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Abstract

This paperdescribesa designflow for data-dominatedembed-
dedsystems.We useTheMathworks’Simulink��� environmentfor
functionalspecificationandalgorithmicanalysis.Wedevelopeda li-
brary of Simulinkblocks,each parameterizedbydesignchoicessuch
asimplementation(software, analog or digital hardware, ����� ) and
numericalaccuracy (resolution,S/Nratio). Each block is equipped
with empirical modelsfor cost (codesize, chip area) and perfor-
mance(timing, energy), basedon surfacefitting from actual mea-
surements.We alsodevelopedan analysistoolboxthatquickly eval-
uatesalgorithm and parameterchoicesperformedby the designer,
andpresentsthe resultsfor fast feedback. Thechosenblock netlist
is thenreadyfor implementation,by usinga customizationof The
Mathworks’RealTimeWorkshop��� to generatea VHDL netlistfor
FPGA implementation,as well as embeddedsoftware for DSPim-
plementation.

1. Introduction

Moreandmoreapplicationdomains,from consumerelectronics,
to embeddedcontrol, arebenefitingfrom the electronicrevolution.
Embeddedsystemsarethusrapidlybecomingadriving factorof the
explosivegrowth of theelectronicindustry. Ontheotherhand,more
andmoredesignersneedto beableto exploit digital andanalog,off-
the-shelfandapplication-specificelectronicsin theirdaily work, and
copeboth with their traditionalapplicationdomainof expertise,as
well aswith hardto masterElectronicDesignAutomationtools.

Timing, power dissipationand reliability aresomeof the main
performancecriteriathatmustbesatisfiedwithin tight time-to-market
andcost constraints. This requiresa drasticchangein the design
methodologyin orderto copewith theexponentialgrowth of com-
plexity of digital andanalogelectronicsthatcanfit on a singlechip.

We advocatea designmethodologythaton theonehandallows
thesystemdesignerto concentrateonahigh-level functionalspecifi-
cationusingfamiliar toolstailoredfor his specificapplicationarea.
On the other handour methodologyprovides a rapid feedbackon
theeffectsof algorithmicchoicesandof differentarchitecturalsolu-
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tions,onthecostandperformanceof thesystembeingdesigned.We
claimthatthiscanbeachievedwith aflow thatseparatesfunctional-
ity fromcommunicationandarchitecture. In this way, performance
and cost can be automaticallyestimatedbasedon a user-defined
mapping from functional blocks (suchas gains, integrators,FIR
filters, IDCTs, andextendedFSMsreactingto userinputs)to archi-
tecturalentitiesandcommunicationresources(suchasprocessors,
DSPs,ASICs,FPGAs,busesandmemories)[1].

The designermust be offered the opportunity to tradeoff be-
tweensoftware (for flexibility) andhardware (for performanceand
low power), without having to worry aboutdetailssuchasthehard-
ware/softwarecommunicationprotocolimplementationatthebit and
cycle level. This enablesquick exploration of the resultsof ar-
chitecturaldecisionssuchas the numberof processors,the hard-
ware/softwarepartitioningandnumericaccuracy.

In thispaperweproposeanimplementationof thatmethodology
thatrelieson:

1. thewell-known andwidelyusedfunctionalspecificationframe-
workSimulink��� [4] fromTheMathworks,enhancedto com-
putecostandperformancefunctionssuchastotal bytesizeor
energy,

2. anin-houseIP library:

(a) parameterizedby implementationchoice(software,hard-
ware,analog,digital, ����� ), bit width,architecture(serial,
parallel, ����� ), pipelininglevel, andsoon,

(b) equippedwith a cost and performancemodel for each
block, estimating(basedon a secondordercurve-fitting
processfrom real implementationdata)chip area,byte
size,clock cycles,energy peroperation,etc..

(c) including key blockssuchasall the standardSimulink
blocks(gains,integrators,derivatives,genericfunctions,
zero-poletransferfunctions,etc.)augmentedwith a few
Simulink toolboxes(likecontrol,neuralnetworks,fuzzy
systems,etc.).

We choseSimulink to implementour designflow becausemost
engineersgraduatingtodayhave beentrainedextensively to useit.
It is alsoone of the most widely usedspecificationandmodeling
environmentsin theareaof embeddedcontrolandsystemmodeling.

