializing
thepipeline,theFSM beginsenablingafter4 delaycycles
havepassed.

Figure 6. Multiplier experiment bloc k diagram

Theworstcasepropagationdelayof thesynthesizedcir-
cuit is estimatedat 6.717nsby the timing analyzer. To al-
low plenty of time for the circuit to executebeforebeing
capturedin themainregister, aclockperiodof 8 nsis used.
Thephaseshift of thePSclock is variedfrom 0 to -5.5ns,
giving effective clock periodsof 8 to 2.5 ns. For eachef-
fective period,thetotal errorsarecountedfor anexecution
run of 10,000cycles. For instance,when the PSclock is
shiftedsuchthatits rising edgeoccurs5 nsbeforethemain
clock, themultiplier logic is effectively beinggiven3 nsto
compute.At this frequency, about94%of the10,000cycles
producea timing error.



Figure7 presentsthe percentageof cyclesthat produce
an error for different effective clock periods. As shown,
althoughthe worst casedelay was estimatedat 6.717ns,
the�rst timing errorsdo not begin occurringuntil a period
of under4 ns. Usinga methodsuchasLFDR to toleratea
small amountof timing errorsallows this circuit to run at
almosthalf theperiodgiving aspeedupof 44%.

Figure 7. Percent of error cycles versus the
cloc k period for the multiplier cir cuit and DLX
processor

7.1. Evaluation of SPRIT 3E framew ork

TheSPRIT3E framework is evaluatedon a DLX super-
scalarprocessor[8]. Therelevantparametersof theproces-
soraresummarizedin Table2. ThesuperscalarDLX pro-
cessoris synthesizedfor theXilinx XC2VP30FPGA.The
maximumtiming delaybetweenregistersin this circuit is
21.982ns,betweenthesourceregistersof theMDU andthe
dataregistersof theROB. Similar delays,all around20 ns,
exist throughtheotherfunctionalunitsto theROB, aswell
asfrom thedispatchstageto theROB. Thus,to analyzethe
timing error ratesof the processor, the ROB registersare
augmentedwith additionalregistersaswell asthecompar-
ing andcountingcircuitry shown in Figure6. Theproces-
sor is operatedat varyingphaseshiftsof thePSclock, and
thepercentageof cyclesin which anerroroccurredfor the
executionrun is recorded.For the benchmarksrun on the
FPGA,theprocessorstateandtheoutputof theprogramis
checkedfor correctnessafterprogramexecution.

Table 2. DLX processor parameter s
Parameters Value

Decode/ Issue/ Commitbandwidth 2
ReorderBuffer Entries 5
Number Arithmetic Logic Unit (ALU) 1
of Multiply DivideUnit (MDU) 1
Function BranchResolveUnit (BRU) 1
Units LoadStoreUnit (LSU) 1
InstructionandDataCacheSize(Bytes) 64
MemorySize(KBytes)- 2 CycleAccess 64

Figure7showstheerrorratesof operatingtheDLX atef-
fectiveperiodsbetween10and3.5nsfor 3 differentbench-
marks. The RandGenapplicationperformsa simple ran-
dom numbergenerationto give a numberbetween0 and
255. Onemillion randomnumbersaregenerated,andthe
distribution of therandomvariableis kept in memory. The
MatrixMult applicationmultipliestwo 50x50integermatri-
cesandstorestheresultinto memory. TheBubbleSortpro-
gramperformsa bubblesorton 5,000half–word variables.
For this application,theinput is givenin theworstcaseun-
sortedorder. As shown in the�gure, for bothRandGenand
MatrixMult, theerrorsbecomesigni�cant at around8.5ns,
while the error rate of BubbleSortstayslow until around
8 ns. This is becauseboth the MatrixMult andRandGen
applicationsusetheMDU, andthusarelikely to incur the
worstcasepath.TheBubbleSortusesonly theALU to per-
form comparisonsas well as addition andsubtraction,so
it is ableto operateat lower periodsbeforeerrorsbegin to
occur.

Usingtheprobabilitydistributionfor theerrorratedeter-
minedin thepreviousstep,a simulatoris written to evalu-
atethe effectivenessof the SPRIT3E framework usingthe
differentmethodsof error samplingdiscussedin Section6
at a set tolerableerror rateof 1%. In this experiment,the
amountby which the clock periodis allowed to changeis
heldconstantfor differentsamplingmethods.Eachbench-
markis evaluatedseparately, andis executedfor its original
numberof cycles,reportedin Table3, aswell asfor a long
runof 120million cycles.

Table 3. Length of Applications in Cycles
Application Cyclesto Execute
MatrixMult 2901432
BubbleSort 118896117
RandGen 15750067

The scalingbehavior for the matrix multiplier applica-
tion executedfor a long run is shown in Figure 8. The
�gure highlights the differencesbetweendiscrete,semi–
continuous,and continuoussampling. The otherapplica-



tionsshow similar periodscalingover thecourseof execu-
tion. As the�gure demonstrates,thelongintervalsbetween
switchingfor thediscretesamplingmethodpreventit from
reachingthe optimal period as quickly as the continuous
andsemi-continuouscases.

