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Abstract

The design of any application on a con gurable
System-on-a-ChipSoC)like Atmel's FPSLICis subject
to a lot of constaints stemmindrom requirementof the
applicationand limitations of the architectue. In a top-
downappmoadc a real-timeMPEG 1 Layer 3 (MP3) de-
coderis designedn this SoC,which integratesFPGAre-
souicesand an AVR microcontoller core within a single
chip. Anintensivedesignspaceexploration basedon sim-
ulationson differentlevelsof abstractionsis fundamental
for a real-timeimplementationon this limited architec-
ture. After determininga suitedfunctionalpartitioning a
specialDSPis implementedn the FPGA, wheefore an
instructionsetsimulatoris build, which allowsconcurent
HW/SWdevelopment.

1. Intr oduction

As systems-on-a-chigSoC) are a major revolution
taking placein the designof integratedcircuits, the de-
velopmentof applicationson thesenew architecturess a
challengingtask aswell. The compleity suchsystems
is rising, while the time-to-marlet window is shrinking.
This leadsto the needof a fastdesign o w startingwith
highlevel models.

This work describeghe designof a real-timeMPEG
1 Layer 3 (MP3) decoderon Atmel's AT94K family of
FPSLIC devices. This architectureintegratesFPGA re-
sourcesan AVR microcontrollercore,and SRAM within
asinglechip. Besidethereal-timerequirementshesmall
computationapower of the AVR, especiallyin theareaof
oating pointarithmeticsthefew memoryresourcesand
the size of the FPGA arethe limitations of the architec-
ture,which have to be consideredy thedesign.

Typical stand-aloneViP3 playersare basedon com-
mercially available DSP cores(seefor examplethe Mi-
cronasMAS3509, the VLSI SolutionsVS1001 or the

STMicroelectronicsSTA013.) Sinceour intentionis to
evaluatethe methodologiesf concurrenHW/SW design,
wedecidedor theFPSLIC,becausd providesmore e x-
ibility for thedesignprocess.

Startingwith a purefunctionalmodelanimplementa-
tion shouldbe found in a top-dowvn approach.An inten-
sive designspacexplorationis mandatoryin orderto nd
avalid implementation.Thereforea functional partition-
ing anda mappingof thesefunctional units to the avail-
ableresourcesnustbe derived. But not only a suitable
partitioning hasto be found, also code and algorithmic
optimizationhasto be performedto ful ll the real-time
requirements Anotherpossibledesignspaceexploration
foranMPEG-2Decodebasednthe SPADEmethodology
is givenin [1].

Becausef decreasinglesigntimes,thereis a needof
parallel HW/SW development,which implies the appli-
cation of simulatorsfor the development,sincethe real
hardwareplatformis not availableuntil latein the design
processAll designdecision®nthedifferentlevelsof ab-
stractionaretakenbasedn intensive simulations A sim-
luation basedapproachimplementingan enegy-ef cient
MP3 Decodelis alsoadwcatedn [2].
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Figure 1. Different Simulation Levels

Figurel illustratesdifferentsimulationlevels starting
from apurefunctionalsimulationdownto acycleaccurate
simulation. Increasingmodelaccurag causesof course
larger simulationtimes. So, at eachlevel of abstraction
the accordingmodelshouldbe usedfor designdecisions
to save implementatiorandvalidationtime.



2. DesignConsiderations

This sectionintroduceghe necessarpasicprinciples
of the MP3 standardandthe FPSLICplatform.

