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Abstract

As we approachsigascaldntegration, chip power consumptioris
becominga critical systemparameterClock-gatingidle units pro-
vides neededreductionsin powver consumption. However, it in-
troducesnductive noisethatcanlimit voltagescaling. This paper
introducesan architecturalapproachfor reducinginductive noise
dueto clock-gatingthroughgradualactivation/deactiation of units.
This techniqueprovides a 2x reductionin groundbounceon a 16
bit ALU simulatedin SPICE,while reducingsimulatedSPEC95
performancey lessthan5% on a typical superscalaarchitecture.

1 Intr oduction

The questto increasecomputemperformanceéhasled to large com-
plex microprocessorsperatingat high clock speeds.In orderto
provide reasonablehip execution,it hashecomenecessaryo care-
fully considerpower density power delivery and chip packaging.
Thereis growing concernthat power consumptiormay seta limit
on how much canbe integratedon a chip and how fastit canbe
clocked.

Power breakdavn in a high performanceCPU revealsthe clock
distribution network to be thelargestpower consumingcomponent
[6]. Reducingthe switchedcapacitancentheclockwould helpre-
ducethetotal power. A popularandeasilyincorporatedechnique
to achieve this is clock-gating[6], which allows only the required
portionsof the clocked network to toggle. However, it cannotbe
usedindiscriminatelysinceit canintroducesignalintegrity prob-
lems.

Ground bounce[4] [1] [5] [3], also known as simultaneous
switching noise or delta-I noise, is a voltage glitch induced at
power/grounddistribution connectionsdue to switching currents
passingthroughthe wire/substraténductance(L) associatedvith
power or groundrails. Thesevoltageglitcheswhich are propor
tional to Ll /ot, have not causedary seriousproblemsin the past,
sinceits magnitudehas beenvery small comparedto the noise
maigin of CMOS circuits. However, asthe frequeng and num-
ber of gatesincreaseand dataand addressdusesbecomewider,
moresignalsswitch simultaneouslyresultingin large currentsthat
chage/dischage the power/groundbusesin a shorttime leading
to groundbounce.Also, with a drop in supplyvoltagesthe noise
maugin of circuits alsodecreaseslf the magnitudeof the voltage
suige/droopdueto groundbounceis greaterthanthe noisemamgin
of a circuit, the circuit may erroneouslylatch the wrong value or
switchatthewrongtime.
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In this paperwe will look at the noiseintegrity issuesnvolved
with the useof clock-gating. SPICE simulationsof a test ALU
suggesia 2x reductionin groundbouncewith a costof lessthan
5%in performance.

2 RelatedWork

Clock-gatingmethodsto reducepower consumptionof circuitry,
essentiallyinvolve ANDing the clock feedinga unit with a control
signalwhich shutsdown the unit whennotin use. However, rapid
poweringdown impliesrapidswitchingandhenceenhancedround
bounce.Moreover, the powvereddown unit may not becomeready
ontime which couldcausesynchronizatiomproblems.Thiscallsfor
very carefuldesignthatensuresuchraceconditionscannotexist.

In [6] theauthorsreferto the needto have a power delivery sys-
temthatcanwithstandgreaterinductive noiseasvoltagesdropand
frequenciesncreasetherebyincreasinghe CPU andsystemcost.
Figure 1 shawvs real power vs. time cunvesfor a Pentiun® Pro-
cessor(from [6]). The plots indicatea greaterdifferencein the
peakandidle power dravn by the processowhenthe power down
modeis enabled. Note that this figure shawvs currentover a large
time window. Thevariationis dueto the processogoingto alow
power stateduringwhich mostof theinternalclocksareturnedoff
(i.e. systenpower managementgndnotjustdueto on-chipclock-
gating. However, we canbe surethatasthe systemsecomemore
complex andclock frequenciesrossthe 1GHz mark, turning var
ious unitson andoff will have anequialenteffect onthe currents
dravn from thepower lines.
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Figurel: Powervs. time plot for a Pentium® Processof6]

3 ProposedClock-Gating Scheme

Currently in modernprocessorglock-gatingis implementedsuch
thatthe processopipelineitself is unavare of the “state” of are-
source(ALU, multipliers/dvidersetc.). It is assumedhat the unit
will alwaysbe available for executionprovided thatit is not busy
with a previous instruction. In the casethat the unit is busy, the
pipelinemight have to be stalledtill it becomeswvailableagain.In
this paperwe proposeavariationof the clock-gatingschemehatis
in essenceisible to theresourceschedulingunit of the processor

The basicideais to increasethe time for the unitsto switch on
(off). This causegshemto draw alesserinstantaneousurrentand
hencereducegheglitch in the power/groundines. However, since
it now takesa finite amountof time for aresourceo becomeavail-
able,additionalstallsmight occurin the executionpipeline. This
will have animpacton the performanceof the processarspecifi-
cally theinstructions-pecycle (IPC) executed.We will show that



this performancdossis small for a typical modernday micropro-
cessor Thereliability level attainedby the proposedschemgusti-
fiesthis smalldropin performance.