Figure 8. Dynamicall y scaled cloc k period
versus the elapsed cycles for MatrixMult

Figure 9. Relative perf ormance gains for dif-
ferent applications

As the simulationis running,the executiontime of the
applicationis calculated.Thereferenceexecutionrun sets
the periodat the worst casevalueand allows no scaling.
Thusno timing errorsoccur. For theothercases,eachcy-
cle in which a timing error occursresultsin a stall cycle
being injectedinto the pipeline. Also, when a changein
periodoccurs,thetime takento lock theDCMs to thenew
frequency is addedto the total executiontime. The exe-
cution timesfor eachapplicationwhenrun for its original

executioncyclesis shown in Figure9,normalizedto theref-
erenceworstcasetime. TheBubbleSortapplicationshows
the bestperformanceas it runs the longestand thus runs
the longestat theoptimalperiodfor any samplingmethod.
TheMatrixMult application,however, is only long enough
for gainsachievedby lowering the periodto begin to out-
weighthepenaltiesfor doingso.Eachbenchmarkwasalso
evaluatedby runningfor a longerexecutiontime. Theper-
formanceresultsarepresentedin Figure9. For this varia-
tion, all benchmarksperformsimilarly, with thediscreteer-
ror samplingmethodgiving onaveragea43%improvement
over theworstcase,andthesemi–continuousandcontinu-
ousmethodsoutperformingit at56%and57%respectively.

Speedup Calculation: Table 4 provides the speedup
achievable for the multiplier circuit, the 32-bit and64-bit
CLA addercircuits,andthethreedifferentbenchmarksrun
ontheDLX processoraugmentedwith theSPRIT3E frame-
work. The overclockingtechniqueis appliedto the CLA
addersafter increasingtheir contaminationdelay, as ex-
plainedin Section5. Thenew contaminationdelayvalues
are the onesreportedin Table1 in Section5. The exper-
imentalsetupfor the adderis similar to the oneexplained
for themultiplier circuit. Equation5, derivedin Section4,
givesthespeedup,Sov . We considerk to be1, andSc to be
10%. TheSc factoris ignoredfor themultiplier andadder
circuits.Wecalculatespeedupfor anerrorratetargetof 1%.

Table 4. Speedup Calculation
ALU Circuit told tnew Sov

Multiplier 6.72 3.75 1.77
32-bitCLA 3.99 3.3 1.19
64-bitCLA 7.89 6.2 1.27
MatrixMult 21.98 8.5 2.33
BubbleSort 21.98 8.0 2.47
RandGen 21.98 8.5 2.33

While calculatingthespeedupin Table4,wedid nottake
into accountthetime marginsaddedto thepropagationde-
lay becauseof physicalandenvironmentalfactors. In re-
ality, the original clock periodwould be �x ed at a higher
valuethanthecircuit'spropagationdelay, leaving roomfor
furtherfrequency scaling.

Impact on areaand power consumption: To guarantee
reliableexecutionwhenoperatingathigherthanworstcase
speeds,weintroducedLFDRcircuitsin placeof �ip-�ops in
thepipelinestages,andto remove the limitations imposed
by shortpathsonfrequency scaling,weaddeddelaybuffers
to increasethedelayof shortpaths.This increasedthearea
andpowerconsumptionof thesuperscalarprocessor.



Table 5 provides synthesisresults for the unmodi�ed
DLX superscalarprocessorandtheoneaugmentedwith the
SPRIT3E framework. Both designsaremappedto Xilinx
Virtex II Pro FPGA using Xilinx ISE 8.2 synthesistool.
Thereis a 3.12%increasein thenumberof �ip-�ops. The
increasein thecombinationallogic partis 0.3%.Thenetin-
creasein areabecauseof theSPRIT3E framework is 3.2%
(calculatedfrom equivalent gatecount). For our experi-
mentson DLX superscalarprocessor, we did not increase
thecontaminationdelayof any pipelinestage.

Table 5. FPGA synthesis results
Processor Flip-�op Comb. Area Equiv.

Count (4-LUTs) Gates

Unmodi�ed DLX 5150 14363 164760
SPRIT3E DLX 5313 14407 170048

To minimizethe increasein power consumption,we re-
placedonly thosepipelineregistersin thecritical pathwith
LFDR circuits. FromXilinx Xpower reports,we observed
thatthereis nosigni�cant differencein thetotalpowercon-
sumedby thetwo processors.

8. Conclusions

As demonstratedby thesuccessfultiming error tolerant
overclockingmethodology, the currentway of estimating
theoperatingfrequency for synchronouscircuits is far too
conservative. TheSPRIT3E framework reusesexisting su-
perscalarpipeline logic whenever possible,resultingin a
modesterror detectionand recovery logic overhead. Al-
thoughour experimentsare basedon FPGA platform, an
extensioncanbemadeto logic implementedin ASIC tech-
nology. Thiswork presentsaninitial explorationof thepos-
sibilities for taking advantageof the margins producedby
worst casedesignmentality. In the future, implementing
a mainmemorysystemfor thesynthesizedDLX processor
would allow full scalebenchmarksto beevaluated,aswell
asallow anexplorationof theeffectof increasingtheclock
frequency on theaverageinstructionscommittedperclock
cycle. Another importantconcernin using the SPRIT3E
framework is how well the phaseshift canbe adjustedat
high frequencies. This paperpresentsa very promising
technique,with many exciting directionsfor thefuture.
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