2.1 MP3

MPEG 1 Layer 3, asspeci edin [3], is alossyaudio
codingtechnologywhichis capablgo achieveacompres-
sionratioof 1:12in comparisorio CD quality PCMcoded
audio,without introducinga quality degradationpercev-
ableby thehumanear The rst stepin MP3 codingis the
transformatiorof “amplitudelevel pertime' to “amplitude
level perfrequeng' sampleswhichis appliedrepeatedly
to shorttime framesof 576 samples(sef3] for a detailed
description.) A mathematicamodel of the humansense
of hearing calledthe psychoacoustimodel,computeshe
assignmentf bitsusedto codeeachof thefrequengy sam-
plesof aframe,underthe objective of minimumpercev-
ablesignaldegradation.Thesamplesrethenrequantized
to matchtheir respectie assignmenbof bits, which is the
lossystepin MP3 encoding.In orderto beableto rescale
therequantizedamplegiuringdecoding scale&ctorsare
encodednto the MP3 bitstream. The requantizedsam-
plesareHuffmancodedin a nal step,whereforethelSO
standardie nes32 x edHuffmancodetables.

Despitethe fact that thereis no needfor a psychoa-
cousticmodel, the decodingprocessis basicallythe in-
verseof the codingprocess.This is illustratedin the top
slice of Figure2. Thetransformatiorstepof frequeng to
time sampless acompositiorof theinversemodi ed dis-
cretecosinetransform(IMDCT), thefrequeng inversion
andthe polyphaselter steps.

A few constraintsare placedon the quality parame-
ters of the MP3 decodingprocessn orderto be ableto
achieve a fully working implementatioron the ervisaged
architecturgno stereadecoding,16-bit xpoint computa-
tional accuray and22.05kHz samplingfrequeng at 64
kBit/s.) Sinceour maingoalwasto evaluateSoCdesign
methodologieswe don't considerthis a problem.

2.2 Hardware Platform

The AT94K FPSLICproductfamily (se€g[4]) from At-
mel, Inc. integratesup to 40K gatesof FPGA resources,
an AVR 8-bit RISC microcontrollercoreand up to 36K
Bytes SRAM within a single chip. The AVR is capable
of 129instructionghatcanmostly be performedwithin a
singleclock cycle. Thisresultsin a 20+ MIPS throughput
at25MHz clockrate.

The FPGA resourceswithin the AT94K devices are
basedon Atmel's AT40K FPGA architecture The FPGA
partis connectedo the AVR over an 8-bit databus.

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

The FPSLICis alow compleity andlow costdevice,
which makesit especiallyattractize for our purposefor
several reasons. Whereaghe incorporationof recon g-
urablehardwareprovidesalot of e xibility for designde-
cisions,the severeresourceconstraintscut down the de-
sign space. This work presentshow HW/SW-Codesign
methodologie$elpto tacklethesereallife conditions.

2.3.DesignFlow and Tools

We rst give a shortoverview of the varioustools,
which wereappliedfor our design o w. The transaction
level MP3 decodemmodelis implementedwith the Sys-
temC librariesversion1.2. C Sourcecodefor the AVR
microcontrolleris compiledwith the GNU CompilerCol-
lection (GCC)version3.2. The FPGA con guration bit-
streamis synthesizedrom VHDL with ExemplarLogic
LeonardoSpectrumv20001b Atmel IDS 7.2 is applied
for placementndrouting. Atmel SystemDesignen2.1
provides the functionality to integrate FPGA and AVR
machinecodeinto a single con guration bitstream. For
cycle accurateHW/SW Cosimulationthe VHDL simula-
tor Model TechnologyModelSimv5.5aandthe AVR de-
buggerAVR Studiov2.0areapplied.

3. DesignSpaceExploration

An intensive designspaceexplorationon differentlev-
els of abstractionis necessaryto fulll all constraints
stemmingfrom requirementf the applicationandlim-
itationsof the architecture.This sectiongivesmotivation
for the decisionswhich led to a high level systemparti-
tioning with four concurrentlyexecutingcommunicating
units (seeFigure?2.)

Certainboundarief the designspacewere already
giventhroughthe selectionof hardwarecomponentsThe
MultiMediaCardis accessedlia the SPI(serialperipheral
interface)protocolandthe selectedDAC (digital analog
corverter)featuresan | 2S interface. Neither of thesein-
terfacesis supportedoy the FPSLICdirectly. Sinceit is
clearwithout the needof extensve analysisthat a pure
softwareimplementatioris not reasonabldéere,a certain
amountof FPGA resourcesasto be resered for these
tasks.

