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Abstract
The design of any application on a con�gurable

System-on-a-Chip(SoC)like Atmel's FPSLIC is subject
to a lot of constraintsstemmingfromrequirementsof the
applicationand limitations of the architecture. In a top-
downapproach a real-timeMPEG 1 Layer 3 (MP3) de-
coderis designedon thisSoC,which integratesFPGAre-
sourcesandan AVRmicrocontroller core within a single
chip. Anintensivedesignspaceexplorationbasedonsim-
ulationson differentlevelsof abstractionsis fundamental
for a real-timeimplementationon this limited architec-
ture. After determininga suitedfunctionalpartitioning a
specialDSPis implementedon the FPGA,wherefore an
instructionsetsimulatoris build, which allowsconcurrent
HW/SWdevelopment.

1. Intr oduction

As systems-on-a-chip(SoC) are a major revolution
taking placein the designof integratedcircuits, the de-
velopmentof applicationson thesenew architecturesis a
challengingtask as well. The complexity suchsystems
is rising, while the time-to-market window is shrinking.
This leadsto the needof a fastdesign�o w startingwith
high level models.

This work describesthe designof a real-timeMPEG
1 Layer 3 (MP3) decoderon Atmel's AT94K family of
FPSLIC devices. This architectureintegratesFPGA re-
sources,anAVR microcontrollercore,andSRAM within
asinglechip. Besidethereal-timerequirements,thesmall
computationalpowerof theAVR, especiallyin theareaof
�oating point arithmetics,thefew memoryresourcesand
the sizeof the FPGA arethe limitations of the architec-
ture,whichhave to beconsideredby thedesign.

Typical stand-aloneMP3 playersare basedon com-
mercially availableDSPcores(seefor examplethe Mi-
cronasMAS3509, the VLSI Solutions VS1001 or the

STMicroelectronicsSTA013.) Sinceour intention is to
evaluatethemethodologiesof concurrentHW/SWdesign,
wedecidedfor theFPSLIC,becauseit providesmore�e x-
ibility for thedesignprocess.

Startingwith a purefunctionalmodelanimplementa-
tion shouldbe found in a top-down approach.An inten-
sivedesignspaceexplorationis mandatoryin orderto �nd
a valid implementation.Thereforea functionalpartition-
ing anda mappingof thesefunctionalunits to the avail-
able resourcesmustbe derived. But not only a suitable
partitioning hasto be found, also codeand algorithmic
optimizationhasto be performedto ful�ll the real-time
requirements.Anotherpossibledesignspaceexploration
for anMPEG-2DecoderbasedontheSPADEmethodology
is givenin [1].

Becauseof decreasingdesigntimes,thereis a needof
parallel HW/SW development,which implies the appli-
cation of simulatorsfor the development,sincethe real
hardwareplatformis not availableuntil late in thedesign
process.All designdecisionson thedifferentlevelsof ab-
stractionaretakenbasedon intensivesimulations.A sim-
luation basedapproachimplementingan energy-ef�cient
MP3 Decoderis alsoadvocatedin [2].
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Figure 1. Diff erent Simulation Levels

Figure1 illustratesdifferentsimulationlevelsstarting
from apurefunctionalsimulationdownto acycleaccurate
simulation. Increasingmodelaccuracy causesof course
larger simulationtimes. So, at eachlevel of abstraction
theaccordingmodelshouldbe usedfor designdecisions
to save implementationandvalidationtime.



2. DesignConsiderations

This sectionintroducesthenecessarybasicprinciples
of theMP3standardandtheFPSLICplatform.

2.1. MP3

MPEG1 Layer3, asspeci�ed in [3], is a lossyaudio
codingtechnology, whichiscapableto achieveacompres-
sionratioof 1:12in comparisonto CD qualityPCMcoded
audio,without introducinga quality degradationperceiv-
ableby thehumanear. The�rst stepin MP3codingis the
transformationof `amplitudelevel pertime' to `amplitude
level perfrequency' samples,which is appliedrepeatedly
to shorttime framesof 576samples(see[3] for a detailed
description.)A mathematicalmodelof the humansense
of hearing,calledthepsychoacousticmodel,computesthe
assignmentof bitsusedto codeeachof thefrequency sam-
plesof a frame,undertheobjective of minimumperceiv-
ablesignaldegradation.Thesamplesarethenrequantized
to matchtheir respective assignmentof bits, which is the
lossystepin MP3 encoding.In orderto beableto rescale
therequantizedsamplesduringdecoding,scalefactorsare
encodedinto the MP3 bitstream. The requantizedsam-
plesareHuffmancodedin a �nal step,whereforetheISO
standardde�nes32 �x edHuffmancodetables.

