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Abstract

Previouspapers haveshownthat the slow scalingof wire
delayscompared to logic delayswill preventsuperscalarper-
formancefromscalingwith technology. In this paperweshow
that the optimal pipeline for superscalar becomesshallower
with technology, whenwire delaysare considered, tightening
previousresultsthat deeperpipelinesperformonly as well as
shallower pipelines.The key reasonfor the lack of perfor-
mancescalingis that superscalardoesnot havesufÞcientpar-
allelismto hidetherelatively-increasedwire delays.However,
SimultaneousMultithreading(SMT)providesthemuch-needed
parallelism. We show that an SMT running a multipro-
grammedworkloadwith just 4-wayissuenot only retainsthe
optimal pipelinedepthover technology generations,enabling
at least43%increasein clock speedeverygeneration,but also
achieves the remainderof the expectedspeedupof two per
generation through IPC. As wire delaysbecomemore domi-
nant in future technologies,the numberof programsneedsto
be scaledmodestlyto maintainthe scalingtrends,at leasttill
the near-future 50nm technology. While this result ignores
bandwidthconstraints, using SMT to tolerate latencydue to
wire delaysis not that simplebecauseSMTcausesbandwidth
problems.Most of the stages of a modernout-of-order-issue
pipelineemployRAMandCAMstructures.Wiredelaysin con-
ventional, latency-optimizedRAM/CAM structures prevent
themfrom beingpipelinedin a scaledmanner. We showthat
this limitation preventsscalingof SMTthroughput.We usebit-
line scalingto allow RAM/CAMbandwidthto scalewith tech-
nology. Bitline scalingenablesSMTthroughputto scaleat the
rate of two per technology generation in the near future.

1  Intr oduction

CMOS scaling trends are leading to a greater number of
smaller and faster transistorsin a single chip, but a relative
increasein wire delays.Clock speedshave increasedconsistently,
owing not only to fastertransistorsbut also to deeperpipelines
with a minimal degradingimpacton instructionthroughput(i.e.,
instructionsper cycle or IPC). However, becauseglobal wire
delays(e.g.,registerbypasswires) andRAM/CAM delaysscale
muchslower than transistordelays,deepersuperscalarpipelines
experienceincreasedlatenciesand a signiÞcantdegradationin
instruction throughput.

Optimizing thepipelinedepthis basedon balancingtheclock
rateandIPC to maximizethenumberof instructionsexecutedper
second.Thetradeoff betweenclock rateandIPC hasbeena topic

of several recent studies.[14] suggeststhat the optimal logic
depthper pipeline stageis 8 FO4 inverter delays.Because[14]
implicitly assumesthat wire delaysandRAM/CAM delaysscale
at thesamerateaslogic gatedelays,theoptimalpipelinedepthof
8 FO4 is valid only for the 100-nmtechnologyassumedby the
study;thepaperdoesnot provide any quantitative dataof optimal
depthstaking into accountthe slow scalingof wire delays.This
gapis partly Þlledby [2] which pointsout thatwire delaysdictate
thatdeeperpipelineswill not performbetterthanshallower pipe-
linesin futuretechnologies.[2] concludesthatsuperscalarsdonot
have sufÞcientparallelismto toleratetherelatively-increasedwire
delays.[12] alsomakessimilar observationsaboutthe impactof
wire delays.

In this paper, we extend the analysesof the previous papers:
First, we show that the optimal pipelinebecomesshallowerwith
technology when wire delays are considered,tightening [2]Õs
resultsthat deeperpipelinesperform only as well as shallower
pipelines.Second,while [14,2] analyzesuperscalars,which do
not have sufÞcientparallelism,we analyzeSimultaneousMulti-
threading (SMT) [27], which has sufÞcient parallelism. SMT
overlapsmultiple (eithermultiprogrammedor explicitly parallel)
threadson a wide-issuepipeline and provides the much-needed
parallelismto toleratethe slowly-scaling wire delays.We show
that an SMT running a multiprogrammedworkload with just 4-
way issuenotonly retainstheoptimalpipelinedepthover technol-
ogy generations,enablingat least43% increasein clock speed
every generation,but alsoachievestheremainderof theexpected
speedupof two per generationthrough IPC. As wire delays
becomemoredominantin futuretechnologies,thenumberof pro-
gramsneedsto bescaledmodestlyto maintainthescalingtrends,
at least till the near-future 50nm technology.

Weput this resultin perspective.While single-programperfor-
mancemay continueto be important,our resultsare interesting
becausefuture desktop-andserver-classcomputersare likely to
run multiprogrammedworkloadson SMT. Our resultsshow that
wire delays can be toleratedin this important class of machines.

While this resultignoresbandwidthconstraints,usingSMT to
tolerate latency due to wire delays is not that simple, because
SMT causesbandwidthproblems.Mostof thestagesof a modern
out-of-order-issue pipeline employ RAM and CAM structures.
While decodeandexecutestagesarecombinationallogic, fetch,
rename,registerread,memory, andregisterwrite involve RAMs
(cachesand register Þle), and issueand memoryinvolve CAMs
(issuequeueandload/storequeue).As such,SMTÕs throughputis
boundby thebandwidthof thesestructures.Wire delaysof RAM/
CAM bitlines and wordlines limit the structuresÕbandwidth
which in turn limits notonly single-programbut alsoSMT perfor-



mance.While it is generallybelieved that wire delaysincrease
latency, we show that they also fundamentallylimit bandwidth.
[14] ignoresthis constraintandimplicitly assumesthat theband-
width will scaleat thesamerateaslogic gatedelays.This band-
width issue is the third point analyzed in this paper.

SMTÕs bandwidthdemandmay not be met easily by tradi-
tionalmultiporting,banking[22], line buffers[28], or hierarchical
bitlines [17]. As we explain in Section3, theseapproachesare
alsolimited by wire delays.Anothertechniqueto improve RAM
bandwidthis pipelining.Someprevious papers[16, 8] proposea
shallow, two-stagepipelineof the wordline decodein onestage
followed by the rest of the access in another.

As pointedout in [8], thekey impedimentto deeperpipelining
of RAM is that thebitline delaycannotbepipelinedbecausethe
signalson the bitlines areweak,andnot digital; latchingcanbe
doneonly after thesenseampliÞersconvert thebitline signalsto
digital. Conventionaldesignspartition RAM structuresinto sub-
arraysand the bitline delay dependson the subarraysize [21].
Becausethe bandwidthdemandof superscalarprocessorscanbe
satisÞedwithout resortingto deeppipelining,andbecausesuper-
scalar processorsare sensitive to RAM (especiallyL1 cache)
latency, traditional designschoosesubarraysizesthat optimize
latency. However, we show that SMT throughputdoesnot scale
with shallow pipelining of such latency-optimized RAM struc-
tures; deeper pipelining is needed.

To achieve deeppipelining,a simplestrategy is to reducethe
subarraysize such that the bitline + senseampliÞerdelay Þts
within one clock cycle (e.g., [1,20]). Becausethe subarraysize
hasto scaleto counterwire delaysin futuretechnologies,we call
such designsas bitline-scaleddesigns.Reducingthe subarray
size, however, both increasesthe amountof addressdecoding
neededto determinethe subarray, andrequiresa larger subarray
multiplexer. Bitline scalingcounterstheresultingdelayincreases
by pipeliningthesubarraydecodeandsubarraymultiplexer steps
themselves. We similarly pipeline CAM bitlines into multiple
subarrays.Bitline-scaled CAM has some similarities to seg-
mented issue queues of [14,19].

For the Þnal result in the paper, we show that even thougha
bitline-scaledRAM (or CAM) hasworselatency thana latency-
optimized RAM (or CAM), the higher bandwidth offsets the
latency penaltiesallowing SMT throughputto scale.While previ-
ous papershave explored bitline scaling and segmentedissue
queue,this is the Þrstpaperto show that SMT canusethe tech-
niques to tackle the wire delay problem.