Alternatively, ourdesignflow andlibrariescanalsobeusedasan
acceleratorfor Simulink simulations.In this case,all blockscanbe
mappedonto an appropriatehardware/softwareplatform (often in-
cludinganFPGA),whichcanthenrunsimulationsata muchhigher
speedthana general-purposePC would do. Obviously this ideais
feasibleonly whensimulationtime is significantlyhigherthancom-
pilation time.



Thepaperis organizedasfollows. Wefirst outlineour functional
andperformancesimulationframework. We thendiscussthe sup-
portedtechnologiesandarchitectures.Section4 discusseshow per-
formancemodelsareevaluated,while section5 describesa simple
applicationexampleto illustratetheperformanceof our designflow
andlibraries.

2. The Simulation and Performance Evaluation
Framework

While definingaSimulinksystem,thedesignerselectsfunctional
blocksfrom a largelibrary includinglow-level functionssuchasad-
dition, multiplicationandmax/min,aswell ashigh-level taskssuch
asFIR filters or arbitrarytransferfunctions,andIP librariessuchas
neuralandfuzzy evaluationblocks.Thelibrary is built by usingthe
standardSimulinkmodelfor eachblock,andaddingto it amaskthat
containsboth

1. theparametersto besetby thedesignerduringalgorithmicand
implementationexploration(seesection3.1),

2. empirical models(derived asdiscussedin section4) for the
costfunctionsto beevaluated.

A functionalsimulationcanthenbecarriedout to validatethede-
sign,usingthestandardSimulink simulationenginewhich supports
continuoustime andsampledtime simulations1. In this paperwe
focuson specificationsthat canbe functionally representedwholly
in the digital domain,and that can be implementedon a platform
includinga processorandprogrammablehardware(FPGAs),there-
fore we choseto usesampledtime simulations,except for analog
implementations.

Eachalgorithmicandarchitecturalchoicecanthusbeevaluated
both in termsof functionality, usingthestandardtoolsprovidedby
The Mathworks, and in termsof cost andperformance,usingour
costmodelsfor eachblockandfor theentiresystem.

The estimatedperformancedataare composedacrossmultiple
blocks and hierarchicalentities, either by addition (for quantities
suchasenergy or codesize),or bycritical cycleanalysis(for system-
level throughput),asindicatedin section4.1. Notethatthedataflow
processmodel[2] usedby theSimulink sampledtime simulatoren-
suresscheduling-independentbehavior andperformance.

Hencethe computationalload (for software)andchip area(for
hardware)imposedby oneblockaresimplyaddedto thatof all other
blocksmappedto thesameresource(CPU,FPGA,ASIC, etc.).The
resultsof thecostandperformanceanalysisis shown to thedesigner
by changingthetext associatedwith a specialblock,which mustbe
containedin everydesignto beanalyzedusingourmethodology, and
thatexecutestheestimationcomputations.

Thecostandperformancemodelsfor eachblock areobtained:

	 for hardwareblocks,by curve fitting on a selectedsetof im-
plementationsfor a representative combinationof parameter
values(asdiscussedin section4),

	 for softwareblocks,from worstcaseexecutiontime or power
estimation[3, 5].

In both cases,all the quantitiesof interestmustbe presentedto
the simulatorasa parameterizedfunction that canbe evaluatedby
Simulink. Thefunctioncandependonall thedesignparametersthat


Theformeris obviouslymoresuitedfor simulationsof thephysical

environmentwheretheembeddedsystemoperatesor to modelana-
log components,while the latter is muchmoreefficient for digital
sampledhardwareandsoftware.

cancustomizethe performanceandcostof the block, suchas, for
example:

1. Theimplementationchoices(software,hardware,digital, ana-
log, bit-serial,parallel, ����� ).

2. The bit parallelismor analogtoleranceof the block (that is
alsousedin functionalsimulationto determinetheS/N ratio)
andthedataformat(signed,unsigned,����� ).

3. The numberof pipeline levels (usually1, althoughcomplex
blockscanhave morelevels; it canalsobe set to 0 to make
blockspurelycombinational).

4. Theclock frequency andthekind of processor.

Oncetheimplementationdecisionshavebeenmade,theSimulink
netlistwith thearchitecturalparametersis processedandsplit in one
part for eachimplementation.The softwarepart is thenpassedto
The Mathworks’ RealTime Workshop��� [4], while the hardware
partis processedby a modulegenerator that

	 selectsandparameterizestheappropriatesynthesizableVHDL
block (takenfrom oneof our libraries),and

	 generatesa VHDL netlist, including automaticallygenerated
interfacesbetweenarchitecturalcomponents(e.g. between
hardware andsoftware blocksandbetweenparallel andbit-
serialblocks).

