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ABSTRACT

TerrestrialDigital Video BroadcastindDVB-T) is cur-
rently beeingintroducedin mary Europeancountriesand
plannedto supplemenbr replacecurrentanaloguebroad-
castingschemesn a large partof theworld. It is alsocon-
sideredasanadditionaldownlink mediumfor third genera-
tion UMTS mobile phoneswherea specialvariant, DVB-
H, is underdevelopment.CurrentDVB-T receversstill are
built upondedicatechpplicationspeci ¢ integratedcircuits
(ASICs). However, designingASICs s a tediousand ex-
pensvetask.Wewill shav thatit is possibleo implementa
DVB-T receverin softwareon anapplication-speci cdig-
ital signal processo(AS-DSP).We analyzethe computa-
tional requirement®f a DVB-T recever andinvestigatdts
potentialfor parallization.Furthey we presenbur AS-DSP
the M5-DSPR which is basedon a novel architecturaland
designparadigm,andreporton implementingthe core al-
gorithmsof aDVB-T receveronit.

1. INTRODUCTION

TerrestrialDigital Video BroadcastindDVB-T) [1] is cur-
rently beeingintroducedin mary Europeancountriesand
plannedto supplemenbr replacecurrentanaloguebroad-
castingschemesn a large partof theworld [2]. It is oper
ationalin thewhole U.K. andhasreplacedanaloguéroad-
castingcompletelyin the areaof Berlin in Germary. It is
alsoconsideredsanadditionaldownlink mediumfor third
generatiolJMTS mobile phoned3] in casemultiple users
requesthesameadata.e.g.videostreamgrom asportsevent
or news. For handhelddevicesa new standardDVB-H, is
underdevelopment4]. DVB-H is atime-slicedversionof
DVB-T, wheredataarenot transmittedat all times. Hence,
dataratesandpower consumptiorarereduced.

Most DVB-T receversare still stationarydevices but
the rst mobile phone (SamsungSGH-P700)featuring a
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DVB-T recever hasjust beenintroduced. All thesede-
vicesarebuilt uponapplicationspeci ¢ integratedcircuits
(ASICs)which requirelarge design,veri cation, andman-
ufacturingefforts andexpensesFurthermorethey cannot
easily incorporatedesignchangeswhich are requiredfre-
quentlyin evolving standardsuchasDVB-H. We suggest
thatapplication-speci digital signalprocessor§AS-DSPs)
couldbeasuitablemeanto implement e xible softwareso-
lutions for varioustransmissionstandardgd5, 6]. In this
paper we demonstratehow a computationallydemanding
recever for DVB-T canbe implementedon the M5-DSR
an AS-DSPwhich we designedor a DVB-T recever. The
M5-DSP was designedusing a novel designmethodology
which allows for automaticallygeneratinghe DSPcoresas
presentedn [7]. A scaled-dwn versionof the M5-DSP
featuringlessdatapathscouldalsobeusedasarecever for
DVB-H.

We rst introduceDVB-T in section2, analyzehecom-
putationalrequirementsandthe potentialfor parallization.
In section3 we describethe architectureof the M5-DSP
andexplainimplementatiorresultsin section4.

2. TERRESTRIAL DIGIT AL VIDEO
BROADCASTING

DVB-T is an OFDM-basedbroadcastingystemwhich al-
lowsfor employing asingle-frequeng-network (SFN).Also,
multiple video and audio streamscan be transmittedover
onefrequeng channel Bothtechniqueselpsarefrequeny
resourcesver analoguebroadcasting.The block diagram
of a DVB-T transmissiorsystemis shovn in gure 1 with
thetransmitteron top andthereceverbelon. We will focus
ontherecever, sinceonly very few transmittershave to be
implementedor a broadcastingcheme.Someparameters
of DVB-T aresummarizedn tablel. Sofar, only ASIC so-
lutions for DVB-T recever chipsareavailable,e.g. [8, 9].
Also, aprofessionaineassurememéceiveremploying mul-
tiple DSPs FPGAs,andASICshasbeenpresented10].