Despitethe fact that thereis no needfor a psychoa-
cousticmodel, the decodingprocessis basicallythe in-
verseof thecodingprocess.This is illustratedin the top
sliceof Figure2. Thetransformationstepof frequency to
timesamplesis acompositionof theinversemodi�ed dis-
cretecosinetransform(IMDCT), thefrequency inversion
andthepolyphase�lter steps.

A few constraintsare placedon the quality parame-
tersof the MP3 decodingprocessin order to be able to
achieve a fully working implementationon theenvisaged
architecture(nostereodecoding,16-bit �xpoint computa-
tional accuracy and22.05kHz samplingfrequency at 64
kBit/s.) Sinceour maingoalwasto evaluateSoCdesign
methodologies,we don't considerthisa problem.

2.2. HardwarePlatform

TheAT94K FPSLICproductfamily (see[4]) from At-
mel, Inc. integratesup to 40K gatesof FPGA resources,
an AVR 8-bit RISC microcontrollercoreandup to 36K
BytesSRAM within a singlechip. The AVR is capable
of 129instructionsthatcanmostlybeperformedwithin a
singleclockcycle. This resultsin a20+MIPSthroughput
at 25MHz clock rate.

The FPGA resourceswithin the AT94K devices are
basedon Atmel's AT40K FPGAarchitecture.TheFPGA
partis connectedto theAVR overan8-bit databus.

Both, the AVR microcontrollercore and the FPGA
part are connectedto the embeddedmemoryseparately.
Up to 36K BytesSRAM areorganizedas20K Bytespro-
grammemory, 4K Bytesdatamemoryand12K Bytesthat
candynamicallyallocatedasdataor programmemory.

TheFPSLICis a low complexity andlow costdevice,
which makes it especiallyattractive for our purposefor
several reasons.Whereasthe incorporationof recon�g-
urablehardwareprovidesa lot of �e xibility for designde-
cisions,the severeresourceconstraintscut down the de-
sign space. This work presentshow HW/SW-Codesign
methodologieshelpto tacklethesereal life conditions.

2.3.DesignFlow and Tools

We �rst give a short overview of the various tools,
which wereappliedfor our design�o w. The transaction
level MP3 decodermodel is implementedwith the Sys-
temC librariesversion1.2. C Sourcecodefor the AVR
microcontrolleris compiledwith theGNU CompilerCol-
lection (GCC) version3.2. The FPGA con�guration bit-
streamis synthesizedfrom VHDL with ExemplarLogic
LeonardoSpectrumv20001b. Atmel IDS 7.2 is applied
for placementandrouting. Atmel SystemDesignerv2.1
provides the functionality to integrate FPGA and AVR
machinecodeinto a singlecon�guration bitstream. For
cycle accurateHW/SW CosimulationtheVHDL simula-
tor Model TechnologyModelSimv5.5aandtheAVR de-
buggerAVR Studiov2.0areapplied.

3. DesignSpaceExploration

An intensivedesignspaceexplorationondifferentlev-
els of abstractionis necessaryto ful�ll all constraints
stemmingfrom requirementsof the applicationandlim-
itationsof thearchitecture.This sectiongivesmotivation
for the decisions,which led to a high level systemparti-
tioning with four concurrentlyexecutingcommunicating
units(seeFigure2.)

Certainboundariesof the designspacewerealready
giventhroughtheselectionof hardwarecomponents.The
MultiMediaCardis accessedvia theSPI(serialperipheral
interface)protocolandthe selectedDAC (digital analog
converter)featuresan I2S interface. Neitherof thesein-
terfacesis supportedby the FPSLICdirectly. Sinceit is
clear without the needof extensive analysisthat a pure
softwareimplementationis not reasonablehere,a certain
amountof FPGA resourceshasto be reserved for these
tasks.

