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Abstract

In this paperwe presentexperimentalresultsobtaineddur-
ing themodelling,designandimplementatiorof afull setof
versionsof SFARC v8 Integer Unit core aimedfor embed-
dedapplicationsn digital mediaproducts.VHDL hasbeen
the descriptionlanguage Synopsistools thosefor the logi-
cal synthesisandDuet TechnologiesEpochhasbeenused
for the physicallayout of thefinal circuits. They have been
mappedo a0.35um, threemetallayersprocessThequan-
titative resultsgiven characterizesuitablepointsin the de-
signspace.They shov how muchmicroarchitecturegesign,
datapathgranularity and module decisionsaffect perfor
manceand costfunctions. Designspaceexplorationdown
to physicallayoutsis madepossibleby modellingtechniques
basedn configurablevHDL descriptions.

1 Introduction

Codesigntechniquedor problemsolving rely on algorith-
mic partitioningand assignmento hardware and software
basedasks.Tasksmappedo hardwareareaimedfor speed

andoften requiredevelopmentof fixed specificprocessors.

In additiona new market hasemegedwith mary compa-
niesoffering IntellectualPropertydesigngn the form of ei-
ther hard coresor soft cores,trying to usesoclet interface
draftstandardslP coresaswell asproprietarycoresarealso
intendedfor their reusein newv productdevelopmentswith
shorttime to market.

Howeverin recentyearsheadwantage®f programmable
solutionshave alsobeenhighlighted. Thesesolutionsrely
on standargorocessorsvailableascoresfor embeddedys-
tems. This approachhelpsin software developmentsince
they are basedon well establishedrocessomarchitectures
and efficient optimisingcompilers. Procesgechnologyad-

vancesarealsobringingthesegprocessorto speednarksthat
male softwaresolutionsever attractive.

As a combination of these trends general-purpose
processorarchitecturesare evolving introducing family
derivations including better support for domain-specific
problems. One of thesedomainsis signal processingand
in particular the digital media domain including audio,
video, graphics and signal processing. Variations and
derivationsfrom establishe@rchitecturesncludeadditional
scalar units, additional extended precision accumulators,
multiply and accumulate(MAC) units, additionalfloating
point (FP) units, different datatype supportand formats
in registers and register files —for instanceto support
limited SIMD operations—,and architecturalextensions
to the instruction set supportedby those units. In the
digital media domain, examplesof this are provided by
MIPS, SFARC, HP PA-RISC, or HITACHI and ARM
processofamiliesamongothers.A comparisorof the state
of the art featuresoffered by theseprocessorsare given
in <http://ww.m ps. com Docunent ati on/ -

i sa5_t ech_brf. pdf >, including alsothe Intel Pentium
family MMX extension.

PentiumandHP PA-RISC are proprietarytechnologies.
MIPS andARM areopentechnologiesn the sensehatthe
architecturds aimedto belicensedo differentmanufictur
ers. SFARC is an openarchitecturebasedon architecture
complianceand designcertification. MIPS hasproven its
succesin thedigital mediadomain for low andmediumend
applications. SFARC architectureshave provenan equiva-
lent potentialto MIPS architecturesn their respectie evo-
lution.

Howevertheimplementatiomparametersvill remainkey
aspectdor successfor giventechnologies Embeddedys-
temsand mary low-end generalpurposesystemsare very
costsensitve. It is critical to find waysto reducecostwhile
increasingperformancePerformancenustnotonly bemea-
suredn cycles/taskpftenoptimisedatpipelineandarchitec-
turallevels,but mustalsoincludeclock frequeny andpower
consumptiorachiezed. Physicalaspectratio is alsoessen-
tial for optimisingembeddecdtoreswith thoseapplication-



specificmemory coprocessoor peripheraldevice modules
thathaveto fit eachotheron-chip.

The purposeof our researcthasbeento study for the
digital mediadomain,theimpacton real state,clock speed,
powerconsumptiorandotherphysicalimplementatioriunc-
tions, of thefollowing variablesandparameters:

e |ISA extensiondgncludingMAC, FR registertypes,and
specialoperators

e Microarchitecturaland designdecisionsfor a given
ISA

¢ Control of physicaldesignby tool managementvith
emphasisin modulesand datapathgranularity deci-
sionsat synthesistime and at placementand routing
time.

With thisaimtheopenSFARC architecturdnasbeencho-
sen.Stagesonductechave been:

e Developmentof VHDL versionsof SFARC v8 ISA
with IU, FPUandVIS extensions

e DevelopmenbfaVHDL basedsynthesi@ndcompila-
tiontechniquewith easilyconfigurable/HDL options,
for flexible synthesif experimentalversionsof each
designandits parameterizegariations.