The designmethodologyin itself is not new, andhasbeenthe
subjectof a numberof papersbefore. Moreover, therehave been
recentannouncements(but notenoughactualdetails)of commercial
offeringsof hardwareandsoftwareimplementationsof Simulink li-
braries[6]. Our approachis different,however, becauseit provides
the system-level designerwho haslimited experiencein electronic
designwith quick feedback on theconsequencesof his choices.Al-
ternativesbasedondetaileddesignandevaluationdonotmatchwell
the fastdesignturnaroundtimesof modernembeddedsystems,and
requirea hardware and software designexpertisethat may not be
widely available.

The improved flexibility andeaseof useis paid by a lesserac-
curateestimationof performance.Yet a suchfasterdesignflow al-
lows to analyzemany morearchitectures,selecta handfulof can-
didates,which can thenbe analyzedmoreaccuratelywith the tra-
ditional approach(namely, post-layoutsimulationfor hardwareand
cycle-accuratesimulationsfor software).

3. Technologies and Architectures

EachSimulink block in our library canbe implementedin one
of severalpossibletechnologies:software, that is a pieceof codeto
be run on the embeddedCPUcore;digital, that is a pieceof hard-
warethatcanbeeithermappedontoan(embedded)FPGA,or on a
standard-cellbasedVLSI block; analog, that is a pieceof hardware
mappedon eitherananalogfull-custom,or ananalogstandard-cell
block; external, which merelyemulatesthe part of the systemex-
ternal to the chip/board(for instance,the systemto be controlled),
and thereforeneednot be convertedto neitherhardware nor soft-
ware. Externalblocksare insertedonly for the purposeof overall
system-level simulations.

Digital technologiescanbe designedin oneof several architec-
tures. A few examplesare: synchronousparallel,synchronousbit-
serial (leadingMSB), synchronousbit-serial (trailing MSB), syn-
chronoussystolic,asynchronousparallel,adiabaticparallel,etc.

Differentarchitecturescanalsobe chosenfor analogtechnolo-
gies,suchas:single-endedvoltagemode,differentialvoltagemode,



single-endedcurrentmode,differential currentmode,pulsewidth
modulation,frequency modulation,etc.

Interfacesarehandledbymeansof appropriateinterfaceSimulink
blocks(e.g.A/D, D/A converters,PWM andencoderdrivers),which
areinsertedbetweenhardware,software,andexternalblocks. This
stepis currentlymanual,but weareworking towardsits automation.
For instance,anA/D converterblock(thatresultsin theinstantiation
of the appropriatehardware block andsoftware driver) is inserted
betweenanexternalanda digital block,or betweenananaloganda
digital block, whereasa busdecoderis insertedbetweena software
anda digital block.

An appropriateattribute(seesection3.1) is associatedwith each
block to choosethe desiredtechnologyfor that block. To simplify
the specificationanddesignof complex blocks, attributesof hier-
archicalblocksare inheritedalong the hierarchy, unlessotherwise
indicated.

We arecurrently in the processof designinga family of imple-
mentationsfor eachSimulink block (ideally we would needat least
oneimplementationfor eachtechnologyandfor eacharchitecture;
currentlyweareplanningto provideall implementationchoicesonly
for the most frequentlyusedblocks). We are of coursenot plan-
ning to designa hardware implementationfor blocks suchas text
andfile I/O. Currentlywe implementedmostSimulink blocksusing
thesynchronousparalleldigital architecture.A few blocksarealso
availablein synchronousbit-serialarchitectures.Asynchronousand
adiabaticarchitectureswill beaddedin thenearfuture. We alsode-
signeda few analogarchitecturesfor matrix-vectormultiplications
andneuro-fuzzyblocks[7], andin orderto improve compilationef-
ficiency for specificapplications[8]. Softwarearchitecturesneedno
library, aswe useTheMathworks’ RealTime Workshopto convert
from Simulink to C code.