ISO provides an unoptimizedbut well documented
and easyto understandsoftware referenceimplementa-
tion for the MP3 decodingalgorithm [5]. We adopted
the functionaldecompositionof this implementation(see
topmostlayerof Figure2.) Timing analysisof the refer-
enceimplementationexecutedon a workstationprovides
thenumbersshown in Figure3 for thevariousfunctional
modules. As can be seenfrom this pro�le the IMDCT
andpolyphase�lter bankstepshavethehighestcomputa-
tional demands.Analyzing the sourcecodeprovidesthe
insight that thesefunctionsarevery data�o w intensive,
whereasall theprecedingstepshave a morecontrol �o w
intensive nature.As a typical microcontrollertheAVR is
moresuitedfor control�o w algorithms.Dueto theAVR's
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Figure 2. Four Layers of Abstraction

8-bit architectureanda slow multiplier unit it is not rea-
sonableto implementthedata�o w intensive IMDCT and
polyphase�lter bankstepsin software. Thoughthe de-
mandon computationalresourcesfor theIMDCT and�l-
ter bankstepscanbealleviatedconsiderablyby applying
the ef�cient DCT algorithmaccordingto Lee [6], those
stepsarestill themostdemandingin theapplication.As
a �rst partitioningstepit wasthusdecidedto implement
the control �o w intensive stepsin software,whereasthe
computationaldemandingstepsare implementedon the
FPGA(seeFigure2, lowestlayer.)
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Figure 3. Pro�le of the ISO Model

Togetherwith MMC and DAC control this already
constitutesthe �nal coarsegrainedpartitioninginto four
units. A port of the ISO referenceimplementationto the
hardwarespeci�cation languageSystemC[7] wasmodi-
�ed andanalyzedto �gure out thedemandsfor buffering
betweenthosefour units. The responsibilitiesandallo-

catedresourcesfor thosefour modulesaredetailedin the
remainderof thissection.

3.1.MMC Controller

The MMC Controller implementsthe SPI protocol
usedto communicatewith the MultiMediaCard. It pro-
videsacontinuousstreamof inputdatato theMP3decod-
ing logic. A smallamountof FPGAresourcesis allocated
to thelowestlayerof theSPI interface.An interrupthan-
dleron theAVR implementsa �nite statemachine,which
handlesthe MMC protocol. The direct port betweenthe
AVR andtheFPGAis exclusively occupiedby theMMC
Controller.

3.2.Bitstr eamDecodingUnit (BDU)

Thecontrol�o w intensive�rst half of theMP3decod-
ing algorithmis executedby theBitstreamDecodingUnit.
This comprehendssideinfo-, scalefactor- and Huffman-
decodingaswell asdescaling,reorderingandanti-aliasing
of thefrequency samples.Furtherimplementationandop-
timization decisionsfor this unit are detailedin section
4. Most of theAVR processingresourcesareallocatedto
this unit. A considerablecontingentof theavailabledata
RAM is allocatedto variousbuffers and tablesof con-
stants. Most of the availablecodeRAM is occupiedfor
thedifferentdecodingfunctions.

3.3.SampleTransformation Unit (STU)

Themappingfrom frequency samplesto samplesover
time, which is the data �o w intensive part of MP3 de-
coding, is performedin this unit. This comprehendsthe
inversemodi�ed discretecosinetransform(IMDCT), the
frequency inversionandthepolyphase�lter bank. Some
decisionson thedesignof this unit aredetailedfurther in
section5. A majorpartof theFPGAresourcesis assigned
to this task. Demandof dataRAM can be held low by
storing all intermediateresultsin the buffers, which de-
coupletheBDU from this one.A certainfractionof data
RAM is assignedto tablesof constants.

3.4.DAC Controller

The DAC Controller fetches samplesfrom a ring
buffer andforwardsthemto the digital analogconverter
via the I2S protocol. A clock prescaleris applied to
achieve the requiredfrequency of 22.05kHz. This unit
can be implementedwith a small amountof FPGA re-
sources.