ISO provides an unoptimizedbut well documented
and easyto understandsoftware referenceimplementa-
tion for the MP3 decodingalgorithm [5]. We adopted
the functionaldecompositiorof this implementationsee
topmostlayer of Figure2.) Timing analysisof the refer
enceimplementatiorexecutedon a workstationprovides
the numbersshown in Figure3 for the variousfunctional
modules. As can be seenfrom this pro le the IMDCT
andpolyphaselter bankstepshavethehighestcomputa-
tional demands.Analyzing the sourcecodeprovidesthe
insight that thesefunctionsarevery data o w intensve,
whereasll the precedingstepshave a morecontrol o w
intensize nature.As atypical microcontrollerthe AVR 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-
sonablgo implementthedata o w intensive IMDCT and
polyphaselter bankstepsin software. Thoughthe de-
mandon computationatesourcegor the IMDCT and I-
ter bankstepscanbe alleviatedconsiderablyby applying
the efcient DCT algorithm accordingto Lee [6], those
stepsarestill the mostdemandingn the application. As
a rst partitioning stepit wasthusdecidedto implement
the control o w intensve stepsin software,whereashe
computationaldemandingstepsare implementedon the
FPGA (seeFigure2, lowestlayer)
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Figure 3. Prole of the ISO Model

Togetherwith MMC and DAC control this already
constituteghe nal coarsegrainedpartitioninginto four
units. A port of the ISO referencamplementatiorto the
hardware speci cationlanguageSystemC[7] wasmodi-
ed andanalyzedo gure outthedemanddor buffering
betweenthosefour units. The responsibilitiesand allo-

catedresourcegor thosefour modulesaredetailedin the
remaindeof this section.

3.1.MMC Controller

The MMC Controller implementsthe SPI protocol
usedto communicatewith the MultiMediaCard. It pro-
videsa continuousstreanof inputdatato the MP3 decod-
ing logic. A smallamountof FPGAresourcess allocated
to the lowestlayerof the SPlinterface.An interrupthan-
dleronthe AVR implements nite statemachinewhich
handleshe MMC protocol. The direct port betweenthe
AVR andthe FPGAIis exclusively occupiedby the MMC
Controller

3.2.Bitstream DecodingUnit (BDU)

Thecontrol o w intensie rst half of theMP3 decod-
ing algorithmis executeddy the BitstreamDecodingUnit.
This comprehendsideinfo-, scalector and Huffman-
decodingaswell asdescalingreorderingandanti-aliasing
of thefrequengy samplesFurtherimplementatiorandop-
timization decisionsfor this unit are detailedin section
4. Most of the AVR processingesourcesreallocatedto
this unit. A considerableontingentof the availabledata
RAM is allocatedto various buffers and tablesof con-
stants. Most of the available codeRAM is occupiedfor
thedifferentdecodingfunctions.

3.3.SampleTransformation Unit (STU)

Themappingfrom frequeny samplego samplever
time, which is the data o w intensive part of MP3 de-
coding, is performedin this unit. This comprehendshe
inversemodi ed discretecosinetransform(IMDCT), the
frequeng inversionandthe polyphaselter bank. Some
decisionson the designof this unit aredetailedfurtherin
section5. A majorpartof theFPGAresourcess assigned
to this task. Demandof dataRAM can be held low by
storing all intermediateresultsin the buffers, which de-
couplethe BDU from this one. A certainfractionof data
RAM is assignedo tablesof constants.

3.4.DAC Controller

The DAC Controller fetches samplesfrom a ring
buffer and forwardsthemto the digital analogcorverter
via the 12S protocol. A clock prescaleris applied to
achieve the requiredfrequeng of 22.05kHz. This unit
can be implementedwith a small amountof FPGA re-
sources.