Using simulationswith SPEC2000benchmarks,we Þnd the
following:

¥ Latency effect on superscalar:Theoptimalpipelinesfor
superscalarbecomeshallower dueto slow scalingof wire
delays in future technologies.

¥ Latency effect on SMT: With unlimited bandwidth,a 4-
way issueSMT retains the optimal pipeline depth over
technologygenerations,enablingat least43% increasein
clock speedevery generation,andachievesthe remainder
of the expectedspeedupof two per generationthrough
IPC, at least till the near-future 50nm technology.

¥ Bandwidth limitation of wir edelays:Wire delaysin con-
ventional, latency-optimized RAM/CAM structurespre-

vent them from being pipelinedin a scaledmanner. This
bandwidth limitation prevents scaling of SMT throughput.

¥ Overcoming bandwidth limitation: Bitline scaling
enablesSMT throughputto scaleat the rate of two per
technology generation in the near future.

The restof the paperis organizedasfollows. We discussthe
latency effect of wire delays and deeper pipelines next. In
Section3, we discussthe bandwidth effect. In Section4, we
describetheexperimentalmethodology. We presentour resultsin
Section5 and conclude in Section6.

2  Latency effect of wire delays and deeper
pipelines

In this section,we analyzethe impact of wire delays and
deeperpipelineson theperformanceof bothsuperscalarandSMT
processors.While someof this analysisis presentedin [23,2,14],
wepresentmorecomprehensiveanalysisby combiningthenotion
of pipeline loops (from [5]) and wire delays.While [5] showed
the detrimentaleffect of lengtheningthe loops on performance,
we derive new propertiesexhibited by the loopsandexplain the
impact of wire delays in the context of these properties.

2.1 Pipeline loops

Figure1 showsaconventionalout-of-orderprocessorpipeline.
Theout-of-orderpipelinecanbethoughtof asbeingcomposedof
two in-order half-pipelinesconnectedby the issue queue:the
front-endandthe back-end.Figure1 alsoshows the loopsin the
pipeline. The branchmispredictionloop and bypassloops are
well-known. Thefetchloop is dueto thedependencebetweenthe
currentPCbeingusedto predictthenext PC.Therenameloop is
dueto thedependencebetweena previousinstructionassigninga
renametaganda later instructionreadingthetag.The issueloop
is due to the dependencebetweenthe selectof a producerand
wakeup of a consumer. The load misspeculationloop is due to
load-missreplay. The load/storequeueloop is due the depen-
dencebetweena previous store and a later load to the same
address.

The loops affect performancedifferently from each other,
dependingon: 1) frequency of loop usage,2) loop length,and3)
the interaction among loops.

The more frequenta loop usageis, the higher the impacton
performance.While thefetch,rename,issue,andbypassloopsare
all fairly frequent,load misspeculationandbranchmisprediction

FIGURE 1: Pipeline Loops
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loopsareusedonly uponloadmissesandbranchmispredictions,
respectively, and are less frequent.

As pointedoutby [5], lengtheningany of theloopsin termsof
numberof clocksnegatively impactsIPC.A loopgetslongerif 1)
the latency of any pipeline stage encompassedby the loop
increases,or 2) wire delaybetweenthe loop endpointsincreases.
Increasingthe clock speedby deepeningthe pipeline resultsin
increasingthe latency of pipeline stages.As shown in [14], the
increasein theclockspeedbeyondalimit is offsetby thedecrease
in IPC due to longer loops. Furthermore,becausewire delays
constituteasigniÞcantportionof RAM/CAM delays,andbecause
wire delaysscaleslowly ascomparedto gatedelays,the latency
of several pipeline stagesincreaseswith technology. The slow
scaling of various tables (prediction, rename), caches,issue
queue, and load/store queue lengthensfetch, rename, issue,
MEM-EX, writeback-EX, load misspeculation,and load/store
queueloops, many of which are used frequently. Apart from
RAM/CAM structures,the slow scaling of global wires [12,4]
lengthensall thebypassloops(alsoobservedby [18]), which are
used frequently.

The effect of one loop on IPC is not entirely independentof
theotherloops.Theinterplayamongloopsexhibits thefollowing
two properties:1) Loop Inclusion property: An increasein the
latency of apipelinestageaffectsall theloopsthatencompassthe
stage.2) Dominanceproperty:For thesetof all mutually-disjoint
loops in a half-pipeline that are usedby a producer-consumer
dependence,the loop with themaximumlengthimpactsIPC and
the shorterloops do not further degradeIPC. The longestloop
stalls the consumerenoughfrom the producerthat the shorter
loopsdo not causeany morestalls.Thusthe longestloop domi-
natesthe rest of the loops. For example,a back-to-back-issued
producer-consumerregisterdependenceusesboth the issueloop
andtheEX-EX bypassloop. If theissueloop is 3 cycles,increas-
ing the bypassloop from 1 to 2 or 3 cycles doesnot have any
impacton performancebecausethe issueloop alreadystalls the
consumersuchthatby thetimetheconsumerreachesEX, thepro-
ducerexits EX allowing thebypassloop to provide thebypassed
valuewithout any morestalls.However, lengtheningthe rename
loop affectsperformance,becausethe renameloop andthe issue
loop belong to different half-pipelines.

While thedominancepropertyhasthepositive implicationthat
lengtheningnon-dominantloopsdo not causeIPC loss,thereis a
negative implicationthatall thedominantloops(if multiple loops
areat maximumlengththenall suchloopsaredominant)needto
be shortened to improve the IPC.

The effect of loops can be reducedby exploiting indepen-
dence.If thereareenoughindependentinstructionsto Þll all the
pipeline stagesin the dominantloop(s), then the impact of the
loopscanbeeliminated.While superscalarsdonothavesufÞcient
parallelism, SMT does.

2.2 Latency effect on superscalar

Thereareseveralarchitecturaltechniquesto enhanceindepen-
denceandreducetheimpactof theloopsin superscalars.Welist a
few examples:Slow scalingof CAM hasmadeit difÞcultto retain
single-cycle issue loop (i.e., back-to-backissue of dependent
instructionsusing single-cycle issuequeue).Several techniques

[24,19,10]have beenproposedto obtainback-to-backissue,even
with a multiple-cycle issuequeue.Similarly, lengtheningof the
EX-EX bypassloopdueto multiple-cycleALUs canbealleviated
by partial bypasseswhich allow partial ALU outputs to be
bypassedbackto thenext instruction[6]. Also, loadmisspecula-
tion and branchmispredictionloops result in squasheswhose
penalty may be reducedby selective squashing[11,5]. Finally,
lengtheningof the renameloop due to multiple-cycle rename
tablescanbe alleviatedby usingbypassesfrom the later rename
stages to the front of the rename tables [23].

Unfortunately, the dominanceproperty implies that all the
loopshave to beshortenedto improve IPC, requiringmost,if not
all, of theaboveschemes.This requirementaddssubstantialcom-
plexity to the pipeline, not to mention extra levels of logic in
many of thestagesputtinga limit on pipelinedepthscaling.Even
if all theaboveschemesareusedto enableback-to-backissueand
perfect pipelining in rename,issue,and EX-EX bypassloops,
therearestill somedifÞcult loopswhich are lengthenedby wire
delaysandpreventback-to-backissue.ThedifÞcult loopsarethe
MEM-EX bypassloop,which is lengthenedby cachelatency and
is used frequently by load-usedependencies,and the less-fre-
quently-used branch misprediction and load misspeculation
loops.Finally, evenif therewereasmuchparallelismavailableas
neededby a deeppipeline,pipelinescannotbe arbitrarily deep-
eneddueto latch,clockskew andjitter overheads[14]. Dueto the
above problems,the optimal pipeline for superscalarat 50nm
technologyis actuallyshallower than that at 100nmtechnology,
as we show in Section5.2.