4. Software Optimization (BDU)

A naiveport of theBDU relevantpartsof theISO ref-
erenceimplementationto the AVR proved to be to de-
mandingin both spaceand time. In order to speedup
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the executionof functionsand to minimize memoryde-
mandlocaloptimizationsof thealgorithmsaremandatory.
Thereby, it is importantto take the speci�c architectural
propertiesof theFPSLIC/AVR into account.

The transactionlevel simulationandruntimeanalysis
of the AVR softwareshow the Huffman decodingasthe
mostdemandingtaskstheAVR is burdenedwith. Storing
the32 Huffmantablesasbinary trees,which is themost
memoryef�cient way, takesup half of theavailabledata
RAM of 12kB.

Theprogrammemoryportionof theRAM offersa 16
bit databuswith singlecycle accesstime, while thedata
RAM is accessedvia an 8 bit databus taking two cycles
pertransfer. Therefore,thetablesaremovedfrom thedata
to the codesection. We have written a softwaretool ca-
pableof readingthetextualrepresentationof theHuffman
tablesandconvertingthemto C codeautomatically. The
tablesaresortedlexically by Huffmancodeword andaf-
terwardsa treeof linkednodeobjectsis build recursively
thatholdsthedecodedvalueswithin its leaves.By travers-
ing this treetheC coderepresentationof thetreeis gener-
ated(seeFigure4.)

x y hlen hcod
0 0 1 1
0 1 3 001
1 0 2 01
1 1 3 000

1101

10

00

1

1

1 0

0

0

if (get1bit())

code= 0x0;

else

if (get1bit())

code= 0x10;

else

if (get1bit())

code= 0x1;

else

code= 0x11;

HuffmanTable HuffmanTree C Code

Figure 4. Conver ting Huffman Tables into C
Code

The performancegain of the synthesizedC routine
comparedto the implementationusing decodingtables
savedin thedataRAM is 40%. Thecodesizeaftercom-
pilationof theC codealmostequalstheformertablesize.

To minimizememorydemandfor variablesandtables,
variousbinaryformatsareusedfor differentkindsof data.
The size of �oating point constantsusedas factorsfor
multiplicationsfor instanceis reducedby usingan 8 bit
mantissainsteadof a 16 bit mantissa.As themultiplica-
tion resultsaretruncatedto 16bits,thereis very little loss
of accuracy.

5. Hardware Implementation (STU)

Thefunctionalsimulationof theISO decoderresulted
in moving the IMDCT and polyphasealgorithm to the
FPGAbecausea dedicatedhardwaremultiplier is needed
that hasto be fasterthan the one provided by the AVR
core.

5.1.STU DesignSpaceExploration

Thereareseveralpossibilitiesof realizingsucha ded-
icatedhardwareandwe haveevaluatedthreedifferentap-
proaches:An applicationspeci�c controller, a smallDSP
coreandapipelinedDSP.

The applicationspeci�c controller usesthe sameal-
gorithm for the IMDCT andthe matrix operationof the
polyphase�lterbank dueto greatsimilaritiesbetweenboth
transformations.A recursive algorithmis appliedfor this
purpose,whichwould reducetheamountof neededcoef-
�cients (andthusthe requiredmemory)down to abouta
�fteenth of thenon-recursive version. Unfortunately, the
requiredlogic took up about80%of theavailableFPGA
areaandthevery limited routing resourcesrestrictedthe
maximumclock frequency to lessthan2 MHz.

As a secondapproachwe examineda smallDSPcore
speci�cally adaptedfor the usedtransformations,which
would fetchits instructionsfrom RAM. By usinganopti-
mizedreducedinstructionsetweachievelesscontrollogic
overhead,resultingin a smallerand fasterdesignand a
very �e xible programmablearchitecture. This time the
combinatoriallogic depthof our naive designrestricted
themaximumclock frequency to about5 MHz.

The third architectureimplementsa pipelinewith six
stages,basedon thepreviousDSPdesign.This architek-
turetook65%of theFPGAresourcenandraisesthespeed
upto12MHz. Accordingto theanalyzesonly11MHz are
neededfor a real-timeimplementation,sothis is clearlya
suitedgenericarchitecture.