To measurehe performancechangeof a processomdue to the
proposectlock-gatingschemewe usedthe SimpleScalatool set
[2] developedat the University of Wisconsin-Madison.This tool
setprovidesa fast, flexible andaccuratesimulationof a processor
thatimplementsthe SimpleScala@architecture. The adwvantageof
usingthis tool is that the standardboenchmarkbinaries(SPEC95,
etc.) canbe compiledfor the SimpleScalamstructionsetandeval-
uatedagainstry specifiedarchitecture.

To conductour studieswe modifiedthe SimpleScalasimulator
to incorporatehe concepbf clock-gating.Originally the simulator
assignedneof threestatessleep/dormant, busy or ready to every
resourcalependingf whetheiit is dormantjn useor readyfor use.
A resourcebeingdormantcanbe interpretedasa way of denoting
thattheclock to it is turnedoff. If thereis arequesfor a dormant
resourcdrom theschedulerthenit is assumedo be madeavailable
immediatelyby turning on its clock. Figure 2(a) shows a typical
timing diagramof aresource.
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Figure2: Timing diagramfor operatorstates

For our proposedtlock-gatingschemetwo additionalresource
states;waking up’ and‘going to sleep’ have beenincorporatednto
the simulator This is illustratedin Figure2(b). If a resourceis
requestedor whenit is dormant,insteadof going from sleepto
busy directly; it goesthroughan intermediatenvaking stateduring
whichtimeit cannotbeused.Tyy andTs denotehenumberof clock
cyclestaken by aresourcdo wake up andgo to sleeprespectrely.
A resourcegoesto sleep afterit hasbeenready for apre-determined
numberof cyclesreferredto astheidle time, Tj. Theidle time of
the resourceplays an importantrole in the modified clock-gating
operation. Settingthe idle periodto zero causeghe resourceto
getclock-gatedas soonasits operationis over, while settingit to
infinity ensureghatit never goesto sleepi.e. thereis no clock-
gating. Varyingthe valuesof Tyy andTs enablesusto measurehe
performancerade-of the proposedschemepresents.

The proposedtlock-gatingschemeneednot be restrictedto ba-
sic functional units (like ALU’ s etc.). The ideaof a clock-gated
resourcecan be extendedto completesystemsand processoras
in SIMD arrayswhereentire setsof processoraresimultaneously
turnedon andoff, causingargeinstantaneousurrentsto bedravn
from the power lines.

In ary pipelinearchitecturethefinite time requiredto accessa
dormantresourcemay be interpretedas a “bubble” or a stall be-
ing introducedinto the pipeline. The value of Ty determineghe
performancecostintroduced. After compiling the Specint95and
SpecFP9%enchmarkdor the SimpleScalamarchitecture we ran
the benchmark®n a prototypemodernday processofTable 1] to
studythedifferencein performancelueto the proposedscheme.

The instructions-pecycle (IPC) for the SPEC95benchmarks
wasusedasa measuref the performancef the processofor the
studies. For eachbenchmarkihe IPC was measuredor varying
valuesof Ty of the resources.(Ts was assumedo be the same
asTw.) T wassetto 10 cyclesfor all the experiments. Figure 3
shavsthevariationof the IPC for variousSpecint9sandSpecFP95
benchmarkglottedagainsflyy.

Increasingthe value of Ty /Ts obviously reduceshe IPC. How-
ever, we obsenre thatthe dropis lessthan5% of the original IPC
whenTyy is lessthanor equalto 3 cycles,clearlyindicatingthatthe

Cache

Type Size Assoc. Hit lat. Policy
L1 data 16KB 4 way 1cycle LRU
L1 instr 16KB 1 way 1cycle LRU

L2 unified 256KB 4 way 6 cycles LRU
TranslatiorL_ookasideBuffer

Type Entries | Assoc. | Pagesize | Misslat.
dataTLB 128 4 way 4KB 30cycles
instrTLB 64 4 way 4KB 30cycles
Resources

Type Number Operationat.

i-alu 4 1cycle
i-mult/div 1 3/20c¢cycles

fp-alu 4 2 cycles
fp-mult/div 1 4/24cycles

Fetch/decode/issueidth = 4
Memorybuswidth = 16
Main memoryseektime = 18 cycles

Tablel: Superscalearchitecturausedfor study

lossof performances minimal for smallvaluesof the clock-gating
delay Our experimentsrevealedthattheimpacton IPC decreased
if alargernumberof resourcesvereavailable.

SpecINT 95
18 T T T T
—e—  ccl

o —%—  compres:
5 —— g
=0k | —— e 4
10 —a— \{p 9
o —— ma88ksim
=} —A perl
S —  vortex
=
5 sp 3
£
[
<]
i
a n I . . . . .

0 1 2 3 4 5 6 7 8 9 10

T,/ Tg (incycles)  —

SpecFP 95
30 T T T T

Percent change in IPC -

4 5 6
Tw/Ts (incycles) -

Figure3: IPC variationfor SPEC9%henchmarks

Thesmalllossin performancenay be eliminatedalmosttotally
if it is possibleto predictin adwancewhethera resources required
or not,for examplein thedecodestage . Thiswould enablearequest
for the resourceto be placedearlieritself, firing up a sleepingre-
sourceandmakingit availablefor usewell in time. Thedravback,
however is thatthe decodestageof the pipelinewould increasdn
compleity.

