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ABSTRACT

TerrestrialDigital VideoBroadcasting(DVB-T) is cur-
rently beeingintroducedin many Europeancountriesand
plannedto supplementor replacecurrentanaloguebroad-
castingschemesin a largepartof theworld. It is alsocon-
sideredasanadditionaldownlink mediumfor third genera-
tion UMTS mobilephones,wherea specialvariant,DVB-
H, is underdevelopment.CurrentDVB-T receiversstill are
built upondedicatedapplicationspeci�c integratedcircuits
(ASICs). However, designingASICs is a tediousandex-
pensivetask.Wewill show thatit is possibleto implementa
DVB-T receiver in softwareon anapplication-speci�cdig-
ital signal processor(AS-DSP).We analyzethe computa-
tional requirementsof a DVB-T receiverandinvestigateits
potentialfor parallization.Further, wepresentourAS-DSP,
the M5-DSP, which is basedon a novel architecturaland
designparadigm,andreporton implementingthe coreal-
gorithmsof a DVB-T receiveron it.

1. INTRODUCTION

TerrestrialDigital VideoBroadcasting(DVB-T) [1] is cur-
rently beeingintroducedin many Europeancountriesand
plannedto supplementor replacecurrentanaloguebroad-
castingschemesin a largepartof theworld [2]. It is oper-
ationalin thewholeU.K. andhasreplacedanaloguebroad-
castingcompletelyin the areaof Berlin in Germany. It is
alsoconsideredasanadditionaldownlink mediumfor third
generationUMTS mobilephones[3] in casemultiple users
requestthesamedata,e.g.videostreamsfromasportsevent
or news. For handhelddevicesa new standard,DVB-H, is
underdevelopment[4]. DVB-H is a time-slicedversionof
DVB-T, wheredataarenot transmittedat all times.Hence,
dataratesandpowerconsumptionarereduced.

Most DVB-T receivers are still stationarydevices but
the �rst mobile phone(SamsungSGH-P700)featuring a
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DVB-T receiver has just beenintroduced. All thesede-
vicesarebuilt uponapplicationspeci�c integratedcircuits
(ASICs)which requirelargedesign,veri�cation, andman-
ufacturingefforts andexpenses.Furthermore,they cannot
easily incorporatedesignchangeswhich are requiredfre-
quentlyin evolving standardssuchasDVB-H. We suggest
thatapplication-speci�cdigital signalprocessors(AS-DSPs)
couldbeasuitablemeanto implement�e xible softwareso-
lutions for varioustransmissionstandards[5, 6]. In this
paper, we demonstrate,how a computationallydemanding
receiver for DVB-T canbe implementedon the M5-DSP,
anAS-DSPwhich we designedfor a DVB-T receiver. The
M5-DSPwasdesignedusinga novel designmethodology
whichallowsfor automaticallygeneratingtheDSPcoresas
presentedin [7]. A scaled-down versionof the M5-DSP
featuringlessdatapathscouldalsobeusedasareceiver for
DVB-H.

We�rst introduceDVB-T in section2,analyzethecom-
putationalrequirementsandthe potentialfor parallization.
In section3 we describethe architectureof the M5-DSP
andexplain implementationresultsin section4.

2. TERRESTRIAL DIGIT AL VIDEO
BROADCASTING

DVB-T is an OFDM-basedbroadcastingsystemwhich al-
lowsfor employingasingle-frequency-network(SFN).Also,
multiple video andaudio streamscan be transmittedover
onefrequency channel.Bothtechniqueshelpsavefrequency
resourcesover analoguebroadcasting.The block diagram
of a DVB-T transmissionsystemis shown in �gure 1 with
thetransmitteron topandthereceiverbelow. Wewill focus
on thereceiver, sinceonly very few transmittershave to be
implementedfor a broadcastingscheme.Someparameters
of DVB-T aresummarizedin table1. Sofar, only ASIC so-
lutions for DVB-T receiver chipsareavailable,e.g. [8, 9].
Also,aprofessionalmeassurementreceiveremployingmul-
tiple DSPs,FPGAs,andASICshasbeenpresented[10].
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Fig. 1. DVB-T TransmissionSystem

RFBandwidth 7,8,9MHz
# of carriers 2k, 8k
Symbolduration

���

224� s,896� s
GuardInterval (in

���

) 1/4,1/8,1/16,1/32
Modulation QPSK,16,64QAM
CodeRate 1/2,2/3,3/4,5/6,7/8
Net datarate 3..34MBit/s

Table 1. Parametersof DVB-T

2.1. Receiver Structur e

Thereceiver consistsof thealgorithmsdepictedin thebot-
tom partof �gure 1. Thecomputationallymostdemanding
algorithmsaremarked in grey. They comprisethe OFDM
demodulation,Viterbi decoding,andReed-Solomondecod-
ing.