2.3 Latency effect on SMT

SMT overlapsmultiple threadson a wide-issuepipeline and
provides the much-neededparallelismto tolerateslowly-scaling
wire delaysanddeeperpipelines.All theloopsin theback-endare
alleviatedby SMTÕsparallelismevenwithoutusingtheaforemen-
tioned aggressive schemes.However, the loops in the front-end
needa slight changein SMTÕs fetch policy. The ICOUNT fetch
policy [26] favorsfetchingfrom thethreadthathasthefewestin-
ßight instructionsmotivatedby the fact that sucha threadis the
fastestprogressingthread.Multiple-cycle loops in the front-end
imply that instructionsfrom the samethreadcannotbe fetched
backto back.Accordingly, we modify ICOUNT so that a thread
fetchedin cycle i is not consideredfor fetching until cycle i +
lengthof the dominantloop in the front-end.The bestthread,as
per ICOUNT appliedto therestof thethreads,is chosenin cycle
i+1, andso on. As we show in Section5.2, SMT throughputcan
bescaledby 2x every technologygenerationevenaswire delays
becomemore dominantby modestly increasingthe numberof
programs.

3  Bandwidth scaling

Using SMT to toleratelatency due to wire delaysis not that
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FIGURE 2: Circuits used in pipeline stages



simplebecauseSMT causesbandwidthproblems.Figure2 shows
that mostof the stagesof a modernout-of-order-issuepipeline
employ RAM and CAM structures.Wire delaysof RAM/CAM
bitlines and wordlines limit the bandwidthof thesestructures,
which in turn limits not only single-programbut even SMT per-
formance.While it is generallybelievedthatwire delaysincrease
latency, we show that they also fundamentally limit bandwidth.

SMTÕs bandwidthdemandmay not be met easily by tradi-
tional multiporting,banking[22], line buffer [28], or hierarchical
bitlines [17,3]. Adding trueportscausesconsiderableincreasein
areaandwire delays.Bankconßictsandline buffer misses,which
areinevitable,reducetheeffectivenessof bankingandline buffer.
Hierarchicalbitline approachbreaksup the bitlines into a two-
level hierarchy of many ÒlocalÓand one ÒglobalÓbitlines. The
hierarchy allows two accesses,one in each level, to proceed
simultaneously. Becauseglobalbitlinesareaslongasall localbit-
lines put together, global bitline wire delayfundamentallylimits
the bandwidth through the hierarchy.

While pipelining is anotherapproachto achieve high band-
width, we show how naive pipelining is also limited by wire
delays.Thenwe describebitline scaling.We discussRAM using
cache as example and then CAM.

3.1 Bitline-scaled RAM

Figure3 shows the componentsof cache accesstime: i)
decoderdelay(A to B) ii) wordline driver + bitline + senseamp
delay(B to D) iii) mux + outputdriver delay(D to F). Thecache
accesstime is usuallyreducedby partitioningthecacheinto mul-
tiple smallersubarrays.TheparametersNdwl andNdbl represent
the extent to which partitioning is done.Ndwl indicatesvertical
partitions(creatingmore,but shorterwordlines),andNdbl indi-
cateshorizontal partitions (creatingmore, but shorterbitlines).
Thetotal numberof subarraysis Ndwl*Ndbl. Conventionalcache
designsare latency-optimizedand adjustthe subarraysize such
that the overall access time is minimized [21].

One solution to improve bandwidthis to pipeline the cache
access.Somedesignshave a separatestagefor wordline decode
[16], shown in Figure4(a). The decoderdelay contributesonly
25%-30%of the overall cachelatency and the bandwidthof a
pipeline is determinedby the slowest pipeline stage.Therefore,
usinga pipelineddecoderaloneresultsin an ineffective pipeline.
This imbalancecanbe removed by deeperpipelining. However,
becausethesignalson bitlinesareweak,andnot digital, latching
canbedoneonly afterthesenseampliÞersconvert theanalogbit-
line signalsto digital [8]. Therefore,in Figure3, thedelayfrom B
to D cannotbe pipelined,and a latch can be placedonly at D.
Figure4(b) shows such a naively-pipelinedcache.We observe
thatpipelininga latency-optimizedcachenaively resultsin a sub-
stantially uneven split, becausethe wordline + bitline + sense
ampliÞer delay dominates the mux + output driver delay.

A bitline-scaledcache(e.g.,[1,20]) eliminatestheunevensplit
in pipeline stagesby reducing the wordline + bitline + sense

ampliÞerdelay so that it no longer dominatesthe mux + data
driverdelay. In abitline-scaledcache,thesizeof subarraysis cho-
sensuchthat thewordline+ bitline + senseampliÞerdelayÞtsin
oneclock cycle.As a result,thewordline+ bitline + senseampli-
Þer stageno longer limits the bandwidth.However, for same
cachesize,a reductionin subarraysizemeansan increasein the
total number of subarrays,thus increasingboth the subarray
decodedelay and the subarraymultiplexer delay, which may
becomemultiple clock cycles.Fortunately, unlike thewordline+
bitline + senseampliÞerstage,thedecodeandmux + drive stages
havedigital dataandcanbepipelinedfurther. Thedelayincreases
in decodeandmux+ drivestagearecounteredby pipeliningthese
stages,so that the bandwidth remains unaffected, despite an
increasein overall latency. Pipelinelatchoverheadalsoincreases
thebitline-scaledcacheÕs latency. Typically, weseeaone-or two-
cycledifferencebetweenthelatency of a latency-optimizedcache
and that of a bitline-scaledcache.However, the bitline-scaled
cacheÕshigherbandwidthoffsetstheincreasein latency for SMT.

Someimplementationissueswith bitline-scaledcachesare:
(1) The extra latchesneededfor deeperpipelining increaseboth
the areaand power. (2) Precharging createsa resourceconßict:
While anaccessin thewordline+ bitline + senseampliÞerstage
is discharging thebitlines,at thesametimeanotheraccessin the
decodestagewould try to precharge.Therefore,precharging and
discharging must occur atomically in the wordline + bitline +
senseampliÞerstage.(3) Storescausestructuralhazards:After
readingthebitlinesandmatchingthetags,storesalsowrite to the
bitlines.Thus,storesreusesomeof the stagescausingstructural
hazards. Such hazards can be resolved by appropriate waiting.

Wave pipelining the cacheoverlapswordline delaysof the
next accesswith thebitline + sense-ampliÞerdelaysof theprevi-
ousaccess(without usinglatches)[8]. Therefore,in a wave-pipe-
lined cache,only the delay from C to D in Figure3 cannotbe
pipelined.However, thisdelayworsensin futuretechnologiesdue
to slow-scalingwire delaysof thebitlines,becomingmoredomi-
nant,and limiting the cachebandwidth.Thus,bitline scalingis
neededeven if wave pipelining is employed.To addbitline scal-
ing to a wave-pipelinedcache,the subarraysize is chosensuch
that thebitline + senseampliÞerdelayÞtsin oneclock cycle.We
notethat wave pipelining requirescontrolling signalpropagation
delaysto ahighprecisionwhichmaybehardto do in futuretech-
nologiesdueto increasingprocessvariations.In contrast,bitline
scaling is simpler and more robust.

Banked caches[22] and line buffers [28] have uncertaintyin
eventheir loadhit latencies.Thisuncertaintydisruptstheschedul-
ing of wakeups,anddegradesperformancesigniÞcantly. In com-
parison,the bitline-scaledcachehasa Þxed load hit latency, and
does not disrupt wakeups.
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3.2 Bitline-scaled CAM

A conventionalCAM structureis implementedasa fully-asso-
ciative tag array, in conjunctionwith a direct-mappeddataarray.
A CAM accessÞrstsearchesall tag entriesin parallel,andthen
reads/writesthematchingentry in thedataarray. Themaincom-
ponentsof theCAM accesstime are(1) tagbitline drivedelay(2)
tagcomparisonandmatchsignalgenerationdelay(3) matchline
or-ing delay (4) direct-mappedarrayÕs accesstime. Because
CAMs typically have small dataarrays,the accesstime is domi-
natedby components(1), (2), and(3). As shown in [18], the tag
bitline drivedelayscalesslowly, andbecomesmoreandmoresig-
niÞcantat featuresizesof 180nmandbelow. The overall CAM
accesstime scalesslower relative to logic delays,preventingthe
CAM access from Þtting within a cycle.

