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ABSTRACT
Turbo codeshave beenrecentlyadoptedn the next gener

ation of widebandCDMA standards.Thesecodesachieve

superiorperformanceat the expenseof high computational
compleity. This makestheir low enegy implementatiora

very importantyet challengingproblem. In this paperwe

studythe effect of differentapproximatiortechniquesuch
aspruningthetrellis, reducingthe numberof statessliding

window, earlyterminationon the Bit Error Rate(BER) and
enegy consumptiorfor a Turbodecodelimplementedn a

generalpurposeprocessarWe shav thata combinationof

thesetechniqueganresultin 66.5% enegy reductionfor a

log-MAP basedTurbo decoderif alossof 1.4 dB in SNR

canbetoleratedatBER=105.

1. INTRODUCTION

The emegenceof battery powered hand-helddevices as
popularcomputingdevicesmakesreducingthe total power
consumptiorwithout compromisingon performancevery
important problem. Turbo codes[1] have beenrecently
adoptedby 3rd generatiommobile standardsuchas3GPP
andCDMA 2000. Thesuperiomperformancef Turbocodes
is dueto the combinationof parallelconcatenatedoding,
recursve encoding,pseudo-randonmterleaving anditera-
tive decoding.All of thesefactorsresultin the enegy con-
sumptionof the coderbeingvery high.

Therearetwo mainalgorithmsfor Turbodecoding:the
Maximum AposterioriAlgorithm (MAP) andthe Soft Out-
put Viterbi Algorithm (SOVA). The SOVA baseddecodeis
computationallyesscomplex sinceit chooseshebranchin
thetrellis with thehighestprobabilityanddiscardsheother
We usebi-directional SOVA in our implementation.MAP,
on the otherhand,doesnot rejectary pathand calculates
the probabilitiesof eachpointin thetrellis. In orderto re-
ducethe computationatompleity of MAP, it is generally
implementedn the logarithmicdomain(referredto asthe
log-MAP algorithm).

In this paperwe shonv how judicious use of approxi-
mation algorithmscan be usedto significantly reducethe
enegy consumptiorof the Turbo decoderby reducingthe
computationatomplexity of the decodingalgorithms(log-
MAP/ SOVA) with aminimal decreasén the BER. Theap-

proximationtechniqueghatwe studiedreducethe number
of computationsby pruning the trellis, terminatingthe it-
erationsearly, applying sliding window and reducingthe
numberof statesin thetrellis. In eachcasewe compared
the performancewith respectto BER andenepgy. Sucha
studyof quality-enegy tradeofs givesthe userthe flexibil-
ity to choosedifferentapproximationsasedon the appli-
cationrequirements.A combinationof the approximation
techniquegesultedin 66.5% enepgy savings over the log-
MAP basedlurbodecoderwith alossof ~ 1.4 dBin SNR
for aBER of 10~° whenimplementedn agenerapurpose
processar Furthermoreyeducedsearchand pruningtech-
niguesresultin the largestreductionin enegy(20%) with
0.5dB lossin SNR.A subsebf theapproximationdistedin
this paperhasbeenintegratedinto an ASIC implementation
in [2] thatresultedin 70% reductionin power consumption
over afixed6-iteration,8-statebaselineTurbo decoderat 2
dB of SNR.Algorithmic andarchitecturabpproacheto re-
ducethepowerconsumptiorin thedatapathhave alsobeen
proposedn [3].

Therestof the paperis organizedasfollows. Section2
gives a brief descriptionof the differentenegy reduction
techniques. Section3 describeshe proposedalgorithms
andtheresultsof our methodsandsection4 concludeghe
paper

2. ENERGY REDUCTION TECHNIQUES
ThoughSOVA andlog-MAP arelow compleity algorithms
comparedo MAP, they still requirealargenumberof com-
putations. In the restof this section,we describeexisting
techniquego reducethe numberof computationsandtheir
effecton enegy consumption.

2.1. Experimental setup

In orderto calculatethe computationpower (and eneny),

we ranthe sourcecodeon Wattch[4], a framework for ar

chitecturallevel power analysis. All the simulationswere
performedon rate 1/2 Turbo codewith 8 PSK modulation,
interlearer size2048bits andconstraintength(K) = 5. The
quantitatve quality resultswere obtainedin termsof BER
measurement§ he quantitatve estimategor enegy values
wereobtainedusingWattch. The processousedin Wattch



is representatie of a stateof the art generalpurposepro-
cessorand had the following parameters:issuewidth 4,
window size 16, numberof virtual registers32 and num-
ber of physicalregisters16, data-pathwidth 64, L-1 data
cachesize 128:32:4(128K is the datacachesize, 32K is
theline sizeand4 is the setassociatiity). L-2 datacache
1024:64:1] -1 instructioncache512:32:1andL-2 instruc-
tion cachesimilarto the L-2 datacache.

2.2. Reduction in the number of states

In this methodthe statetrellis is reducedo a smallerstruc-
tureandthesearchs performedonthereducedrellis. This
techniquehasbeenappliedto MAP in [5] andSOVA in [6].
The enegy savings and lossin SNR were 24.5%(25.2%)
and 0.51 dB(0.58 dB) for log-MAP(SOVA) at a BER of
103,

2.3. Reduction in the number of paths

TheT andtheM algorithmsarepruningalgorithmsthatre-
ducethenumberof pathsin aclassicaViterbialgorithm([7].
The pruning algorithmwas appliedto the trellisesof log-
MAP and SOVA. The enegy savingsin log-MAP(SOVA)
were= 25% at the expenseof 0.48 dB(0.63dB) lossin
SNR for a BER of 107°. While the reducedsearchand
the pruning techniqueshave almostsimilar quality/enegy
tradeofs, pruningis a more effective techniquefor small
valuesof SNR.