� TheOFDM demodulationconsistsmainlyof anFFT
over2k or 8k points,dependingonthenumberof car-
riers[11]. Thecritical arithmeticoperationin anFFT
is themultiply-accumulate(MAC) operation.

� TheViterbi decoderrequiresdecodinga64-statecon-
volutional codeat a net datarateof 3 to 34 Mbit/s.
The critical operationin the Viterbi decoderis the
add-compare-select(ACS) operationfor calculating
thestatemetrics.

� A Reed-Solomondecoderdecoderis usedasa sec-
ondstageof errorcorrection.It requiresGalois-�eld
arithmeticovera Galois-�eld of GF(2� ). Thecritical
operationsaretheGF-multiplyoperations.

Since the computationalrequirementsof thesealgorihms
will haveastrongin�uenceontheachitectureof anAS-DSP
for thesealgorithms,we will analyzethecomputationalre-
quirementsin thefollowing section.

2.2. Computational Requirements

Algorithm Required
Operations/s

OFDM Demodulation 720M
Viterbi Trellis
Calculation 2765M
Viterbi Traceback 140M
RS-Decoder 11M
Derandomizer 2M
SUM 3668

Table 2. ComputationalRequirementsof a DVB-T Re-
ceiver for Mode8k, 1/4,16QAM, 2/3,14.4MBit/s

The operationcountsper secondfor the critical oper-
ationsof the respective algorithmsexplainedin the previ-
oussectionaresummarizedin table2. It canbe seenthat
theOFDM demodulationandtheViterbi decoderhavesuch
high computationalrequirementsthatthey exceedthecom-
putationalpower of mostgeneralpurposeDSPs. The pa-
rametersfor table2 werechoosenfor the operationmode
which is employedcurrentlyin Germany. Therequirements
for the Viterbi- and RS-decoderscan be even higher for
highermodulationschemesanddatarates.

Sincethe clock ratesfor an AS-DSPwhich could per-
form all operationsof thereceiveralgorithmsseriallywould
beexcessive,we will analyzethepotentialfor parallization
to �nd out, if parallizationcan be usedto achieve lower
clock rates.

2.3. Parallization

Algorithmus Required
Operations/s

OFDM Demodulation 45
Viterbi Trellis
Calculation 180
Viterbi Traceback 8
RS-Decoder 2
Derandomizer 0.125
Sum � 235

Table 3. ComputationalRequirementsof DVB-T Receiver
Algorithmsfor ParallelProcessingwith �
	���
 DataPaths

Performingcomputationsin parallel allows for lower
clock rates. However, computingalgorithms in parallel
is only possibleif the algorithmsbear no inherentdata-
dependencieswhich limit parallelcomputation.

Of the three main algorithms, the FFT [12] and the
Viterbi-decoder[13] canbeperformedin parallelwhileonly
thesyndromcalculationof theReed-Solomon-decodercan



be parallized.The Derandomizercanalsobe computedin
parallelbut requiresvery little computationalpower. For an
assumednumberof datapaths � 	 ��
 we estimatedthe
numberof operationsper secondas presentedin table 3.
This numberof datapathswaschoosensinceit resultsin a
targetclock ratefor theprocessorof about200MHz. This
is a reasonableclock ratefor a standard-celldesignwith a
simplethree-stagepipeline,aswill elaboratedlateron.

3. THE M5-DSP

The M5-DSP was designedfollowing a platform-based
hardware-software-codesignmethodology introduced in
[7]. The platform, depictedin �gure 2 consistsof a �x ed
controlprocessingpartandascalablesignalprocessingpart
wherethe functionalityof thedatapathscanbe tailoredto
suit theapplication.
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3.1. Ar chitecture

Thecontrolprocessingpartconsistsof theprogramcontrol
unit (PCU)whichperformsoperationslikejumps,branches,
andloops.It featuresazero-overheadloopmechanismsup-
portingtwo nestedloops.

Two address generation units (AGUs) are available.
They servetwo purposes:Whentheprocessorperformspar-
allel computationson thesignalprocessingpart, they gen-
erateaddressesfor the dual-portdatamemory. When the
processorexecutesserialcontrol code,oneAGU still per-
forms addresscalculationswhile the otherAGU performs
microcontrolertasks.

The signal processingpart consistsof � sliceswhere
eachslicecomprisesdatamemory, aregister�le, andadata
path including an arithmetic-logic-unit (ALU), multiplier
(MUL), andshifter (BS). An interconnectivityunit (ICU)

connectsthe sliceswith eachotherandthe control part of
theprocessor.