Wheninvoked, an ad-hoccompilerreadsfrom the librariesand
generates,for eachSimulinkblock,adescriptionin alanguagewhich
dependsontheassociatedarchitecture.In particular:softwareblocks
aredescribedin ANSI-C, which canbecompiledfor mostcommer-
cial � Cs,DSPsandcores;digital hardwareblocksaredescribedin
VHDL-93, which can be compiledby most silicon compilersfor
both ASICs andFPGAs;analoghardwareblockscanbe described
in eitherAMS-VHDL or by meansof the CadenceSkill language;
externalblocksneednotbecompiled,asthey arenotpartof thesys-
tem underdesign. Hybrid systemsdesignedusing more than one
technologyor architectureareautomaticallyconvertedinto onepar-
tial descriptionfor eachtechnologyused.

3.1. Design attributes and signal types

A new set of attributeshasbeenaddedto the original onesof
eachSimulink block (e.g., gain for an amplifier, transferfunction
for a filter, numberof pointsfor anFFT). Thesedefine: technology
andarchitecture numericaccuracy (datawidth, binary point posi-
tion, truncationandoverflow handlingmethod),someperformance
trade-offs (processorandhardwareclock speed,numberof pipeline
levels in hardware),typeof signal(scalar, vectoror matrix; vectors
andmatricescanbetime-serialor parallel)andits encoding(signed,
unsigned, or sign+modulus, plus someother useful encodingsfor
low-power systemssuchas redundantnumberingsystems), and a
few othercharacteristicsof theblock. Analog implementationsare
intrinsically continuous,althoughan appropriateattribute specifies
themaximumallowedS/Nratio andbandwidth. Signalsin software
blockscanalsobefloatingpoint (if supportedby thechosenCPU).

The numberof pipeline stagesis usually either 0 (for purely
combinationalblocks,without flip-flops), or 1 (for blockswith one
storageelementat eachoutput, for pipelining); it can sometimes
be larger, in more complex blocks (suchas neuro-fuzzysystems,

or filters, or zero-poletransferfunctions). The numberof pipeline
stagesdirectly affectsthe trade-off betweenlatency andmax clock
frequency, andindirectlyalsothatbetweenareaandpowerconsump-
tion. Attributesareinsertedby meansof standardSimulink dialog
boxes,asdescribedin section2.

3.2. Modularity of digital blocks

Most digital hardwareblocksare internally composedof a few
interactingblocks,both for simulationandfor hardwareimplemen-
tation2:

1. theprotocolcell, which handlesall andonly theprotocolsig-
nalsindependentof block function;it interactswith theactual
functionalblock by meansof a few signalswhich enablethe
pipelinestorageelements(if present)andresetaccumulators
andcounters(whenpresent). Thereis oneprotocol cell for
eacharchitecture;

2. oneor moredataconversioncellswhichconvert numericres-
olution,dataformatandhandletruncationandoverflow of in-
putandoutputdata(whenthey donotmatcheachother).Also
thefunctionof this cell is independentof block functionality,
andit is parameterizedby thenumericaccuracy attributes(see
section3.1)of input andoutputports;

3. the main functionalcell, which implementsthe actualblock
functionality (e.g. gain, integrator, filter, ����� ). This cell can
be in turn madeof a few simpler interactingcells,whenthis
simplifiesdesign(designreuse).

Themainfunctionalcell doesnothaveto handleprotocolsignalsnor
dataconversions,thuseasingthedesignof a new block.

The correctnessof datatransfersis guaranteedby the protocol
cell, whichremovesthatburdenfrom thefunctionalcell. In asimilar
way, dataconversioncells take careof adaptingresolutionanddata
formatamongdifferentcells.

In addition,theprotocolcellsaresuchthatseveralfunctions(namely,
all thosewhich do not requirehaving an internal




 delay)canpro-

cesseitherscalaror time-serialvectorsor time-serialmatricesin a
transparentmanner. Asaconsequence,theverysameblockautomat-
ically adaptsto thenumberof elementsin the scalar/vector/matrix.
Only someperformancefigure (namely, energy per cycle, seesec-
tion 4) areaffectedby thatnumber.

4. Simulation and Performance Models

Simulink blocks are simulatedin time-discretemode, namely
oncefor eachSimulink time step.