Transmitter

MPEG-TS-

Steam | Epergy RS- Outer Convol. !
/| Dispersal [ 7] Encoder [ |Interleaver| | Encoder T!
. |
‘ !
I ——————— l
‘ :
" Inner OFDM | !
.| Mapper [.]
i Interleaver PP Molulator [T Channel
e Y=
Receiver
— s 7
| . i .
| Viterbi Inner Dem r OFDM i
" Decoder [*] Deinterleaver [*] EMAPPET 1« Hemodulator i
} 1
MPEG-TS-| :
Stream | B RS- Quter :
| Derandomizer | Decoder [*] Deinterleaver :
i !

Fig. 1. DVB-T TransmissiorSystem

RF Bandwidth 7,8,9MHz
# of carriers 2k, 8k
Symbolduration 224 5,896 s

Guardinterval (in ) 1/4,1/8,1/16,1/32

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

Table 1. Parametersf DVB-T

2.1. Recever Structure

Therecever consistsof the algorithmsdepictedin the bot-
tom partof gure 1. The computationallynostdemanding
algorithmsaremarkedin grey. They comprisethe OFDM
demodulationyiterbi decodingandReed-Solomoecod-

ing.

TheOFDM demodulationconsistsnainlyof anFFT
over 2k or 8k points,dependingnthenumberof car
riers[11]. Thecritical arithmeticoperatiorin anFFT
is themultiply-accumulatéMA C) operation.

TheViterbi decoderrequiregdecodinga 64-statecon-
volutional codeat a net datarate of 3 to 34 Mbit/s.

The critical operationin the Viterbi decoderis the
add-compare-sele¢ACS) operationfor calculating
the statemetrics.

A Reed-Solomondecoderdecodetlis usedasa sec-
ond stageof errorcorrection.lIt requiresGalois- eld
arithmeticover a Galois- eld of GF(2 ). Thecritical
operationsrethe GF-multiply operations.

Since the computationalrequirementsof thesealgorihms
will haveastrongin uence ontheachitecturef anAS-DSP
for thesealgorithms,we will analyzethe computationate-
guirementsn thefollowing section.

2.2. Computational Requirements

Algorithm Requied
Opemtions/s
OFDM Demodulation 720M
Viterbi Trellis
Calculation 2765M
Viterbi Traceback 140M
RS-Decoder 11M
Derandomizer 2M
SUM 3668

Table 2. ComputationalRequirementf a DVB-T Re-
ceiverfor Mode 8k, 1/4,16QAM, 2/3,14.4MBit/s

The operationcountsper secondfor the critical oper
ationsof the respectie algorithmsexplainedin the previ-
oussectionaresummarizedn table2. It canbe seenthat
the OFDM demodulatiorandthe Viterbi decodehave such
high computationatequirementshatthey exceedthecom-
putationalpower of mostgeneralpurposeDSPs. The pa-
rameterdor table 2 were chooserfor the operationmode
whichis employedcurrentlyin Germary. Therequirements
for the Viterbi- and RS-decodersan be even higher for
highermodulationschemesnddatarates.

Sincethe clock ratesfor an AS-DSPwhich could per
form all operation®f thereceveralgorithmsseriallywould
be excessie,we will analyzethe potentialfor parallization
to nd out, if parallizationcan be usedto achieve lower
clockrates.

2.3. Parallization

Algorithmus Requied
Opemtions/s
OFDM Demodulation 45
Viterbi Trellis
Calculation 180
Viterbi Traceback 8
RS-Decoder 2
Derandomizer 0.125
Sum 235

Table 3. ComputationaRequirementsf DVB-T Recever
Algorithmsfor ParallelProcessingvith DataPaths

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

Of the three main algorithms, the FFT [12] and the
Viterbi-decodef13] canbeperformedn parallelwhile only
the syndromcalculationof the Reed-Solomon-decodean



be parallized. The Derandomizercanalsobe computedn
parallelbut requiresverylittle computationapower. For an
assumechumberof datapaths we estimatecthe
numberof operationsper secondas presentedn table 3.
This numberof datapathswaschoosersinceit resultsin a
target clock ratefor the processoof about200MHz. This
is a reasonablelock ratefor a standard-celdesignwith a
simplethree-stag@ipeline,aswill elaboratedateron.

3. THE M5-DSP

The M5-DSP was designedfollowing a platform-based
hardware-softvare-codesignmethodology introduced in

[7]. The platform, depictedin gure 2 consistsof a x ed

controlprocessingartanda scalablesignalprocessingart
wherethe functionality of the datapathscanbe tailoredto

suittheapplication.
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3.1. Architecture

The control processingartconsistof the program control
unit (PCU)whichperformsoperationdik e jumps,branches,
andloops. It featuresazero-overheadoop mechanisnsup-
portingtwo nestedoops.