This papemreportsonresultsobtainedsofarfrom thede-
sign experiencesonductedor the Integer Unit of SFARC.
Section2 commenton pertinentSRARC featuresandmain
streamcompiler technologyto addressSFARC variations
andextensions.Section3 givesa few relevantdetailsabout
the stratgly andtechniqueusedfor modelling of processor
cores. Section4 presentghe layout of the experimentsfor
assessinghe impactof microarchitecturahnd designdeci-
sions,andthatof modulesandgranularityasphysicaldesign
decisionsSection5 presentsa summaryof mainresultsand
their discussion.Section6 concludeghe paperandconclu-
sions.

2 SPARC architecture, compilers and kernels

SFARC is a RISC styleinstruction-sefarchitecturethat de-
fines the instructions,register structureand datatypesfor
theintegerunit (IU) andanlEEE 754 standardloatingpoint
unit. It allocatesopcodesanddefinesa standardnterfacefor
acoprocessounit. It assumes linear 32-bitvirtual address
spacefor userapplicationprogramgNew91].

The reasondor choosingSRARC! asa corearedueto
our purposeo useit in differentapplicationsandin partic-
ularin low-costmultimediaapplicationdBMCN96]. With
this applicationin mind, therewereseveralreasongor mak-
ing this decision:

1. Architecturerelatedreasons:

LIt hasbeenchosemmorespecificallythe SFARC 32-bit version8 specification

e SFARC is an open and scalable architecture,
which leavesthe designemwith a greatdegreeof
freedom.Therearea lot of possibledesignalter
nativesdependingon the performancelesired.

e SFARC is very well-suitedfor real-timeandem-
beddedapplications. Thereare even specificex-
tensionauponthe basicSRARC specificationgs-
peciallydevelopedfor usingSFARC coresin em-
beddedsystems.

¢ Anotherinterestingfeaturefor using SFARC in
embeddedsystemsis that the architecturepre-
sumesthe presenceof a windowed register file.
This is attractive in applicationsvhereprocesses
of different naturecoexist and where fast traps
handlingis required.Supportfor this is achieved
with thewindowedregisterfile sinceit allowsfast
context switching.

2. Compilerandkernelrelatedreasons:

e For the processorcoresin embeddedsystems
a software must be residentin orderto handle
properstart-upmechanismsglevice intercommu-
nication, interruptsmanagementand main pro-
cessexecution. For producingmachinecodefor
theprocessothe GNU C compilerhasbeenused.
By taking the GNU C compiler as a reference
[Sta9] Dar94, theview acompilerhasis a Reg-
isterTransferLevel view of themachineandwhat
arethevalid Register TransferLanguageexpres-
sions. Thatis, the compiler’s view of a processor
is that of the Instruction Set Architecture. This
includesary architecturalextensions. From this
knowledgethe compileris capableto producean
optimizedmachinecodeprogramthatwill corre-
spondto a certaintaskdescribedn the program-
ming language.

e Therearesoftwaredevelopmentoolsalreadycre-
atedfor SFARC thatcanhelpin the design,effi-
cient compilationand delhugging of the software
to berunonthesecores.

e Theintroductionof Windows CE opensthe area
to new multimediaapplicationgor hand-helde-
vicesbasedon non-IntelprocessorsThereis ex-
tensie supportgiven by otheroperatingsystems
includingreal-timeonesfor the SFARC platform.

3 Modelling strategy for the processor core

By makingatraditionalcustomizedartition of oneof these
systemsa high degreeof freedomhasresultedfor decid-
ing the main featuresof the processocore. In this way ar
chitecturalandimplementatiorparticularitiescan be better
exploited.



Themodellingproces§BMCN97] is highly basednthe
useof a graphicalschematicgool with which a systemcan
bedescribedhsaninterconnectiorof differentelements At
the sametime, eachelementcanbe describedby meansof
anotherschematic®or by a HDL description.By makinga
suitablepartitioningon thetype of basicbuilding blocksthat
shouldbe partof every schematicsthewhole systemcanbe
easilyconcevedanddehugged.

For a processorore, the first partition to be madecor
responddo the traditional view of a processogassplit into
a DataPathanda ControlUnit. On a secondpartition step,
the DataPathis baseduponan RTL view. In this view the
DataPathis concevedashuilt of differentelementgor mak-
ing the calculationsanddatastoringneededn the execution
of the setof implementednstructions.Additionally, special
registersareinsertedo actaspipelineelementgor bothdata
andcontrolsignals.