Thedataexchangeparadigmunderlyingtheproposeddesignflow
for synchronous(or bit-serialor systolic)hardwareandfor software
requirestheavailability of two independentclocks:

1. a systemclock, that is (on the boardsthat we used)both the
global clock for sequentialblocksin hardware,andtheCPU
clock for software;

2. one timing clock to give appropriatefunctional timing to the
blocks. This clock is the implementationcounterpartof the
discretetimesimulationclockof Simulink(severaltimingclocks
areusedin multi-rate Simulink systems).The timing clock
is generatedeither by an appropriatehardware timing block

�
Implementationmodularityis essentialin orderto keepthelibrary

manageable,andwe noticedthat theoverheadis mostlyeliminated
by thelogic synthesisstep.



(addedto the Simulink netlist as appropriate),or by some
otherexternalsub-system.

Asynchronoushardware blocks only requirethe availability of
thetiming clock,while analogblocksmight requireno clock (when
usedin continuoustimemode).

Thanksto thechosendataflow paradigm,eachblock is triggered
every timeanew dataitem(token)is presentateachinput,andeach
new dataat theoutputof ablockautomaticallytriggersall thedriven
blocks. Blocks can be either combinationalor sequential. In the
former case,dataareoutputwithin the sameclock cycle, while in
the latter case,they aresampledat the next rising edgeof system
clock.

Simulink blocksarechained;eachchainoriginateseitherfrom a
signal source, or from an external interface, or from samplingor
storageblocks (e.g. unit delay, or discrete integrator in forward
Euler mode),namelyany cell which synchronizeswith the timing
clock.

Loopsof blocksthatdo not includeeithera sampling,or a stor-
age,or anexternalblock, mustbestrictly avoided. This is because
the dataflow paradigmwould createa deadlockcondition in pres-
enceof a loop, unlesssamplingor storageblocksbreakit. In prac-
tice,Simulinkitself doesnotallow suchasituation,andgeneratesan
errormessagebeforestartingany simulation.This constraintmakes
the computationof somesystemperformancefigures(e.g.,latency
andthroughput)mucheasier.

Currentlywe dealwith the following performancefigures. For
hardware: latency(for synchronousimplementations),which gives
block delay in termsof clock cycles; throughput, which gives the
fractionalnumberof dataprocessedperclock cycle; maxclock fre-
quency, which givesthemaxclock frequency of eachblock; energy
dissipationper timing cycle; area, which givessystemsize,either
in termsof Si surface(for ASICs)or numberof cells (for FPGAs);
and,for software: codesize, which givesthesizeof codein bytes;
clock cycles, which givesnumberof CPU clock cyclesto compute
oneSimulink time-step.

Eachblock is associatedwith a performancemodelwhich pro-
vides the systemwith the performancefiguresof that block as a
functionof block attributes.Our designflow thencombinesthe in-
dividual figuresasdescribedin section4.1 anddeliversto theuser
the overall performancefigures,which can be usedto evaluateto
qualityof thechosenarchitecturesandto comparethatagainstother
implementationchoices.

Currentlythestructureof performancemodelsof eachblock re-
flects the commoninternalstructureof the blocks themselves (see
section3.2). Partial modelsaregeneratedfor theprotocolcell, the
dataconversioncellsandthemain functionalunit. They aresubse-
quentlymergedtogetherto provide thecompleteblockmodel.

Eachpartial modelis a functionof differentparameters(for in-
stance,themodelof dataconversionblocksis a functionof numeric
accuracy parameters,while themodelof functionalblocksis afunc-
tion of numberof pipelinelevelsandinternaldatawidth). Theindi-
vidual partialmodelsaregeneratedby 2��� orderpolynomialfitting
of empiricaldataobtainedafter synthesisof a numberof different
caseswith differentdatawidths,pipelinelevels,etc. Theprocedure
of model generationis partially automated,andmust be executed
oncefor eachblock in eachsupportedtechnology.

4.1. Computing overall performance

Thegoal is to performsystemsimulationutilizing thecomputa-
tional power of Matlab��� while preserving,as muchaspossible,
the look and feel of the simulationenvironment. Threegroupsof
parametersareaddedto every standardblock:

1. Softwareimplementationparameters;

2. Hardwareimplementationparameters;

3. Modelsof performance;

In addition,a flag is associatedwith eachblock to indicatethe
type of implementationused. With theseflag andparameters,the
block containsall the informationaboutits implementationandits
local performance.This techniqueis usedto extendany Simulink
block into anextendedblock for performanceanalysis.

This extensionis completelytransparentto theSimulink simula-
tion. Thecomputationof performanceis startedby the initialization
block whichmustalwaysbeplacedinsidetheSimulinknetlistby the
designer. Oncetheblockis inserted,it will alsodisplaytheestimated
systemperformance.