4 Implementation and Verification

Until now, we have not madeary assumptionssto how the re-
sourcesareactuallywoken up andputto sleepover afinite period.
Thereare a numberof possiblecircuit realizationsto accomplish
this task. As suchour proposedschemds independenof the cir-
cuitimplementation.

Figure 4 shavs onepossiblecircuit implementatiorof the pro-
posedscheme.The clocked unit is divided into a variablenumber
of slices,n (n = 4 in Figure4). During hormal operationof the
functional unit, eachslice getsthe sameclock signal. Whenthe
unit needsto be clock-gatedthe enablesignal goeslow. During
successie cycleseachof then slicesgetsclock-gatedpneper cy-
cle, asthe disablesignaltravels down the chainof flip-flops. This
leadsto a staggeregboweringdown of the unit. Thereforen cycles
aftertheinitial clock-gatingsignalis issuedthe entireunit finally



shutsdown, insteadof aninstantaneoupower down. Similarly, the
unitis powered-ugn n cycleswith eachslicereceving its powver-up
signalin a staggerednanner While introducinga smallamountof
delayinto thedatapaththis implementatiorhasa potentialof dras-
tically reducingthe ol /dt problemencounteredvhen large units
arepoweredup or down. Notice thatwe male no assumptionss
to the division of the resource.The split might be donebasedon
functionalconsiderationgeg. a 16-bit ALU might be split into 4

sliceswith 4 bits in eachslice) or physicallayout considerations.

This flexibility is possiblesincethe functionality of the resourcés
unafectedby the split. In orderto reducethe delayto lessthan
n cycles,onemay clock the delay flip-flops fasterthanthe circuit
clock. Hence n phasesftertheinitial clock-gatingsignalis gener
ated,theentireunit getspowvereddown.
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Figure4: Circuit Implementation

Oneof the advantageof theimplementatiorin Figure4 is that
stateinformation can be easily extractedfor eachresource. The
“dormant” state,for instance,is indicatedby all the four disable
signals(ep, €1, & andes in Figure4) beinglow. The “busy” and
“idle” states,on the otherhand,are detectedvhenall the disable
linesarehigh. Theresourcds “going to sleep”wheney is low but
atleastoneof e, & andej arehigh and, finally, the resources
saidto be “waking up” wheney hasgonehigh andoneor moreof
theotherthreedisablesignals(e;, & andes) arestill low. Figure5
illustratessimplecircuitsto realizethe statedetectionlogic.
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Figure5: Statedetectionogic

Reducingpowersupplyvoltage(Vyq) to theunit, or evenincreas-
ing the thresholdvoltage(\4) of the devicesin the unit duringthe
“waking-up” and “going-to-sleep”processof a resourcemay be
otherwaysto slow it down andhencereducetheinstantaneousur-
rentdravn during thesetimes.Thesegechniquesvould fit in well
with schemeswhich use multiple-supplyvoltagesfor low power
operationschedulingand dynamicthresholdvoltagesfor standby
leakagepower reduction.

To seethe extentof improvementin 41 /ot, thediscussedcheme
wasimplementedn HSPICEona 16-bit ALU split upinto 2 slices
of 8 bits each,and4 slicesof 4 bits eachfor the purposeof clock-
gating. The systemclock andthe enablesignalfor the circuit are
shavn in Figure6(a)and(b) respectiely. Figure6(c) shavs aplot
of currentdravn acrosgheVyq line versugime for theoriginal sin-
gleclockcircuit (n=1). Figures6(d) and(e) give thecurrentdravn
acrosgheVyqy line for the circuit configuredto be clock-gatedn a
periodof two (n = 2) andfour (n = 4) clock cyclesrespectrely, as
discussedn Section4. Fromthe plotsit becomestlearthatwhile
the currentconsumptiorgetsprogressiely spreadout in the pro-
posedschemethe currentspikes obsered drop asthe numberof
slices,n, increases.The peakcurrentindicatesthe rate of change
of the currentand hencethe extent of the voltagedrop acrossthe

Vgq line. We seean improvementby a factor of about2x when
4 slicesof 4 bits areused. The absolutechangein the peakcur
rentsdravn will definitely improve whenthis approachs applied
to largerunits. This clearlyindicateghefeasibility of the proposed
schemein aworld wherenoiseis growing to beamajorconcern.
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Figure6: HSPICEsimulationof an16-bit ALU

5 Conclusion

This paperhaspresentedh techniqueto reducedl /ot noiseat the

architecturalevel at a modestcostin hardware and performance.
SPEC95benchmarkavere simulatedto examinethe lateny hid-

ing capacityof atypical superscalaprocessoemplging this ap-

proach. SPICEsimulationof a typical ALU shavs a decreasef

about2x in instantaneousurrent,with a performancecostof less
than5% andminimal additionalhardware.
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