To explain bitline-scaledCAMs, we considerthe exampleof
theissuequeue.Themaincomponentsof issuequeuearewakeup
andselect[18]. Wakeupperformsa CAM accessfor waking up
instructionswhen their sourceoperandsbecomeavailable, and
selectchoosesinstructionsfor executionfrom the pool of ready
instructions.Becausewakeupis aCAM accessandselectis a tree
of logic, wakeupscalesslowly andselectscalesaswell asgate
delays[18]. Weusebitline scalingto pipelinetheCAM accessby
partitioningtheCAM into multiple segmentssuchthateachseg-
ment Þts within a cycle. Consequently, wakeup proceedsin a
pipelined fashion from one segment to the next. While select
scaleswith technology, it maystill takemultiplecyclesfor deeper
processorpipelineswithin one technology. Fortunately, selectis
logic and can be pipelined easily. Unlike a single-cycle issue
queuewherewakeupandselectoperatein closesynchrony, a bit-
line-scaledissue queueÕs wakeup and selectpipelines proceed
independentof eachother. Wakeupproceedsfrom onesegmentto
anotherandselectchoosesfrom whichever instructionsareready
atany givencycle.Thepipelinedwakeupof bitline scalingis sim-
ilar to the segmented issue queue in [14].

Bitline-scalingof CAM structuressuchastheissuequeueand
load/storequeueraisessomearchitecturalissues.While pipelin-
ing thestructuresallows multiple instructionsto proceedsimulta-
neously, dependencieswill still prevent back-to-backissue.One
option, called back-to-back (b2b), is to use the architectural
schemesmentionedin Section2.2to enhanceindependenceusing
just onethread.Anotheroption,calledno-back-to-back (nb2b),is
to usemoreprogramsto provide independentinstructionswithout
incurring the complexities of the schemes.In this paperwe are
interestedin scaling bounds.While the schemesmentionedin
Section2.2 incur misspeculationsandstalls,we assumeidealized
versionsof theseschemeswithout suchinefÞciencies.We opti-
mistically assumethat in b2b, evendependentinstructionscanbe
issuedin consecutive cycles. And in nb2b, we conservatively
assumethat only independentinstructionscanbe issuedin con-
secutive cycles. These two options provide the best-caseand
worst-caseboundsfor scaling.Usinga subsetof theschemeswill
resultin performancebetweenthesebounds.To simplify theanal-
ysis, we show only these two options in our results.

4  Methodology

Table1 showsthebaselineconÞgurationfor thesimulatedpro-

cessorwhich is similar to Alpha21264[15]. Wemodify SimpleS-
calar3.0 [7] to simulatea high-performance,out-of-orderSMT.
We model separateactive lists, load store queues,Þrst-level
branchpredictorsandreturnaddressstacksfor eachcontext. We
carefully modelboth the latency andbandwidtheffectsof pipe-
line loops(Section2). TheSMT in this studyhastwo fetchports,
andÞlls up fetchbandwidthfrom up to two programs.We usethe
ICOUNT fetch policy [26]. Our simulator also incorporates
thread squashing upon L2 misses [25].

Table2 shows the benchmarksfrom the SPEC2Ksuite,cate-
gorized into three classesÑLow, Medium and HighÑbased on
their single-programIPCs. For each application, we use ref
inputs,andfast-forward2 billion instructions.For single-program
workloads,we run 200 million instructions,and for multipro-
grammedworkloads,we executetill oneof thebenchmarkscom-
pletes 200 million instructions.

Table3 lists the SMT workloadsusedin our simulations.We
obtainmultiprogrammedworkloadsby usingdifferentcombina-
tionsof benchmarksfrom thethreeclassesshown in Table2. For
example,MIX1.1.2 representsa workload with one benchmark
eachfrom low and mediumIPC classes,and two benchmarks
from high IPC class.Our SMT workloadscontaincombinations
bothwithin (e.g.,MIX3.0.0) andacrossclasses(e.g.,MIX1.1.1).
We ensurethat every benchmarkappearsin exactly one 2-pro-
gram,one 3-program,and one 4-programworkload,so that the
averageIPS (instructionsper second)for workloads with any
numberof programscanbecompareddirectly to theaverageIPS
for single-programworkloads.For the5-programworkloadMIX
0.3.2, we use an additional medium-IPCbenchmark,equake,
because the number of benchmarks is not divisible by 5.

We modify Cacti3.2 [21] to modelthelatency andbandwidth
of RAM andCAM structures.Our modiÞcationsto Cacti areas
follows: 1) We extend CactiÕs wire delay model by using the
resistanceandcapacitanceparametersfor mid-level metalwires
projectedby the2001ITRS roadmap[4] andits 2002update.2)
Cactiassumesthat thevoltageswingon bitlinesdecreasesasfast
assupplyvoltage.As pointedoutby [3,9], theinputoffsetvoltage
of senseampliÞerdoesnot scale,causinga slower reductionin

Table 1: Parameter s
Issue Width 4

Active List 64 entries per
thread

LSQ 32 entries per
thread

Physical
Registers

256 int and
256 FP

L1 I-cache 64KB, 2-way,
2-ports

L1 D-cache 64KB, 2-way
2-ports

L2-cache 1MB, 8-way,
uniÞed, 1-port

Issue Queue 32 entries

Branch pre-
dictor

2-level hybrid,
8K per thread

Table 2: Benc hmarks
Number Benchmark Type

Low IPC
1 mcf, 2 twolf, 3 vpr int
4 ammp,5 parser, 6
lucas

FP

Medium IPC
7 bzip,8 eon,9 gap,10
gzip,11 perlbmk

int

12applu,13apsi,14art,
15 galgel

FP

High IPC
16gcc,17crafty, 18vor-
tex,

int

19facerec,20fma3d,21
mesa,22 mgrid,23
swim,24 wupwise

FP



bitline swing relative to supplyvoltage.As recommendedin [3],
wemodify Cactito keepinputoffsetvoltageconstantat50mVfor
all technologies.3) The cycle time calculationin Cacti doesnot
consider the bitline precharge delay during the calculation of
cycle time.As mentionedin Section3.1,thebitline prechargeand
discharge must completein the samecycle. We extendCacti to
account for bitline precharge delay in cycle time calculation.

We useCacti to modelCAMs asfully-associative cacheswith
appropriatenumberof tag anddatabits. We obtain issuequeue
wakeup latency from Cacti. To obtain select latency, we use
Alpha 21264at 180nmas referencepoint. Basedon resultsin
[18], we scalethe selectlatency with technology.We obtain the
latenciesfor integer andßoating-pointoperationsby scalingthe
Alpha 21264functional-unitlatenciesusinga methodologysimi-
lar to that of [14]. The functional-unitlatenciesin termsof FO4
remain unchanged at different technologies.

We show resultsin Section5 only for 6,8, and10 FO4 clock
periods.FO4measuresthedelayof an inverterdriving a fan-out-
of-four. 1 FO4is roughlyequalto 360picosecondstimesthemin-
imumgatelengthfor a technology, measuredin microns[12]. The
FO4metricabstractsaway transistorspeedvariationsdueto tech-
nology. We experimentedwith other clock periods,but found
themto benon-optimalat the technologiesbeingconsidered.We
believe that the resultsfor 6, 8, and10 FO4 arecomprehensive
enough to show the scaling trends.

5  Results

We presentcircuit results in Section5.1 We quantify the
impactof latency on superscalarandSMT, andthatof bandwidth
on SMT in Section5.2 andSection5.3, respectively. We analyze
the effect of issue width on scaling trends in Section5.4

5.1 Circuit Results

In thissection,wequantifythelatenciesandbandwidthsof the
structuresin the pipeline. We show that the RAM and CAM
delaysscaleslower with technology, relative to gatedelays.We
also show that bitline scaling in RAMs and CAMs results in
higher bandwidth as compared to a latency-optimized design.