4. Software Optimization (BDU)

A naive port of the BDU relevantpartsof the ISO ref-
erenceimplementationto the AVR proved to be to de-
mandingin both spaceandtime. In orderto speedup



the executionof functionsandto minimize memoryde-
mandlocal optimizationsf thealgorithmsaremandatory
Thereby it is importantto take the speci ¢ architectural
propertieof the FPSLIC/A/R into account.

Thetransactiorevel simulationandruntimeanalysis
of the AVR software shawv the Huffman decodingasthe
mostdemandingasksthe AVR is burdenedwith. Storing
the 32 Huffman tablesasbinary trees,which is the most
memoryef cient way, takesup half of the available data
RAM of 12kB.

The programmemoryportionof the RAM offersa 16
bit databuswith singlecycle accesdime, while the data
RAM is accessedia an 8 bit databustakingtwo cycles
pertransfer Thereforethetablesaremovedfrom thedata
to the codesection. We have written a softwaretool ca-
pableof readingthetextual representationf the Huffman
tablesand cornvertingthemto C codeautomatically The
tablesaresortedlexically by Huffmancodeword andaf-
terwardsatreeof linked nodeobjectsis build recursvely
thatholdsthedecodedralueswithin its leaves.By travers-
ing thistreethe C coderepresentationf thetreeis gener
ated(seeFigure4.)

if (getlbit())

code= 0x0;
else
X 'y hlen hcod if (getlbit())
0 0 1 1 code= 0x10;
0 1 3 001 else
1.0 2 01 if (get1bit()
11 3 000 code= 0x1,;
else
code= 0x11;
HuffmanTable HuffmanTree C Code

Figure 4. Converting Huffman Tables into C
Code

The performancegain of the synthesizedC routine
comparedto the implementationusing decodingtables
saredin thedataRAM is 40%. The codesizeaftercom-
pilation of the C codealmostequalsheformertablesize.

To minimizememorydemandor variablesandtables,
variousbinaryformatsareusedfor differentkindsof data.
The size of oating point constantsusedas factorsfor
multiplicationsfor instanceis reducedby usingan 8 bit
mantissansteadof a 16 bit mantissa.As the multiplica-
tion resultsaretruncatedo 16 bits, thereis very little loss
of accurag.

5. Hardware Implementation (STU)

Thefunctionalsimulationof the SO decoderesulted
in moving the IMDCT and polyphasealgorithm to the
FPGADbecausea dedicatechardwaremultiplier is needed
that hasto be fasterthanthe one provided by the AVR
core.

5.1.STU DesignSpaceExploration

Thereareseveral possibilitiesof realizingsucha ded-
icatedhardwareandwe have evaluatedthreedifferentap-
proachesAn applicationspeci ¢ controller, asmallDSP
coreanda pipelinedDSP

The applicationspeci ¢ controller usesthe sameal-

gorithm for the IMDCT andthe matrix operationof the
polyphaselterbank dueto greatsimilaritiesbetweerboth
transformationsA recursve algorithmis appliedfor this
purposewhich would reducethe amountof neededoef-
cients (andthusthe requiredmemory)down to abouta
fteenth of the non-recursie version. Unfortunately the
requiredlogic took up about80% of the available FPGA
areaandthe very limited routing resourcesestrictedthe
maximumclock frequeng to lessthan2 MHz.

As a secondapproachwe examineda smallDSPcore
speci cally adaptedfor the usedtransformationsyhich
would fetchits instructionsfrom RAM. By usinganopti-
mizedreducednstructionsetwe achievelesscontrollogic
overhead resultingin a smallerandfasterdesignand a
very exible programmablearchitecture. This time the
combinatoriallogic depthof our naive designrestricted
themaximumclock frequeng to about5 MHz.

The third architecturemplementsa pipelinewith six
stagespasedon the previous DSPdesign. This architek-
turetook 65%o0f the FPGAresourcerandraiseshe speed
upto12MHz. Accordingto theanalyze®nly 11 MHz are
neededor areal-timeimplementationsothisis clearlya
suitedgenericarchitecture.