Before launchinga simulation, the designerhas to set the in-
tendedtype of simulationinsidethe parametermaskof the initial-
ization block. Two typesof simulationarepossible:eithera func-
tional simulation(standardSimulink simulation)or a performance
simulation.

Performanceestimationis executedby an algorithm written in
Matlab, and executedwhen the Start commandis selected. Mat-
lab allows expressionsthatareexecutedwhentheblock diagramor
a block is encounteredduring netlist traversal. Theseexpressions,
called”call-back” routines,areassociatedwith blockparameters.By
usingoneof theseparameters,a function,‘InitFcn’, is associatedto
theInitialization Block to evaluatetheperformanceparameters.By
usingthis functionthepre-simulationis split into two parts:first the
whole Simulink netlist is loadedinto the Matlab Workspace.The
resultof this first parsingstepis a directedgraph. For eachblock
(graphnode)the local parametersof performanceareevaluatedus-
ing theirassociatedmodels,asdiscussedin Section4.

In a secondstep,all the local dataare merged to producethe
overall performancefigures.Thefollowing figuresarecomputedfor
thehardwarepartition:

1. area:it is obtainedby summingupall theindividualestimated
areasof eachblock (for ASIC implementation)or the esti-
matednumberof logic cells(for FPGAimplementation);

2. energy consumption:it is also obtainedby summingup all
energy consumptions;

3. latency: it is obtainedby finding the longestpath, in terms
of numberof pipelineregisters,betweenany input andoutput
(including




 samplingblocks,thataresplit into an input and

anoutput);

4. max clock frequency: it is obtainedby taking the minimum
amongthemaximumclock frequenciesof eachsingleblock3.

Similarly, the following figuresare computedfor the software
partition:

1. codesize:it is obtainedby summingupthesizeof all software
cells;

2. cycle time: it is obtainedby summingup thecycle time of all
softwarecells(basedon thepropertiesof thesingle-ratestatic
schedulerusedby RealTime Workshop);

Thecomputedfiguresaredisplayedwithin theinitializationblock.
�
Unfortunately, timing estimationat this level is too roughto allow

oneto estimatethe clock frequency whenthereareblockswithout
pipelineregisters.In thiscasea full synthesisrun is required.
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Figure 1. Plots of estimated (contin uous line) and actual (cir cles) perf ormance versus numerical accu-
racy.

Resolution estimated actual
/pipeline logic cells energy latency maxfreq. logic cells energy latency maxfreq.

(bits/levels) ALTERA (pJ/cycle) (clock cy.) (MHz) ALTERA (pJ/cycle) (clock cy.) (MHz)
8/0 136 1,564 1 8.2 136 1,566 1 13.2
12/0 196 2,249 1 7.4 195 2,245 1 11.8
16/0 255 2,932 1 6.7 254 2,923 1 10.5
24/0 374 4,297 1 5.8 372 4,275 1 8.4
8/1 232 2,668 4 26.7 203 2,337 4 28.9
12/1 320 3,680 4 24.2 281 3,235 4 28.1
16/1 408 4,692 4 22.3 359 4,137 4 27.1
24/1 583 6,708 4 19.8 518 5,954 4 24.0

RMS error(%) 9.36 9.36 - 25.8

Table 1. Estimated and actual perf ormance .

5. An Application Example: Control of a Brush-
less Motor

One of the first real-world applicationsof our designflow and
librarieshasbeentheclosed-loopcontrolof a brushlessmotor. Al-
thoughbeinga rathersimpleproblem,it hasseveralcommercialap-
plications,thereforeit is a reasonabletestbench.

OurtaskwastocontrolaMAXON brushlessmotor(three-phases,�����
, ����� ) with a 500pointsper revolution incrementalencoder.

It wasdrivenby a three-phasen-MOSbridge,which hadto becon-
trolledby a PID controller, for constant(programmable)speed.

Figure2showstheSimulinkmodelusedtomodel(blocksGain3
andZero-Pole) andto control (all otherblocks)themotor. The
motormodelwasintentionallyvery simple,yet accurateenoughfor
thegivenapplication.

BlocksIntegrator, Derivative, Gain, Gain1, Gain2,
Sum andSaturation implementa closed-loopPID controlwith
programmablePID gains.