5.2.DSPDesign

We usednumerouswell known processordesigncon-
ceptsto implementthe DSP. Our designis a pipelined
RISC architecturewith six pipeline stages[8]. As two
clockcyclesarerequiredto loadaninstruction,threecom-
mandscanbeprocessedsimultaneously. Thepipelinehas
to berepeatedlystalledfor variousreasons(e.g.only one
bus to the SRAM for instructionsanddata,ringbuffer to
D/A unit full.)

Figure 5. DSP Bloc k Diagram
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The DSPlike architecturalconceptsprovided by the
proposedprocessorarea MAC unit capableof comput-
ing a 16 bit �x edpointmultiply-addoperationwithin two
cycles,adedicatedsaturationlogic,aseparate24bit accu-
mulatorfor higherprecisionsummingcalculations,three
dedicatedregisterbankseachcontaining32 registerswith
onecycle accesstime, threeregisterswith built in incre-
mentlogic containingtheprogramcounter, thedatamem-
ory pointer and the ringbuffer pointer, respectively (see
Figure5).

Thedesigndiffersfrom thecommonapproachesaswe
did not implementany forwardinglogic hardwarein order
to reducethe necessaryamountof chip areaneededfor
control logic. Datahazardshave to beavoidedby chang-
ing the instructionorder or by insertinga NOP instruc-
tion. An exampleis givenin caseoneof Figure6: There
is a read-after-write hazardfor the �rst two instructions,
whichcanbeavoidedby switchingthepositionof instruc-
tionstwo andthree,respectively.

RAW
hazard

1 adda y0
adda x15

ldi  y0 #9

.

; load 9 into y0
: add y0 to address reg. 
; add x15 to address reg.

; access array element a[9]

.
st z6
st z7
st z8

; jump to next processing step
; no op in branch delay slot

; store results

rjmp @Overlap_Add
nop

2

Figure 6. DSP Assemb ler

Jump instructions are available and as we use a
pipelined RISC architecturethere is the problem of
stallingand�ushing thepipelineif a branchis taken. To
avoid this,we took thesameapproachasimplementedin
MIPSprocessors.Weincludedabranchdelayslotandthe
instructionfollowing a branchis alwaysexecuted,elimi-
nating the needto restartthe pipeline [9]. In Figure 6
(case2) this factcouldbeexploitedby moving thest z8
instructionbehindtherelative jump rjmp .

Someof theproblemsandmethodologiesusedto cre-
atesoftwarefor architecturesnot capableof dealingwith
datadependenciesare sharedwith the VLIW processor
conceptdescribedin [10]. Likewise stateof the art pro-
cessordesignsrely onthecompilerto reducethehardware
complexity andto improveparallelismandthroughputof
theprocessor. A recentexampleis theIntel ItaniumPro-
cessor, whereinstructionlevel parallelismmust be han-
dledby thecompiler.

The ALU implementation,the instructionsetandthe
size of the registerbankare derived from the processors
mainpurpose:multiply-addcalculations[11],[12].

5.3. DSPSimulator

TheDSPsimulatoris aimedto facilitatethedevelop-
mentof ef�cient codefor the IMDCT andthepolyphase
�lterbank. There are commercial coveri�cation tools
availableto testcorrectnessandintegrity of bothsoftware

and hardware. However, thesetools perform cycle ac-
curatesimulation,including the evaluationof timing be-
havioral modelsfor softwareandhardware,andtherefore
needratherlong simulationruntimes. Becauseof short
time to market demands,this is not adequatefor veri-
fying the correctnessof complex algorithmssuchas the
IMDCT usedby thedecoder. Thehardwarespeci�cation
may changeduring hardwaredevelopment,thereforethe
simulatorhasto be�e xible andeasyto adaptto changes.
Usingahigherabstractionlevel makesit easierto accom-
plishthisby reducingthecomplexity of thesimulatorthus
yieldinga fastprototypingsystem.