5.2.DSP Design

We usednumerouswvell known processodesigncon-
ceptsto implementthe DSP. Our designis a pipelined
RISC architecturewith six pipeline stageg[8]. As two
clockcyclesarerequiredto loadaninstruction threecom-
mandscanbe processedimultaneouslyThepipelinehas
to berepeatedlystalledfor variousreasonge.g. only one
busto the SRAM for instructionsanddata, ringbuffer to
D/A unit full.)

Figure 5. DSP Bloc k Diagram



The DSP like architecturalconceptsprovided by the
proposedprocessoare a MAC unit capableof comput-
ing a 16 bit x edpointmultiply-addoperationwithin two
cycles,adedicatedaturatiorlogic, aseparat@4 bit accu-
mulatorfor higherprecisionsummingcalculationsthree
dedicatedegisterbankgachcontaining32 registerswith
onecycle accesdime, threeregisterswith built in incre-
mentlogic containingtheprogramcounterthedatamem-
ory pointer and the ringbuffer pointer respectiely (see
Figureb).

Thedesigndiffersfrom thecommonapproacheaswe
did notimplementary forwardinglogic hardwarein order
to reducethe necessaryamountof chip areaneededfor
controllogic. Datahazardshave to be avoidedby chang-
ing the instructionorder or by insertinga NOP instruc-
tion. An exampleis givenin caseoneof Figure6: There
is a read-aftetwrite hazardfor the rst two instructions,
which canbeavoidedby switchingthepositionof instruc-
tionstwo andthree,respectiely.

; access array element  a[9]

; load 9 into yO
%hRAV‘{j : add y0 to address reg.
azard . add x15 to address reg.

@ Idi yO #9
adda yo
C adda x15

st z6 ; store results

stz7
stz8

C rjmp @Overlap_Add ; jump to next processing step
nop ; no op in branch delay slot

Figure 6. DSP Assemb ler

Jump instructions are available and as we use a
pipelined RISC architecturethere is the problem of
stallingand ushing the pipelineif a branchis taken. To
avoid this, we took the sameapproachasimplementedn
MIPS processorsWeincludedabranchdelayslotandthe
instructionfollowing a branchis alwaysexecuted elimi-
nating the needto restartthe pipeline [9]. In Figure 6
(case?) this factcouldbe exploitedby moving thest  z8
instructionbehindtherelative jump rjmp .

Someof the problemsandmethodologiesisedto cre-
atesoftwarefor architecturesmot capableof dealingwith
datadependencieare sharedwith the VLIW processor
conceptdescribedn [10]. Likewise stateof the art pro-
cessodesigngely onthecompilerto reducehehardware
compleity andto improve parallelismandthroughputof
the processarA recentexampleis the Intel Itanium Pro-
cessor whereinstructionlevel parallelismmustbe han-
dledby thecompiler

The ALU implementationthe instructionsetandthe
size of the registerbankare derived from the processors
main purposemultiply-addcalculationd11],[12].

5.3 DSPSimulator

The DSPsimulatoris aimedto facilitate the develop-
mentof ef cient codefor the IMDCT andthe polyphase
lterbank. There are commercial coveri cation tools
availableto testcorrectnesandintegrity 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 demandsthis is not adequatefor veri-
fying the correctnes®f complex algorithmssuchasthe
IMDCT usedby the decoder The hardwarespeci cation
may changeduring hardware development thereforethe
simulatorhasto be e xible andeasyto adaptto changes.
Usinga higherabstractiorlevel makesit easietto accom-
plishthisby reducingthecomplexity of thesimulatorthus
yielding a fastprototypingsystem.