Two address geneation units (AGUSs) are available.
They senetwo purposesWhentheprocessoperformspar
allel computation®n the signalprocessingart, they gen-
erateaddresse$or the dual-portdatamemory Whenthe
processoexecutesserial control code,one AGU still per
forms addresscalculationswhile the other AGU performs
microcontrolertasks.

The signal processingpart consistsof  sliceswhere
eachslicecompriseslatamemory aregister le, andadata
path including an arithmetic-lagic-unit (ALU), multiplier
(MUL), and shifter (BS). An interconnectivityunit (ICU)

connectghe sliceswith eachotherandthe control part of
theprocessar

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

TheM5-DSPfeaturesasimplethree-stag@ipelinewith
stagedetch, decode,and execute. No stagesfor readand
write-backto andfrom the register le arerequireddueto
the specialarchitectureof the datapathswhich is outlined
in thefollowing section.

3.1.1. DataPaths

The schematioof one of 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, and dedicatedoutputaccumulatos,
markedin darkgrey, atthe bottom.

Eachof the FU writes its outputinto its dedicatecbut-
put accumulatotocatedbelow. This allows to operatethe
FUsfully orthogonally sinceno sharedregistersor busses
could posestructuralhazarddor paralleloperation.As in-
put operandsgachFU canselectthe outputaccumulators
of otherFUs via its input multiplexers. If eachFU canac-
cesseachother FUs output, the resultingmultiplexer net-
work can becomequite large. However, the connectvity
canbereducedio thoseconnectionsvhich arerequiredin
theapplicationcode.We rst wroteourapplicationcodeas-
sumingfull connecwity. As a secondstepwe pro led the
applicationcodeandremoved all connectionsvhich were
not used. The resultingconnectvity canbe seenin gure
3. Only connectionsvherean arrov meetsthe input mul-
tiplexer (T ) areavailable. We alsocreateda compiler
basedool to extracttherequiredconnectionglirectly from
theapplicationin C [14]. This multiplexer networksresem-
bles the bypassnetwork of superscalaprocessors.How-
ever, it is controledfully in softwareandthusneedso con-
trol hardwarewhich consumesnuchareaandpowerin su-
perscalaprocessors.

Despitethe usualFUsALU, MUL, andBS, we alsoin-
cludeda load-store-unit(LST), a unit for register le ac-
cessegREG),andan interconnectiity unit (ICU) into the
datapath. Includingthe LST unit into the datapathallows
for load operationgo bypassthe register le. This allows
for asmallerregister le with lessportscomparedo RISC
processosdatapaths. TheREGunitactssimilartotheLST
unit but providesthreeindependenaccesset the register

le percycle.

The ALU featuresspecialinstructionsfor accelerating
the calculationof FFTs and Viterbi decoderswhich re-
quireasecondutputaccumulatarThesefeaturesverede-
scribedin [13] andhelpreducetheinstructioncountof FFT
andViterbi-decodebelow theinstructioncountsin table3.



With thesefeatureghe numberof instructionsfor oneACS
operationcanbereducedrom 6 down to 2. Hence the op-
erationscountfor Viterbi trellis calculationis reducedrom
180down to 60. Also, the multiplier supportsGalois- eld
arithmeticasin [15] for the Reed-Solomouecoder

3.1.2. InstructionSetArchitectuie (ISA)

Our M5-DSPfeaturesaverylonginstructionword (VLIW)

instructionsetarchitecture (ISA) which allows for control-
ling eachFU of the datapathin eachcycle in parallel. The
programmcontrolandadresgyeneratiorunit of the control
partof the processocanbecontroledby functionalinstruc-
tion words (FIWs) within the VLIW aswell. The size of
oneVLIW instructionis 170bits.

3.1.3. Memory

The M5-DSPfeaturesa Harvard-stylememoryarchitecture
with separatelataandprogrammemory The datamemory
is organizedn slices.Therequiredsizeof thedatamemory
depend=on the target application. For DVB-T, the trellis
dataof the Viterbi decoderequirethe largestintermediate
storagewith about384kbit. Sincealsostateandtransition
metricsandincomingdataneedto be stored,we choosea
datamemorysize of 1Mbit. For a high datathrougputfor
the FFT we emplgy dual-portmemory allowing two inde-
pendenteador write accessem eachcycle.