Figure 7. DSP Simulator GUI

Therefore,wedesignedaDSPsimulatorcapableof in-
structionlevel simulationof theDSPfunctionalbehavior.
It includesa disassemblerandmimicsprogramexecution
accordingto the functionalspeci�cationof the hardware
of theDSP. Simulationresultscanbewatchedandmanip-
ulateddirectly throughthe graphicaluser interface(see
Figure7) or canbesavedto a �le for furtheranalysiswith
othertools.As wework atahigherabstractionlevel, sim-
ulation timesareshorteneddramaticallyandreachabout
10% of real time performance:four ordersof magnitude
fasterthan cycle accuratesimulationthat is usually ex-
ploited for cosimulation. As illustratedin Figure 2 the
resultsof the AVR softwarecalculationsare transmitted
via theRS232serialinterfaceto thePCandarethenfur-
ther processedby the DSPsimulatorsoftware. The �nal
calculationresultsarestoredin a �le.

6. Communication and Synchronization

As detailedin section3 the architectureof the com-
pletesystemis composedof four units that executecon-
currently. In orderto achieve a maximumdegreeof par-
allelismtheseunitshaveto bedecoupledwith buffersand
synchronizationmechanisms(seeFigure2, lowestlayer.)

SincetheSTUdoesnotcomputesampleswith astatic
rate,but ratherin bursts,it hasto be decoupledfrom the
DAC with aring bufferof suf�cient size.Whereassimula-
tionsonfunctionalandtransactionlevelonlyallowedusto
estimatethe necessaryminimum buffer size,the simula-
tion andanalysison instructionsetlevel providedenough
informationto �x this valueto 79 samples.Synchroniza-
tion is achievedby stallingthepipelineof theSTU'sDSP
duringwrite accessto a �lled up ring buffer.
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CommunicationbetweentheBDU andtheSTUis im-
plementedvia buffers.Thesearelocatedin theFPSLIC's
dataRAM, whichfeaturestwo separatebusesandthusal-
lows concurrentaccessby both the FPGA andthe AVR.
TheMP3framesizeof 576frequency samplesdetermines
the necessarysizefor sucha buffer. Decouplingof both
stagesis achievedby providing two buffers,oneof which
is written to by theBDU, whereassamplesfrom theother
oneareconsumedby theSTU ateachpoint in time.

In order to decouplethe BDU from the MMC Con-
troller two buffersareusedin thesameway asdescribed
in thepreviousparagraph.

7. Results

Table 1 presentsthe simulationtimes for the decod-
ing of anMP3 �le (mono,64kBit/s)of oneminutelength
(AMD Athlon 600MHz PC.)The basicdesigndecisions
weremadeat the higherabstractionlevels. Thusthede-
signspacewasalreadynarrowedwhenthelower abstrac-
tion levels werehandled.We areconvincedthatour im-
plementationwould not have beenpossibleto achieve in
areasonableamountof timewithout thedevelopmentand
applicationof varioussimulators.

Table 1. Simulation Model vs. Time
SimulationModel SimulationTime(sec)

ISO model 17
TL SystemCmodel 41

Instructionlevel simulation 901
Cycleaccuratesimulation 4;32� 107 (est.)

Figure 8 illustratesthe �nal pro�le of the optimized
decoder. It presentsthe clock cyclesneededby the con-
currentAVR andDSProutinesfor thecalculationof one
frame. If comparedto the softwareonly implementation
of theISOmodelrunningontheAVR, the�nal optimized
implementationis 40 timesfaster.

Figure 8. Optimiz ed Decoder Pro�le

The�nal implementationis ableto decodeanMP3 in
real time. As table2 shows all resourcesarealmostfully
utilized. Due to occasionalpeaksin computationalde-
mandsit is impossibleto achieve100percentutilization.

Table 2. Resour ce Usage of the FPSLIC
Resource MeanUsagein %
SRAM 97

AVR (MIPS) 73
DSP(MIPS) 82

FPGA(CLBs) 74

8. Conclusion

A top-down design�o w is presentedin order to im-
plementa real-timeMP3 decoderon the FPLSIC SoC.
As it canbeseenfrom Table2, anintensive designspace
explorationandalgorithmicoptimizationsaremandatory
to get a valid implementationon suchlimited resources.
Choosingthe suitedlevel of abstractionfor eachdesign
decisionsavesdesigntime andleadsto betterimplemen-
tations.Especiallytheuseandthedevelopmentof a ded-
icatedDSPsimulatorenablestheconcurrentHW/SW de-
velopmentandfastervalidationof the designandtheal-
gorithm.
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