Ontheotherhand,the ControlUnit is split into two sub-
units. Thefirst oneis for managingthe decodinganddis-
patchingexecutionof instructions,aswell asfor sequenc-
ing managementThe secondoneis the main heartof the
wholemachinewith thecentralFinite StateMachinewhich
rulesall theactionsperformedandthe elementgor produc-
ing propercontrol signalsfor the differentelements.These
signalsdependon the FSM, Instruction Register contents,
trapsmanagemengxternalsignals,andotherelements.

As showvn in [BMCN97], this centralizedalternatve is
bettersuitedthan the one basedon distributed FSMs (see
figure 1) becausét allows a bettercontrolof theinstruction
set,in aflexible designworkbench.This strateyy offersaddi-
tional significantbenefitswhich resultin a well suitedenvi-
ronmentfor makingneedednodificationson theinstruction
setin whatrespectso the decodingogic.

Modifying the instructionset can imply the modifica-
tion, removal or appearancef specificprocessoresources
in the architecture. This operationis flexible indeeddue
to the facilities provided by the graphicalernvironmentand
the featuresof the hardware language. This also applies
to implementationand architecturaldecisionsupon local-
ized elementsof the architecture. Other parameterization
optionsare also possibledue to the capabilitiesof the de-
scriptionlanguagein which, by meansf constantsspecific
behaiour optionscanbeenabledr disabledn thesynthesis
steps.

4 Experiments: Impact of modules use and microar-
chitectural decisions

Basedon a defined Instruction Set Architecture a large
amountof processorganbe built. Evenbetweentwo pro-
cessorwith the samemicroarchitecturejust a differencein
theimplementationtechniqueof a subparicanmake a major
differencefor goodor for bad.

The ervironmentsetup for our experimentsallows that,
for thesameinstructionset,differentdesignalternatvescan

Control
signals

Control
signals

Control
signals

Control
signals

(a) With distributedFSMs

Bl Pipelining Pipelining Pipelining
Bl Registers Registers X Registers

I

Stage 1 Stage 2 Stage 3 Stagen
Control Control Control Control
Signals Signals Signals Signals

(b) With acentralized=SM

Figurel: Two possibleorganizationdor generatingcontrol
signals

be evaluatedand compared. Theseare introducedinto the
modelsby working on special-purposelementsof the ar

chitectureor by reomganisingsomeof themandtheir inter-

connections.Taking this into account,a setof versionshas
beendevelopedwith the following distinguishingparame-
ters:

1. Ratiosof datapathmodulesvs. standarc:ells.
2. Branchprediction:

(a) alwayspredicttaken,
(b) predicttakenonly if backwards.

3. Checkingof possible modification of the condition
codesby thepreviousinstructionon branchesAs seen
in fig. 2, atthe decodestageof the branchinstruction
in cycle ‘c’, whenfetchingthe instructionin the de-
lay slot, the addresdor the next instructionto fetch
hasto be calculated.The problemis thatInstructionl
could changethe conditionalsoin ‘c’, sothe address
calculatedin this cycle is predicted. A parameteto
evaluatefor makinga predictionor not is to checkif
theconditioncodescouldbe modifiedby Instructionl
or not.

2Thesedesignreferencesvill be usedasalternatvesin tablesl, 2 and3.
31f we wait for the conditioncodesto besetby Exec. 1 for decidingtheaddresso
setin ‘d’, thecycletimeincreases.



4. Calculationof theaddresdor the next fetch

(a) with justanaddoperationin acycle

(b) with two additions.Thisway, thetwo alternatves
are calculatedat a time, the properoneis cho-
sendependingon the sequencinglecisionsand
theotheroneis savedin aregister If atany time
the decisionwaswrong (for instance,in mispre-
dictions),thenthe saved previously is retrieved.

5. Bypassmechanisnset

(a) fromtheendof theexecutionstageof theprevious
instructionto the decodestage pr

(b) from the beginning of the write-backstageof the
previousstageto the executionstage.

¥Instructions L

) bl e

Instrueticn X (Bico)

==

Instruction 3 (delay slot)

3 e

Predicted Instruction

A pedfedbed

Post-~prediction Instruaction

D+1 D+1 || D+1 D+1

@0 00000 06

Figure2: Timing of conditionalbranches

5 Results

Within this benchof versionsa setof implementationsiave
beencarriedout. Thetechnologychoserhasbeena 3-metal
1-poly 0.35 um CMOS process.The physicalsynthesisof
this subseif implementationhasbeendevelopedin auto-
matic mode—asthe tools can be further forcedto achieve
specificphysicaldesignconstraints—This way, benefitsof
microarchitecturahnddesigndecisionscanbe betterevalu-
ated.