5.1.1 RAM

We show resultsfor L1 cacheand then other RAM compo-
nents.Becausewave pipeliningprovidessomebandwidthadvan-
tageto the latency-optimizeddesign,we assumewave pipelining
for both latency-optimized and bitline-scaled RAMs.

Figure5 shows theeffectof changingthepartitioningschemes
on the bitline delay, wordline delay, bitline + sense-ampliÞer
delay, and overall delay for the 64KB, dual-portedL1 cacheat
different technologies.The X-axis shows the differentpartition-
ing schemesin termsof Ndwl x Ndbl (Section3.1). We Þx Ndwl
at 2, becauseothervaluesof Ndwl result in sub-optimaloverall
delays.For eachscheme,thethreebarsfrom left to right represent
the delays for 100nm, 70nm, and 50nm technology, respectively.

As the subarraysize decreases(i.e., number of subarrays
increases),the overall accesstime (top graph) Þrst decreases,
reachesa minimum value,and then increases.The latency-opti-
mizedapproachchoosesthepartitioningthatminimizestheover-
all delay. In all the three technologies,the latency-optimized
cachehas4 (2x2) partitions.We discussoptimal partitioningfor
bitline-scaledcachelater. Thewordlineandbitline delays(middle
graph)scaleslowly with technology. As gatedelaysdecreaseby
50% from 100nmto 50nm technology, the wordline and bitline
delaysfor the2x2 partitioningschemedecreaseonly by 28%and
30%, respectively. Although decoderdelay and mux + output
driver delayscaleasfastaslogic, theslow scalingof bitline and
wordline delays signiÞcantlyimpacts scaling of overall delay.
Going from 100nmto 50nm, the overall delay for latency-opti-
mizedcachedecreasesby 42%, thoughgatedelaysdecreaseby
50%.Thebitline + sense-ampliÞerdelay(bottomgraph)becomes

Table 3: Multipr ogrammed w orkloads
MIX Benchmark numbersMIX Benchmark numbers

2-Program 1.2.0 3, 8, 15
2.0.0 1, 4 1.0.2 5, 16, 21
0.2.0 9, 12 0.2.1 9, 10, 22
0.2.0 10, 14 0.1.2 11, 18, 24
0.0.2 22, 24 4-Program
0.0.2 17, 21 2.1.1 1, 4, 14, 20
1.1.0 6, 11 1.1.2 6, 12, 17, 19
1.1.0 3, 15 1.2.1 5, 8, 10, 23
1.0.1 5, 16 1.3.0 2, 7, 11, 13
1.0.1 2, 23 1.0.3 3, 16, 21, 22
0.1.1 13, 19 0.2.2 9, 15, 18, 24
0.1.1 10, 18 5-Program
0.1.1 8, 20 3.1.1 1, 4, 6, 14, 20

3-Program 1.3.1 5, 7, 11, 13, 17
3.0.0 1, 4, 6 1.1.3 3, 8, 16, 21, 22
0.3.0 12, 13, 14 1.2.2 2, 10, 12, 19, 23
0.0.3 17, 19, 23 0.3.2 9, 15, equake, 18, 24
1.1.1 2, 7, 20
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moredominantin futuretechnologygenerations.For the2x2 par-
titioning scheme,the bitline + sense-ampliÞerdelay increases
from 29% of overall cachedelay at 100nm,to 35% of overall
cachedelayat 50nm.Becausethe optimumfor bitline scalingis
the partitioning wherethe bitline + sense-ampliÞerdelay Þts in
one clock cycle, this dominanceimplies that with deeperpipe-
lines (i.e., higherclock speedsor smallerFO4) Þnerpartitioning
is needed.This trendis clearin Table4 whichshows theoptimum
partitioningschemesfor thelatency-optimized(Òl-oÓ)andbitline-
scaled(Òb-sÓ)caches(assumingwave pipelining in both cases),
andcomparestheir latency and(hazard-free)bandwidthfor dif-
ferent technologiesand clock periods.The bandwidthnumbers
arebasedonbitline + sense-ampliÞerdelayandclockperiod,also
shown in Table4.

We observe that the optimum subarraysize in the bitline-
scaledcacheis alwayssmaller(i.e., moresubarrays)or equalto
that in the latency-optimized cache. The bandwidth of the
latency-optimizedcacheis limited by thebitline + sense-ampliÞer
delay. At low clock speeds,latency-optimized subarraysallow
accessevery cycle. However, as clock speed increases,the
latency-optimizedcachecannotbe accessedevery cycle despite
wave pipelining. In comparison,the subarraysizescalingin bit-
line-scaledcacheenablesaccessevery cycle. However, we see
that the latency of the bitline-scaledcacheis up to two cycles
morethanthat of the latency-optimizedcache,asexpectedfrom

Section3.1.Table5 shows similar resultsfor registerÞle,rename
table, and L2 cache.Theseresultswere obtainedby using the
samemethodologyasthat for theL1 cache.Like L1 cache,both
registerÞle andrenametablesneedbitline scalingat high clock
speedsto allow themto beaccessedeverycycle.Wealsoshow L2
latency. For thesameFO4,L2 latency increaseswith technology
becauseof the slow scalingof global wires in L2. Becausewe
assumea simpleL2 which allows only oneaccessat a time, its
bandwidth is 1/latency and is not shown.

[2] uses ITRS 1999 projections for wire parameters,and
assumesthat the sense-ampliÞerinput offset voltagescaleslin-
early with technology. We ran simulationsusing theseassump-
tions andobtainedresultswhich match[2] within 5%. However,
becauseweusethemorerecentITRS2001roadmapandconsider
the lack of scaling of sense-ampliÞerinput offset voltage,our
latencies are longer.

5.1.2 CAM

Table6 shows the latency and bandwidthresultsfor the 32-
entry issue queue at different technologies.We scale select
latency linearly with technology, asarguedin [18]. The latency-
optimized issue queuechoosesa single segment for optimum
latency. At higher clock speeds,the wakeup latency for single
segment does not Þt in one clock cycle, preventing the issue
queue port from being accessedevery cycle. This limitation
impliesthatfor nb2b(Section3.2),evenindependentinstructions
cannotperform wakeupsin consecutive cycles using the same
port.This restrictiondoesnot apply to b2bbecauseb2buseside-
alized versionsof schemesmentionedin Section2.2 to circum-
vent such issue queue limitations. Bitline-scaled CAM uses
multiplesegmentsto allow wakeupto proceedin apipelinedfash-
ion every cycle. For example, the bitline-scaledissuequeueat
50nmtechnologyrequires2, 3, and4 segmentsfor 10, 8, and6
FO4 clock periods,respectively. Similar to bitline-scaledRAM,
the bitline-scaledCAM providesmorebandwidthat the expense
of extra latency (at most2 cycles),ascomparedto latency-opti-
mized CAM.