The systemhasbeensimulatedin Simulink, with a continuous
time simulationmodel (with the Runge-Kutta integrationmethod),
with a

�����! 
samplingfrequency, while in thehardware implemen-

tation a time-discreteintegrator andderivative methodshave been
used.

Themotormodelblockshavebeenflaggedasexternal brushless
andexternal encoderrespectively, while themotorcontrollerblocks
(namely, thePID) havebeenflaggedashardwaresynchronousparal-
lel. TheStep block (namely, thereferencespeed)hasbeenflagged
assoftware, assumingthatit will beimplementedon a DSP.

The Simulink modelwas thencompiled,andappropriateinter-
faces(seesection3) wereinsertedbetweenhardware andexternal
blocks(namely, thelogic of thebrushlessmotordriver). An encoder

driver was insertedasan interfacebetweenexternal andhardware
blocks.

Thetransientbehavior of thesystemwasbothsimulatedandmea-
suredon therealsystem.Matchingwasgood;theonly minordiffer-
encewasdueto theapproximatemodelof themotor.

5.1. Accuracy of Performance Estimation

Table1 shows the estimatedand the actualperformanceof the
proposedexample,for different levels of numericaccuracy in the
digital hardware portion (compiledon an ALTERA 10K40 FPGA
with " � power supply). Estimatedperformancefigureshave been
obtainedasdescribedin section4.1, while actualperformancefig-
ureshavebeenobtainedaftercompletecompilation,synthesis,place-
mentandrouting. The last row givesthe meansquareerror of the
estimate,which is reasonablygoodwhenconsideringthat the pro-
posedperformancemodelscanbecomputedat leastthreeordersof
magnitudefasterthanthewholesynthesisprocess(FPGAplacement
androutingis especiallyslow).

Thanksto the high speedof the proposedperformanceestima-
tion, it is veryeasyto obtaingraphssuchasthoseshown in figure1,
which plot overall performanceasa function of sometradeoff pa-
rameter(like numericaccuracy, in theproposedexample).

Table2 givesthe performanceof the proposeddesignflow and
librariesfor useasaSimulinkaccelerator, whenrunningonapropri-
etaryhardware/softwareplatform(with a TMS320C30DSPandan
ALTERA 10K40FPGA),developedby anothergroupatourUniver-
sity [8]. Theperformanceof theoriginal Simulink modelandof the
correspondinghardware/softwareimplementationgeneratedby our
systemarecompared.The “simulation speedup”columnindicates
how fastertheacceleratedhardwareemulationis thantheSimulink



Parameter Simulink HW Improvement
Speed-up 0.5 1,000 2,000
Samplefreq. (max)

�#���$ �&%'�$ 
2,000

Size(8 bit) - 1.6%of ALTERA 10K40 -
Size(16bit) - 3.0%of ALTERA 10K40 -
Power (8 bit) @

�&%'�$ � ����� (�� � (*)+� 590,000
Power (16bit) @

�&%'�! � ����� ,�� "-"&)+� 195,000
Compil. time N/A

� "-��. -

Table 2. Performance of our design flo w and libraries compared against Simulink running on a Pentium
II 333MHz, when used as an accelerator of Simulink sim ulations.

Figure 2. Simulink diagram for modeling and
contr ol of a brushless motor with the perf or-
mance monitor bloc k.

simulation. Even in this simplecasethreeordersof magnitudeof
performanceimprovementcanbeachieved.This techniquecanthus
beveryadvantageousfor long simulations,in which thelongFPGA
compilationtimesarecompensatedby thesimulationspeedup.

Ourdesignflow andlibrarieshavealsobeensuccessfullyusedin
otherapplications,like neuro-fuzzyimplementations,asdiscussed
in [8].

6. Conclusion

In this papera new Simulink-basedtool for hardware/software
codesignandarchitectureselectionof high performance,low-cost,
data-dominated,embeddedsystemshasbeenproposed. Different
technologiesandarchitecturescanbechosenandcompared,for each
block of the designlibrary, in order to achieve an optimal power

consumption,areaandspeedtrade-off.
We showedtheeffectiveness,performance,andflexibility of our

tool and library, by using a simple example. It showed that the
proposedarchitectureselectionmethodandtheperformancemodels
provide goodestimatesof overall systemperformancevery quickly,
andthata speedimprovementof over threeordersof magnitudecan
beachievedwith respectto Simulink simulations.
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