The programmemoryneedsto storeabout1k lines of
codeascanbe foundin the implementatiorresultsin the
following section4. Eachline consistsof a VLIW instruc-
tion of size170bit. Hence the sizeof the single-portpro-
grammemoryof theM5-DSPis 180kbit. For implementing
more control code of the DVB-T recever, the programm
memorywill haveto be extentedto about2k lines.

4. IMPLEMENT ATION RESULTS

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

4.1. Hardware

For the hardware implementationwe createda VHDL
modelof the processousingour gencoretools asin [16].
The VHDL descriptionwas synthesizedor a 130nm 8-
metal-layer standard-celllibrary by UMC using Synop-
sys Design Compiler™. For place and route and back-
annotationwe usedCadencesoCEncountef™. For ALUs
andMultipliers we usedSynopsy<Design\Ware™ compo-
nents.For memories SRAM macroshy UMC areused.
The resultinglayout canbe seenin gure 4. The data
memoriesare locatedcloselyto the datapathsof their re-
spectve slices. The ICU, locatedin betweenall slices'

datapaths,connectsthe datapaths. The control process-
ing part(PCU,AGU, anddecodergrehardlyvisible dueto
their small size. This con rms the ef ciency of the SIMD
paradigm.

Clock Rate Our M5-DSP achieves a clock rate of
250MHzwhich exceed=ur initial assumptiorof 200MHz.
Thecritical pathis in the ALU.

Fig. 4. Layoutof M5-DSP

Die Size Thedie sizeis dominatedby the datamemaories
ascanbe seenin gure 4 andtable4. The 16 datapaths
requireonly a small portion of the design.Dueto the high

numberof routing layersthe designachievzes a placeand

routeutilization of about88%.

Component Sizeinmm  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 the M5-DSP

Power Consumption We estimatedhe power consump-
tion using SynopsysPaver Compilerto be about300mwW

Again, a large portion of this power is consumedn the

memories.This comparesavorablyto thepower consump-
tion of anASIC like theLSI Logic L64782[9] which con-

sumesabout800mW but alsoincludespartsof the analog
front-end. However, it doesnot provide ary e xibilty to

accomodatehangesn the standardasour M5-DSPdoes.
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4.2. Software

For the software implementationwe createdsoftware de-
velopmentools(AssemblerLinker, Simulator andDebug-
ger)usingthe EDGE™ toolsuiteby LISAtek/ CoWareand
wrotetheapplicationsoftwarein assemblyanguage Work
on a compilerto speed-uphis tedioustaskis 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. Cycle Countsof Recever Algorithms

Table5 shaws the cycle countsfor computingone FFT
symbol, the Viterbi decoderfor 16 blocks of 204 bytes,
andthe Reed-Solomomlecoderfor oneblock of 204 bytes.
Pleasenotethatthe applicationcodefor the Reed-Solomon
decodeiis not fully optimizedyet. It shouldbe possibleto
getthecycle countdown to about2000cycles.

Thesecycle countsyield aworkloadof our processoof
aboutl50MIPS. Consideringheclockrateof 250MHzand
thestill to improve RS-decodetthis leavesenoughcompu-

tationalressourcefr implementingchannekstimatiorand
equalizationjnterleavers,anctontrolcode.

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

Table 6. ProgramCodeSizein VLIW Instructionsof Re-
ceiver Algorithms

Therequiredlines of codeandhenceprogrammemory
for therespectre receveralgorithmsareshavn in table6.

5. CONCLUSIONS

We presentedhe implementatiorof arecever for DVB-T
on an application-speci cDSPwhich we designedor this
application. The DSPis capableof performingthe compu-
tationally intensealgorithmsin software by meansof par
allel executionandspeciallytailoreddatapathsfor Viterbi
decoding FFT andGalois- led multiplication.

The implementationresultsshowv that the costsof the
DSPareon parwith commerciallyavailable ASICsbut our



M5-DSP also provides e xibility for accomodatinguture
upgrade®r change®f thestandardy requiringonly rather
simplesoftwarechangesnsteadof redesign®f anASIC. A
scaled-davn versionof the M5-DSP could alsobe usedfor
implementingareceverfor theupcomingDVB-H standard.
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