Tables1, 2 and 3 summarizeguantitatve datafrom the
experiments.Thefull setof implementationstheir physical
layouts,and othermeasurementandratiosobtainedcanbe
seenin [Bau99. Fig. 3 givestwo samplelayouts.

The nameof the tablessummarizecombinationf sev-
eral physicaldesignparameters.Option ‘2.a, 4.a,5.a’ in
table1l meansanimplementatiorwith ‘predict taken’, ‘one
addpercycle’ and‘'by-passfrom endof executionstage’and
referto section4.

Many qualitatve considerationsan be analyzedfrom
thesedata, sincethey shown significantperformancevaria-
tions. This analysigs bestcarriedoutjointly with datafrom

otheron-chipcircuit blocksrequiredby theembeddedppli-
cationunderconsiderationandstresseshe corvenienceof
theflexible designstrateyy setup for the experiences.

Tablel: ‘Lowest’ amountof modules

Options ‘ Area Power Freq.

Transistors
(sg.mm) | (MW/MHz) | (MHz)

2.a,4.a5.a 15.2719 10.21932 | 53.38 184602
2.a,3,4.a,5.a | 18.7347 10.68084 | 66.27 187564
2.a4.b,5a 15.3189 10.07378 | 58.28 186088
2.3,3,4.b,5.a | 13.5150 10.68283 | 59.36 187884
2.3,4.b,5.b 15.6237 10.52504 | 61.70 184035
2.b,4.b,5.a 14.8836 10.55471 | 67.19 187580
2.b,3,4b,5.a | 13.2435 9.98221 70.93 185909

Table2: ‘Mean’ amountof modules

Options Area Power Freq. | Transistors
‘ (sg.mm) | (MW/MHz) | (MHz) ‘
2.a,4.a,5.a 16.9508 10.35614 54.95 173583
2.a,3,4.a5.a | 11.4791 9.42461 58.67 169896
2.a,4.b,5.a 12.0548 9.37507 89.18 171634
2.a,3,4b,5.a| 7.3983 9.17711 90.63 172104
2.a,4.b,5.b 10.3395 9.56579 75.65 169724
2.b,4.b,5.a 7.8112 9.14947 90.44 172228
2.b,3,4.b,5.a | 12.6047 9.63190 82.77 173816

Table3: ‘Highest’ amountof modules

Options Area Power Freq. | Transistors
‘ (sg.mm) ‘ (mW/MHz) | (MHz) ‘
2.a,4.a5.a 12.3987 10.10201 | 65.99 171978
2.a,3,4.a,5.a | 11.5498 10.09086 | 70.84 171846
2.a,4b,5.a 11.8015 9.96977 94.18 174285
2.a,3,4.b,5.a | 10.2570 10.09608 | 88.43 175240
2.a,4b,5.b 13.1659 9.99910 76.78 173631
2.b,4.b,5.a 12.6801 9.64188 96.94 174667
2.b,3,4b,5.a | 10.9568 9.79798 94.27 174292

As ageneraktonclusionthemorestandardellsusedthe
lessoptimalthe designresults. As far asmoremodulesare
insertednsidethe design speedandotherfunctionsusually
getimproved. In someoccasionghis is nottherule. Some
reasonsor this canbefound,in part,in thedetailedconnec-
tion mechanismsf thedesigntools,which couplinghasnot
beenfully achieved.

On the other hand, areais an item someha unpre-
dictable when modulesand standardcells coexist on the
samedesign.Fromtheresultsit is clearhow muchdesigner
interventionandguidanceas adviceablevhenanarea/shape-
optimizeddesignis desired.

6 Conclusions

In this papemwe have shavn someexperimentatresultsfrom
themodelling,designandimplementatiorof setof versions
of SFARC v8 Integer Unit. As it hasbeendemonstrated,
theimpactof microarchitecturenddesignfeaturesaswell
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Figure3: Two differentversionsof the SFARC v8 IU

asthe impact of the useof custommodules,can be deci-
sive in the performanceobtainedfrom a design. This is in
additionto the plenty of architecturaldecisionsthat canbe
incorporatednto large embeddedgrocessodesignsat dif-
ferentlevels.

Furtherwork will reporton similar quantitatve studies
including Register File sizesand formats, FPUs,and VIS
extensions.
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