Figure 7. DSP Simulator GUI

Thereforewe designeca DSPsimulatorcapableof in-
structionlevel simulationof the DSPfunctionalbehavior.
It includesa disassembleandmimics programexecution
accordingto the functionalspeci cation of the hardware
of theDSP Simulationresultscanbewatchedandmanip-
ulated directly throughthe graphicaluserinterface (see
Figure7) or canbesavedto a le for furtheranalysiswith
othertools. As we work ata higherabstractiorievel, sim-
ulation timesare shorteneddramaticallyand reachabout
10% of realtime performancefour ordersof magnitude
fasterthan cycle accuratesimulationthat is usually ex-
ploited for cosimulation. As illustratedin Figure 2 the
resultsof the AVR software calculationsare transmitted
via the RS232serialinterfaceto the PCandarethenfur-
ther processedby the DSP simulatorsoftware. The nal
calculationresultsarestoredin a le.

6. Communication and Synchronization

As detailedin section3 the architectureof the com-
plete systemis composedf four units that executecon-
currently In orderto achieze a maximumdegreeof par
allelismtheseunitshave to bedecoupledvith buffersand
synchronizationmechanismgseeFigure2, lowestlayer)

Sincethe STU doesnot computesampleswith a static
rate, but ratherin bursts,it hasto be decoupledrom the
DAC with aring buffer of sufcient size.Whereasimula-
tionsonfunctionalandtransactiorievel only allowedusto
estimatethe necessaryninimum buffer size, the simula-
tion andanalysison instructionsetlevel providedenough
informationto x thisvalueto 79 samples.Synchroniza-
tion is achievedby stallingthe pipelineof the STU's DSP
duringwrite accesgo a lled upring buffer.



CommunicatiorbetweertheBDU andthe STUis im-
plementedvia buffers. Thesearelocatedin the FPSLIC'S
dataRAM, whichfeaturedwo separatbusesandthusal-
lows concurrentaccessdy boththe FPGA andthe AVR.
TheMP3framesizeof 576frequeny samplesletermines
the necessargizefor sucha buffer. Decouplingof both
stageds achievedby providing two buffers,oneof which
is written to by theBDU, whereasampledrom the other
oneareconsumedy the STU ateachpointin time.

In orderto decouplethe BDU from the MMC Con-
troller two buffersareusedin the sameway asdescribed
in the previousparagraph.

7.Results

Table 1 presentghe simulationtimesfor the decod-
ing of anMP3 le (mono,64kBit/s)of oneminutelength
(AMD Athlon 600MHz PC.) The basicdesigndecisions
weremadeat the higherabstractiorievels. Thusthe de-
signspacewasalreadynarrovedwhenthelower abstrac-
tion levels were handled. We are corvincedthat our im-
plementationwould not have beenpossibleto achiese in
areasonablamountof time withoutthe developmentand
applicationof varioussimulators.

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

ISO model 17
TL SystemQmodel 41
Instructionlevel simulation 901

Cycleaccuratesimulation 4:32 107 (est.)

Figure 8 illustratesthe nal pro le of the optimized
decoder It presentghe clock cyclesneededoy the con-
currentAVR andDSProutinesfor the calculationof one
frame. If comparedo the software only implementation
of thelSO modelrunningonthe AVR, the nal optimized
implementations 40timesfaster

Figure 8. Optimiz ed Decoder Prole

The nal implementatioris ableto decodeanMP3in
realtime. As table2 shaws all resourcesrealmostfully
utilized. Due to occasionalpeaksin computationalde-
mandsit is impossibleto achieze 100 percentutilization.

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

SRAM 97
AVR (MIPS) 73
DSP(MIPS) 82

FPGA(CLBSs) 74

8. Conclusion

A top-daovn design o w is presentedn orderto im-
plementa real-time MP3 decoderon the FPLSIC SoC.
As it canbe seenfrom Table2, anintensive designspace
explorationandalgorithmic optimizationsare mandatory
to geta valid implementatioron suchlimited resources.
Choosingthe suitedlevel of abstractionfor eachdesign
decisionsaresdesigntime andleadsto betterimplemen-
tations. Especiallythe useandthe developmentof a ded-
icatedDSPsimulatorenableghe concurrenHW/SW de-
velopmentandfastervalidation of the designandthe al-
gorithm.
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