We performedlatency and bandwidthanalysisfor the load/
store queue(LSQ) as well. We found that the LSQ latency is
always lessthanL1 cachelatency. Becausethe LSQ accessand
cacheaccessproceedin parallel,the LSQ latency canbe hidden
behindL1 cacheaccess.We alsofoundtheLSQ bandwidthto be

Table 4: Optim um par titioning f or latenc y-
optimiz ed (l-o) and bitline scaled (b-s) cac hes

Tech
nol-
ogy
(nm)

Clock
Period
(FO4/
ns)

Optimum
number of
subarrays

bitline +sense
amp delay
(ns)

latency(cycles)/
bandwidth
(access per cycle)

l-o b-s l-o b-s l-o b-s
100
nm

6/0.22 4 16 0.32 0.21 5/0.5 7/1
8/0.29 4 8 0.32 0.25 4/0.5 5/1
10/0.36 4 4 0.32 0.32 3/1 3/1

70
nm

6/0.16 4 16 0.25 0.16 5/0.5 7/1
8/0.21 4 8 0.25 0.2 4/0.5 5/1
10/0.26 4 4 0.25 0.25 3/1 3/1

50
nm

6/0.11 4 32 0.2 0.11 6/0.5 8/1
8/0.14 4 16 0.2 0.13 5/0.5 6/1
10/0.18 4 8 0.2 0.16 4/0.5 4/1

Table 5: RAM results f or other components

Tech-
nol-
ogy
(nm)

Clock
Period
(FO4)

Register File Rename Table L2 cache
latency(cycles)/
bandwidth(access
per cycle)

latency(cycles)/
bandwidth
(access per cycle) latency

(cycles)l-o b-s l-o b-s
100 6 4/1 4/1 3/1 3/1 27

8 3/1 3/1 2/1 3/1 21
10 3/1 3/1 2/1 3/1 16

70 6 4/0.5 4/1 3/1 3/1 30
8 3/1 3/1 3/1 3/1 23
10 3/1 3/1 2/1 3/1 18

50 6 5/0.5 5/1 4/0.5 4/1 39
8 4/0.5 4/1 3/1 3/1 30
10 3/1 3/1 3/1 3/1 23

Table 6: Issue Queue Results

Tech
nol-
ogy
(nm)

Clock
Period
(FO4)

latency-optimized bitline-scaled
# of cycles Access

per
cycle

# of
seg-
ments

# of cycles Access
per
cycle

Wake
up

Sel
ect

Wake
up

Sel
ect

100 6 2 2 0.5 2 2 2 1
8 1 1 1 1 1 1 1
10 1 1 1 1 1 1 1

70 6 2 2 0.5 3 3 2 1
8 2 1 0.5 2 2 1 1
10 1 1 1 1 1 1 1

50 6 2 2 0.5 4 4 2 1
8 2 1 0.5 3 3 1 1
10 2 1 0.5 2 2 1 1



equalor betterthan that of the L1 cache.Therefore,we do not
show LSQ results.

5.1.3 Bypass wires and functional units

Table7 shows thenumberof cyclesfor bypasswiresandfunc-
tionalunits.We list Alpha21264(800MHzat180nm)functional-
unit andbypass-wirelatenciesaswell. Alpha 21264has19FO4
clock period. For bypasswires, we use the half-cycle delay in
Alpha 21264at 19FO4clock periodandscaleto otherclock peri-
ods. To obtain bypassdelaysat other technologies,we use the
ITRS 2001projections[4], [12], and[13] for wire delayscaling.
For functionalunits,weuseamethodologysimilar to thatof [14].
Assuming10% of clock period(1.8FO4)for latch overheadand
clock skew, we scalethefunctionalunit latenciesfrom 19 - 2= 17
FO4to 10 - 2 = 8 FO4,8 - 2 = 6 FO4,and6 - 2 = 4 FO4for clock
periodsof 10, 8, and6 FO4, respectively. We seethat while the
numberof cycles for functional units remainunchangedacross
technology, the number for bypass wire delays increase.

5.2 Latency effect of wire delays

In thissection,weanalyzethelatency effectof slow scalingof
wire delayson superscalarandSMT processors.As mentionedin
Section3.2, we consider the two options of no-back-to-back
(nb2b) and back-to-back (b2b). Becausewe want to isolate the
latency effect of wire delaysfrom bandwidtheffect, we assume
that all the RAM/CAM structuresare perfectly pipelined. In
Section5.3, we will discuss the bandwidth effects.

5.2.1Relative impact of wir edelayson superscalar& SMT

Figure6 show thenormalizedIPCsfor 1-, 2-, 3-, 4- and5-pro-
gram workloadsfor 100, 70, and 50nm technologiesat 8 FO4
clockperiodfor nb2bandb2b. Weobtainthelatency numbersfor
thevariousstructuresfrom Table4 throughTable7. TheIPC val-
uesfor a certainworkload and technologyare normalizedwith
respectto the IPC for that workload in 100nmtechnology. For
example,the left-mostblack bar in Figure6 representsthe aver-
age single-programIPC at 50nm technologyand 8 FO4 clock
periodnormalizedwith respectto theaveragesingle-programIPC
for 100nmtechnologyand8 FO4 clock period.This normaliza-

tion clearly shows the relative effect of slow scaling of wire
delayswith technologyon differentnumbersof programs.In the
interestof space,we show only IPC averages,andnot individual
IPCs, of the benchmarksin the single-programand multipro-
grammedworkloads. While weshow theresultsfor 8 FO4,6 FO4
and10 FO4(not shown) follow similar trendsas8 FO4.We will
show 6 and10 FO4 to Þndthe optimal clock period in the next
subsection.As mentionedin Section2.2, thesingle-programIPC
substantiallydegradesdue to relatively-increasedwire delays
with technology. As we go from 100nmto 50nm,theaveragesin-
gle-programIPC decreasesby 24% and12% for nb2bandb2b,
respectively. In comparison,the IPC degradation in multipro-
grammedworkloadsdue to relatively-increasedwire delays is
lesssevere.Going from 100nmto 50nm,the averageIPC degra-
dationfor 2-, 3-, 4-, and5-programworkloadsis 16%,14%,12%,
and 12%, respectively, for nb2b, and 10%, 8%, 5%, and 4%,
respectively, for b2b.

Two other trendsareclear:First, in both single-programand
multiprogrammedworkloads, the IPC degradationfor nb2b is
higherthanthat for b2b. By usingarchitecturaltechniquesto cir-
cumventpipelineloops(Section2.1),b2bis moretolerantto wire
delaysandincurslessIPCdegradation.However, asmentionedin
Section2.2, someloops are still lengthened,even if thesetech-
niquesareused.Consequently, evenb2b incursIPC degradation.
Using multiple programscompensatesfor this degradation.Sec-
ond,asthenumberof programsincreasefrom 2 to 5, theIPCdeg-
radationbecomesprogressively lesssubstantial.As mentionedin
Section2.3, moreprogramsprovide morelatency tolerance,mak-
ing the relatively-increased wire delays less signiÞcant.

5.2.2 Optimal pipeline depths for superscalar and SMT

We discussthe optimal pipeline depthsfor superscalarand
SMT processors,basedonmaximizingthenumberof instructions
executedper second.Figure7 shows throughputin billions of
instructionsper second(BIPS) for 1-, 2-, 3-, 4-and 5-program
workloadsat differenttechnologiesandclock periods.We obtain
n-programBIPSby multiplying theclock frequency (in GHz)and
theaverageIPC of all n-programworkloads.Theabsolutevalues
of BIPS are shown so that the optimal pipeline depthsat each
technologyareclearly visible. The horizontallines represent2x
and 4x improvementin throughputover the optimal single-pro-

Table 7: Functional unit and b ypass wire latencies

Tech
nol-
ogy
(nm)

Clock
Period
(FO4)

# of cycles

Bypass
wires

Integer Floating Point

Add Mult Add Div Sqrt Mult
100 6 2 3 28 15 50 76 17

8 2 2 19 10 33 51 12
10 1 2 14 8 25 38 9

70 6 3 3 28 15 50 76 17
8 2 2 19 10 33 51 12
10 2 2 14 8 25 38 9

50 6 4 3 28 15 50 76 17
8 3 2 19 10 33 51 12
10 2 2 14 8 25 38 9
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gram throughput at 100nm technology.
For singleprogram,theoptimalpipelinedepthdecreaseswith

technology. Going from 100nmto 50nmtechnology, the optimal
clock periodfor single-programincreasesfrom 8 FO4to 10 FO4
in nb2b, andfrom 6 FO4to 8 FO4in b2b. Our resultsfor 100nm
technologymatchwith thosein [14], which shows that the opti-
malpipelinedepthfor 100nmtechnologyis 6 to 8 FO4.However,
theoptimalpipelinedepthdecreasesaswire delaysbecomemore
dominant,as mentionedin Section2.2. Even in the wire-delay-
tolerantb2b, therearesomepipelineloopswhoseeffectcannotbe
compensated(Section2.2), resulting in shallower optimal pipe-
lines.