All slices are controlled using the single-instruction
multiple-data(SIMD) paradigm.This allows for ef�ciently
controlling a large numberof slicessinceonly very little
controloverheadis required.

TheM5-DSPfeaturesasimplethree-stagepipelinewith
stagesfetch, decode,andexecute. No stagesfor readand
write-backto andfrom the register�le arerequireddueto
the specialarchitectureof the datapathswhich is outlined
in thefollowing section.

3.1.1. DataPaths

The schematicof oneof the datapathsof the M5-DSPis
depictedin �gure 3. It consistsof a multiplexer network,
marked light grey at the top, the functional units (FUs),
marked mediumgrey, anddedicatedoutputaccumulators,
markedin darkgrey, at thebottom.

Eachof theFU writes its outputinto its dedicatedout-
put accumulatorlocatedbelow. This allows to operatethe
FUs fully orthogonally, sinceno sharedregistersor busses
couldposestructuralhazardsfor paralleloperation.As in-
put operands,eachFU canselectthe outputaccumulators
of otherFUsvia its input multiplexers. If eachFU canac-
cesseachotherFUs output, the resultingmultiplexer net-
work can becomequite large. However, the connectivity
canbe reducedto thoseconnectionswhich arerequiredin
theapplicationcode.We�rst wroteourapplicationcodeas-
sumingfull connectivity. As a secondstepwe pro�led the
applicationcodeandremovedall connectionswhich were
not used. The resultingconnectivity canbe seenin �gure
3. Only connectionswherean arrow meetsthe input mul-
tiplexer ( ) areavailable. We alsocreateda compiler-
basedtool to extracttherequiredconnectionsdirectly from
theapplicationin C [14]. Thismultiplexernetworksresem-
bles the bypassnetwork of superscalarprocessors.How-
ever, it is controledfully in softwareandthusneedsnocon-
trol hardwarewhich consumesmuchareaandpower in su-
perscalarprocessors.

DespitetheusualFUsALU, MUL, andBS,we alsoin-
cludeda load-store-unit(LST), a unit for register �le ac-
cesses(REG),andan interconnectivity unit (ICU) into the
datapath. IncludingtheLST unit into thedatapathallows
for load operationsto bypassthe register�le. This allows
for a smallerregister�le with lessportscomparedto RISC
processor'sdatapaths.TheREGunitactssimilarto theLST
unit but providesthreeindependentaccessesto theregister
�le percycle.

The ALU featuresspecialinstructionsfor accelerating
the calculationof FFTs and Viterbi decoders,which re-
quireasecondoutputaccumulator. Thesefeatureswerede-
scribedin [13] andhelpreducetheinstructioncountof FFT
andViterbi-decoderbelow theinstructioncountsin table3.



With thesefeaturesthenumberof instructionsfor oneACS
operationcanbereducedfrom 6 down to 2. Hence,theop-
erationscountfor Viterbi trellis calculationis reducedfrom
180down to 60. Also, themultiplier supportsGalois-�eld
arithmeticasin [15] for theReed-Solomondecoder.

3.1.2. InstructionSetArchitecture(ISA)

OurM5-DSPfeaturesaverylong instructionword (VLIW)
instructionsetarchitecture (ISA) which allows for control-
ling eachFU of thedatapathin eachcycle in parallel.The
programmcontrolandadressgenerationunit of thecontrol
partof theprocessorcanbecontroledby functionalinstruc-
tion words (FIWs) within the VLIW aswell. The sizeof
oneVLIW instructionis 170bits.

3.1.3. Memory

TheM5-DSPfeaturesa Harvard-stylememoryarchitecture
with separatedataandprogrammemory. Thedatamemory
is organizedin slices.Therequiredsizeof thedatamemory
dependson the target application. For DVB-T, the trellis
dataof theViterbi decoderrequirethe largestintermediate
storagewith about384kbit. Sincealsostateandtransition
metricsandincomingdataneedto be stored,we choosea
datamemorysizeof 1Mbit. For a high datathrougputfor
theFFT we employ dual-portmemory, allowing two inde-
pendentreador write accessesin eachcycle.

The programmemoryneedsto storeabout1k lines of
codeascanbe found in the implementationresultsin the
following section4. Eachline consistsof a VLIW instruc-
tion of size170bit. Hence,thesizeof thesingle-portpro-
grammemoryof theM5-DSPis 180kbit.For implementing
more control codeof the DVB-T receiver, the programm
memorywill have to beextentedto about2k lines.

4. IMPLEMENT ATION RESULTS

We implementedboth hardware and software for the
DVB-T receiveralgorithms.

4.1. Hardware

For the hardware implementationwe createda VHDL
modelof the processorusingour gencoretools asin [16].
The VHDL descriptionwas synthesizedfor a 130nm 8-
metal-layerstandard-celllibrary by UMC using Synop-
sys Design CompilerTM. For place and route and back-
annotationwe usedCadenceSoCEncounterTM. For ALUs
andMultipliers we usedSynopsysDesignWareTM compo-
nents.For memories,SRAM macrosby UMC areused.

The resultinglayout canbe seenin �gure 4. The data
memoriesare locatedclosely to the datapathsof their re-
spective slices. The ICU, locatedin betweenall slices'

datapaths,connectsthe datapaths. The control process-
ing part(PCU,AGU, anddecoder)arehardlyvisibledueto
their small size. This con�rms theef�ciency of theSIMD
paradigm.

Clock Rate Our M5-DSP achieves a clock rate of
250MHzwhichexceedsour initial assumptionof 200MHz.
Thecritical pathis in theALU.
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Fig. 4. Layoutof M5-DSP

Die Size Thedie sizeis dominatedby thedatamemories
ascanbe seenin �gure 4 andtable4. The 16 datapaths
requireonly a smallportionof thedesign.Due to thehigh
numberof routing layersthe designachievesa placeand
routeutilizationof about88%.

Component Sizein mm
�

Sizein %
Datapaths 1.6 17
ProgramControl 0.1 1
AddressGeneration 0.2 2
DataMemory 7.1 73
ProgramMemory 0.7 7
SUM 9.7 100

Table 4. Die Sizeof theM5-DSP

Power Consumption We estimatedthepower consump-
tion usingSynopsysPower Compilerto be about300mW.
Again, a large portion of this power is consumedin the
memories.Thiscomparesfavorablyto thepowerconsump-
tion of anASIC like theLSI Logic L64782[9] which con-
sumesabout800mWbut alsoincludespartsof the analog
front-end. However, it doesnot provide any �e xibilty to
accomodatechangesin thestandardasour M5-DSPdoes.
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4.2. Software

For the software implementationwe createdsoftware de-
velopmenttools(Assembler, Linker, Simulator, andDebug-
ger)usingtheEDGETM toolsuiteby LISAtek/ CoWareand
wrotetheapplicationsoftwarein assemblylanguage.Work
on a compiler to speed-upthis tedioustask is underway.
This sectionshall summarizethe performancedataof our
implementedalgorithms.

Algorithm Cycles
FFT 2k/8k 4675/22283
Viterbi Trellis 120768
Viterbi Traceback 11427
RS-Decoder 3700

Table 5. CycleCountsof ReceiverAlgorithms

Table5 shows thecycle countsfor computingoneFFT
symbol, the Viterbi decoderfor 16 blocks of 204 bytes,
andtheReed-Solomondecoderfor oneblock of 204bytes.
Pleasenotethattheapplicationcodefor theReed-Solomon
decoderis not fully optimizedyet. It shouldbepossibleto
getthecyclecountdown to about2000cycles.

Thesecyclecountsyield aworkloadof ourprocessorof
about150MIPS.Consideringtheclockrateof 250MHzand
thestill to improveRS-decoder, this leavesenoughcompu-

tationalressourcesfor implementingchannelestimationand
equalization,interleavers,andcontrolcode.

Algorithm VLIWInstructions
FFT 2k/8k 265/310
Viterbi Trellis 224
Viterbi Traceback 113
RS-Decoder 233
SUM 835/880

Table 6. ProgramCodeSizein VLIW Instructionsof Re-
ceiverAlgorithms

Therequiredlinesof codeandhenceprogrammemory
for therespectivereceiveralgorithmsareshown in table6.

5. CONCLUSIONS

We presentedthe implementationof a receiver for DVB-T
on anapplication-speci�cDSPwhich we designedfor this
application.TheDSPis capableof performingthecompu-
tationally intensealgorithmsin softwareby meansof par-
allel executionandspeciallytailoreddatapathsfor Viterbi
decoding,FFT andGalois-�led multiplication.

The implementationresultsshow that the costsof the
DSPareonparwith commerciallyavailableASICsbut our



M5-DSPalsoprovides�e xibility for accomodatingfuture
upgradesor changesof thestandardby requiringonly rather
simplesoftwarechangesinsteadof redesignsof anASIC. A
scaled-down versionof theM5-DSPcouldalsobeusedfor
implementingareceiverfor theupcomingDVB-H standard.
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