In contrast,multiprogrammedworkloadsmaintaina constant
optimal pipeline depth acrosstechnologygenerations.All the
multiprogrammedworkloadsachieve optimal clock period at 8
FO4 in nb2b, and6 FO4 in b2b. Becausethe b2b numbersseem
like throughputmaynot peakat 6 FO4,we simulated4FO4(not
shown) for b2bandfound4 FO4to beworsethan6 FO4,asmen-
tionedin Section4. Thisconstantpipelinedepthenablestheclock
periodto beincreasedby 43%every technologygenerationwith-
out having sub-optimal throughput.

Weseethreeothertrends.First,b2bhasadeeperoptimalpipe-
line than nb2b in all technologies.Deeperpipelinescauserela-
tively less IPC degradationin b2b, allowing a higher optimal
clock period.Second,single-programoptimal throughputscales
slowly with technology. Goingfrom 100nmto 50nm,theoptimal
throughputimproves 1.54x (from 2.9 to 4.5BIPS)in nb2b, and
1.73x(from 4.5 to 7.9BIPS)in b2b. Theseimprovementsaresig-
niÞcantlylessthanthe4x improvementin two technologygenera-
tions expectedby MooreÕs Law. Using multiple programs,SMT
achievesthe2x improvementevery generationwith just a modest
4-way issuewidth. As comparedto the optimal single-program
throughputat 100nm, nb2b requires2 and 4 programsfor 2x
improvement from 100nm to 70nm and from 70nm to 50nm,
respectively. b2brequires3 and5 programsfor thesameimprove-
ment.Third, b2brequiresmoreprogramsthannb2bto provide2x
improvementevery generation.Becauseb2buseswire-delay-tol-
erancemechanisms,thegapbetweenthesingle-programandmul-
tiple-programthroughputin b2b is relatively less comparedto
that in nb2b. Therefore,b2bneedsmoreprograms.With thewire
delay effect more dominantin nb2b, SMT requiresfewer pro-
gramsto scalethroughputbecauseof its ability to toleratethe

wire delayseffectively. Recallfrom Section3.2thatb2bandnb2b
providebounds.Therefore,apipelinethatimplementssometech-
niques to alleviate pipeline loops (such as those discussedin
Section2.2) will do betterthannb2bandworsethanb2bfor sin-
gle-program.Consequently, sucha pipelinewill requirebetween
2 to 3 programsandbetween4 to 5 programsfor 2x improvement
from 100nm to 70nm and from 70nm to 50nm, respectively.

5.3 Bandwidth effect of wire delays

In this section,we analyzethe effect of bandwidthscalingof
RAM/CAM structureson SMT throughput.As mentionedin
Section4, we assumewave pipelining in both the latency-opti-
mized and bitline-scaledRAM/CAM. This assumptionfavors
latency-optimizedby reducing the bandwidth gap between
latency-optimizedand bitline-scaled. We consider bandwidth
constraintsof RAM andCAM structuresin both b2b andnb2b,
with the exceptionthat the issuequeuein b2b is perfectlypipe-
lined,asexplainedin Section5.1.2.For comparisonpurposes,we
alsoshow aperfectconÞgurationwith thelatency of latency-opti-
mized and the bandwidth of perfect pipelining. Because
Section5.2 assumesperfectpipelining, the resultsfor perfectare
thesameasthoseusingtheoptimalclockperiodfor eachtechnol-
ogy in Section5.2.

Figure8 shows the BIPS for perfect, bitline-scaled, and
latency-optimized, both for nb2b and b2b at different technolo-
gies. We comparedother bandwidth schemes,8-way banked
cache,and line buffer having 8-full-cache-blockentries(as rec-
ommendedby [28]), with latency-optimized (2-ported, wave-
pipelined)cache,and found latency-optimizedcacheto perform
better(we do not show thosenumbersin the interestof space).
While [28] reportsthe schemesto be betterthantwo ports,[28]
doesnot considerwave-pipelining,and ignoresschedulingdis-
ruptionsdueto line buffer missesandbankconßicts(Section3.1).
Therefore,we compareto a latency-optimizedcache.Thoughwe
evaluatedthe schemesonly for caches,other RAM structures
using bankingor line buffer would incur similar disruptionsin
scheduling.Therefore,we compareto latency-optimizeddesigns
for all structures.We obtainthe latency andbandwidthnumbers
for various structures from Table4 through Table7. As in
Figure7, we show averageBIPS for different numberof pro-
grams.All theresultsareshown for theclock periodsfoundto be

(b) Back-to-Back (b2b)

1-program 2-program 3-program 4-program 5-program
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8 FO4 clock10 FO4 clock

FIGURE 7: BIPS for single-threaded and multi-threaded workloads
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optimal for eachtechnologyin Section5.2. The solid horizontal
linesshow the1x, 2x and4x BIPSvaluesascomparedto theopti-
mal single-programBIPS in perfectat 100nm,while the dotted
horizontallinesshow the1x, 2x, and4x BIPSvaluesascompared
to the optimal single-programBIPS in latency-optimizedat
100nm.

The throughputfor latency-optimizedis reasonablyclose to
that of perfect for single-program,but the gap widens signiÞ-
cantlywith increasingnumberof programs.For example,at50nm
technology, latency-optimizedlags behind perfect by 5%, 7%,
11%,16%,and21%in nb2b, andby 11%,19%,24%,26%,and
29%in b2bfor 1, 2, 3, 4, and5 programsrespectively. With more
programs,the bandwidthdemandon RAM/CAM structuresalso
increases.Theinability of latency-optimizedto provide themuch-
neededbandwidth limits the throughput of multiprogrammed
workloads.b2b suffers more degradationdue to limited band-
width than nb2b. Becauseb2b usestechniquesto extract more
parallelismandhidelatency, thebandwidthrequirementin b2bis
higher than that innb2b.

The scaling trends for latency-optimizedare substantially
worse than thosefor perfect. In comparisonwith latency-opti-
mized single-programthroughputat 100nm, latency-optimized
requires3 programsin bothnb2bandb2b,for 2x improvementat
70nmtechnology. Going from 70nmto 50nmtechnology, even5
programsarenot enoughto get further 2x improvementin both
nb2bandb2b. We simulated6 programs(not shown), andfound
2.02x and 1.71x improvement in nb2b and b2b, respectively.
Increasingthe number of programsdoes not provide enough
improvements forlatency-optimizeddue to limited bandwidth.

Thethroughputfor bitline-scaledis reasonablycloseto perfect
in all the workloads.For example,at 50nm, bitline-scaledlags
behindperfectby 7%,4%, 3%, 2%, and2% in nb2b, andby 8%,
3%,3%,2%,and3%in b2bfor 1, 2, 3, 4, and5 programsrespec-
tively. The increasedlatency of RAM/CAM structuresin bitline-
scaled, as comparedto perfect, does not have a signiÞcantly
worseimpacton throughputof multiprogrammedworkloadsdue
to SMTÕs ability to hide latency.

Bitline-scaledshows almostsimilar scalingtrendsasperfect.
In comparisonwith the single-programthroughputfor perfectat
100nm,bitline-scaledrequires2 programsin nb2b, and 3 pro-

gramsin b2bto achieve2x improvementat70nm,and5 programs
in bothnb2bandb2bto achieve further2x improvementat50nm.
Note that in the latency-optimizedcasewe see if throughput
scalesto 2x and4x of thatof itself andnotperfect, whereasin the
bitline-scaledcase,we seeif throughputscalesto 2x and4x of
thatof perfect. TheseresultsconÞrmthatbitline scalingis key to
scaling SMT throughput in future technologies.

5.4 Effect of issue width

In this section,we analyzetheeffect of increasingissuewidth
on the scalingtrendsfor superscalarand SMT. We usea wide-
issueconÞgurationfor all resultsin this section.wide-issueuses
8-way issuewith a 48-entryissuequeueand400 integer andFP
physical registers, both for superscalarand SMT processors.
Exceptthe register Þle, and issuequeue,the other architectural
parametersfor wide-issuearesimilar to thosefor thebaseconÞg-
urationshown in Table1. We comparethescalingtrendsin wide-
issuedueto thelatency andbandwidtheffectsof wire delayswith
the scaling trends in base conÞguration.

Table8 shows the latency andbandwidthresultsfor the issue
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Table 8: Issue queue and register Þle results f or
wide-issue

Tec
hnol
ogy
(nm
)

Clock
Perio
d(FO
4)

Register File Issue Queue
latency(cycles)/
bandwidth
(access/cycle)

l-o b-s
# of
cycles

Access
/cycle

# of
cycles

Access
/cyclel-o b-s

Wak
eup

Sel
ect

Wak
eup

Sel
ect

100 6 4/1 4/1 2 2 0.5 3 2 1
8 3/1 4/1 2 1 0.5 2 1 1
10 3/1 3/1 1 1 1 1 1 1

70 6 5/0.5 5/1 3 2 0.3 5 2 1
8 4/0.5 4/1 2 1 0.5 3 1 1
10 3/1 3/1 2 1 0.5 2 1 1

50 6 5/0.5 5/1 3 2 0.3 6 2 1
8 4/0.5 4/1 2 1 0.5 4 1 1
10 3/1 4/1 2 1 0.5 3 1 1



queueand register Þle in wide-issue. For all other RAM/CAM
structures,the resultsarethesameastheonesalreadyshown for
the basecasein Table4 throughTable7. We obtain latency and
bandwidthresultsfor registerÞle and issuequeuewakeup from
Cacti. We usethe resultsin [18] to scalethe selectlatency for
wider issue.

In boththelatency-optimizedandbitline-scaledcases,thereg-
isterÞlein wide-issuehashigherlatency ascomparedto theregis-
ter Þle in the basecase.While the latency-optimizedregisterÞle
in wide-issuehasworsebandwidth,thebitline-scaledregisterÞles
in bothwide-issueand the base case have the same bandwidth.

The latency andbandwidthresultsfor latency-optimizedand
bitline-scaledissuequeuesin both wide-issueand the basecase
show similar trendsasthe latency andbandwidthresultsfor the
registerÞlesin the two conÞgurations.Also, notethat the larger
andwider bitline-scaledissuequeuein wide-issuerequiresmore
segments than in the base conÞguration.

Table9 showstheoptimalclockperiodfor wideissueatdiffer-
ent technologies.We obtain the optimal clock periodsby maxi-
mizing the IPS,usinga methodologysimilar to the oneusedfor
thebasecasein Section5.2.2.In the interestof space,we do not
show complete IPS results, and show only the optimal periods.

For singleprogram,theoptimalpipelinedepthdecreaseswith
technology. Going from 100nmto 50nmtechnology, the optimal
clock periodfor single-programincreasesfrom 8 FO4to 10 FO4
in nb2b, andfrom 6 FO4 to 8 FO4 in b2b. In contrast,multipro-
grammedworkloadsmaintaina constantoptimal pipeline depth
acrosstechnologygenerations.Theseresultsare similar to the
results obtained for the base case in Section5.2.2.

Figure9 shows the BIPS in wide-issuefor perfect, bitline-
scaled, andlatency-optimized, both for nb2bandb2bat different
technologies.All theresultsareshown for theoptimalclock peri-

ods shown in Table9.
We discusslatency effect Þrst. Recall from Section5.3 that

perfecthasthelatency of latency-optimizedandthebandwidthof
perfectpipelining. To isolatelatency effect of wire delaysfrom
bandwidth effect, we analyze the results forperfect.

Single-programoptimal throughputscalesslowly with tech-
nology. Going from 100nm to 50nm, the optimal throughput
improves1.71x (from 3.1 to 5.3BIPS)in nb2b, and1.76x (from
4.6 to 8.1BIPS)in b2b. As comparedto the optimal single-pro-
gram throughputat 100nm,both nb2b and b2b require2 and 4
programsfor 2x improvementfrom 100nm to 70nm and from
70nm to 50nm, respectively. Comparingtheseresultswith the
basecaseresults in Figure7, we see that wide-issuerequires
fewer programsto achieve 2x improvement every generation.
Becauseof more parallelism,SMT utilizes the increasedissue
width available in wide-issuemore efÞciently, and is able to
achieve the 2x improvement with fewer programs.

Next, we discuss bandwidth effect. The throughput for
latency-optimizedis reasonablycloseto thatof perfectin single-
program,but lags behind perfect progressively with increasing
numberof programs.In comparisonwith latency-optimizedopti-
mal single-programthroughput at 100nm, latency-optimized
requires3 programsbothin nb2b, andb2b,for 2x improvementat
70nm.From resultsnot shown here,we found that even 6 pro-
gramsarenot enoughto get further 2x improvementfrom 70nm
to 50nmin bothnb2bandb2b. Themultiprogrammedworkloads,
becauseof their higher bandwidthdemand,show worsescaling
trends forlatency-optimizedin wide-issue than in the base case.

Thethroughputfor bitline-scaledis reasonablycloseto thatof
perfectin all theworkloads.In comparisonwith theoptimal sin-
gle-program throughput for perfect at 100nm, bitline-scaled
requires2 programsto achieve 2x improvementat 70nm,and4
programsto achieve further 2x improvementat 50nm, both in
nb2bandb2b. Comparingwith thebasecasebitline-scaledresults
in Figure8, thewide-issuebitline-scaledSMT requiresfewerpro-
grams to maintain the scaling trends.

6  Conclusions

Usingsimulationswith SPEC2000benchmarks,we foundthe
following: (1) Theoptimalpipelinesfor superscalarbecomeshal-
lower due to slow scalingof wire delaysin future technologies.

Table 9: Optimal c loc k periods f or wide-issue

Tech-
nology
(nm)

Optimal Clock Period (FO4)
No-back-to-back(nb2b) Back-to-Back(b2b)

Number of Programs Number of Programs
1 2 3 4 5 1 2 3 4 5

100 8 8 8 8 8 6 6 6 6 6
70 10 8 8 8 8 8 6 6 6 6
50 10 8 8 8 8 8 6 6 6 6
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FIGURE 9: BIPS results for wide-issue
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(2) An SMT runninga multiprogrammedworkloadwith just 4-
way issuenot only retainsthe optimal pipelinedepthover tech-
nologygenerations,enablingat least43%increasein clock speed
every generationbut alsoachievesthe remainderof theexpected
speedupof two per generationthrough IPC. As wire delays
becomemoredominantin futuretechnologies,thenumberof pro-
gramsneedsto bescaledmodestlyto maintainthescalingtrends,
at leasttill thenear-future50nmtechnology. (3) While this result
ignoresbandwidthconstraints,usingSMT to toleratelatency due
to wire delaysis not that simplebecauseSMT causesbandwidth
problems.We show that using conventional, latency-optimized
RAM/CAM structurespreventsscalingof SMT throughput.(4)
We usebitline scalingto allow RAM/CAM bandwidthto scale
with technology. Bitline scalingenablesSMT throughputto scale
at the rate of two per technology generation in the near future.

Previouspapershaveconcludedthatrevolutionarychangesare
neededto achieve single-programperformancescaling in wire-
delay-dominatedfuture technologies.We have shown that for
multiprogrammedworkloads,SMT sufÞcesfor the near future.
While single-programperformancemaycontinueto beimportant,
many commercialmicroprocessorshave adoptedSMT andfuture
high-performancemachinesare likely to run multiprogrammed/
multithreadedworkloadson SMT. However, moreprogramswill
beneededto continuethescalingtrendsbeyondthetechnologies
we have considered.
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