2.4. Effectsof Stopping Criteria
Sinceearlyterminationof theiterative decodinghelpscon-
sene power, the effects of the following stoppingcriteria
werestudied:crossentropy (CE)[8], signchangen thelog
likelihood and extrinsic informations(LLR) [9] and adap-
tive iteration basedon CRC (CRC)[1(. Fig.1 givesthe
BER vs SNR,whenthe threestoppingcriteriaareusedfor
terminatingthedecodingn log-MAP, Max log-MAP (which
is aversionof log-MAP, wheresomeadditionsareapproxi-
matedby max operationspndSOVA. CEis betterthanLLR
and CRC with respectto BER performance.However, as
SNRincreaseso 2 dB, the plotscorverge. While thethree
stoppingcriteria resultin similar performancefor SOVA,
CE clearlyoutweighs_ LR for log-MAP.

Fig.2 givesthe enegy estimatedor all thethreedecod-
ing algorithmswhen the above stoppingcriteria are used.
LLR is the beststoppingcriterionfor all thethreedecoding
algorithmswith respecto enegy consumptionlt resultsin
17.5% enegy consumptiorcomparedo the CE criterion.
2.5. Sliding Window Techniques
Sliding window is a very effective techniqueto reducethe
numberof dataaccesses.By usingsmallerblock sizein
conjunctionwith sliding window, onecanreducethe mem-
ory requiredto storethe stateand the branchmetrics. In
addition, the delay canbe reducedif the decodingblocks
aresynchronizegbroperly Sliding window techniquesvith
differentre-usabilityfactorswerestudied. In termsof per
formanceandenegy, theslidingwindow with are-usability
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Fig. 2. Enegy estimatedor log-MAP, Max log-MAP and
SOVA for variousstoppingcriteria

factorof 1 (overlapof 1 state)is betterthanotheralterna-
tives(overlapfactorsof greatethanl). Forinstanceenegy
savingsof 11.8% wasachiezedon log-MAP and12.2% on
SOVA attheexpenseof 0.3dB and0.43dB lossin SNRre-
spectvely for aBER of 10~°. Whensliding window tech-
niqueswith higherre-usabilityfactorswereusedthelossin

SNRwasdisproportionatehigh.

2.6. FinitePrecision Analysis

In [9] finite precisioneffectson the performanceof Turbo
decodershave beenanalyzed. While a large word length
resultsin morestorageareaand more numberof computa-
tions,asmallerword lengthaffectsperformanceOur study
shaved that 5:2 (5 denotegshe total numberof bits and 2

is the numberof bits for the fractional part) schemas the
bestfor alog-MAP basedlecodeandthatthe4:3schemas

the bestfor a SOVA baseddecoder Quantizatiorof extrin-



Approximation Dropin SNRin dB | % Enegy Reduction

Log-MAP | SOVA | Log-MAP | SOVA
Loop Transformation 0.0 0.0 8.5 8.5

Finite PrecisionEffects 0.32 0.41 14.8 15.2
Sliding Window 0.3 0.43 11.8 12.2
Reductionin paths 0.48 0.61 25.3 25.4
Reductionin states 0.51 0.58 24.5 25.2
LLR StoppingCriterion 0.34 0.39 17.5 18.2

Table 1. Dropin SNRandenegy reductioncorrespondingo the differentapproximatiortechniques

sic informationhasalsobeendealtwith in [9]. In termsof
extrinsic information,5:3 and5:1 schemesrethe bestfor
log-MAP and SOVA baseddecoders.Wattch resultsindi-
cateenepgy savings of around14.8%(15.2%) for log-MAP
(SOVA) basedlecodersatthecostof 0.32dB(0.41dB) drop
in SNRfor aBER of 10~°.

2.7. Loop Transformations

Data loop transformationsare high level transformations
andcanbe appliedon top of all the abose approximations.
Application of loop unrolling on the C-codeof log-MAP
andSOVA resultedin enegy savingsof 8.5%.

2.8. Summary

In Tablel, thedropin SNR(in dB) andthe percentagen-
ergy reduction(w.r.t log-MAP and SOVA) for a block size
of 2K and BER of 10~% have beenshavn for eachof the
approximationtechniques.The highestenegy savings are
obtainedfrom reductionin numberof pathsandreduction
in numberof states.Loop transformationsesultin enegy
savzingswith nolossin quality. A combinationof theseap-
proximationtechniqguesanbe usedto matchthe specifica-
tion of differentapplicationswith differentenegy-quality
requirements.

3. RESULTS

Fig.3describesheenepgy savingsandlossin SNRin dB for
a BER of 10~% whena combinationof approximationss
appliedfor alog-MAP baseddecoder Suchafigure canbe
usedto choosethe approximationdasedon the application
requirements.For instance,in applicationswhere quality
is of utmostconcern,we canapply dataloop transforma-
tions andfinite precisioneffects (0.31dB lossand 19.5%
enegy sasings). In applicationavherepower or batterylife
is more important,all of the approximationscan be used.
Thiswould resultin 1.4dB losswith 66.5% enegy savings
asshown in Fig.3. For applicationswhereone desiresto
have a reasonablgerformancg < 0.7 dB loss)a combi-
nationof dataloop transforms finite precisioneffectsand
sliding window canbe used(30% enegy savings). For ap-
plicationswhereonedesiredessthanl dB lossin SNRand
still achieve significantenegy savings (50%), a combina-
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Fig. 3. Distribution of enegy savings in log-MAP based
Turbodecodeiat BER of 10~5 andblock size= 2K

tion of dataloop transformsfinite precisioneffects,sliding
window andLLR stoppingcriterioncanbeused.

A point to be notedis thatthe drop in SNR is not ad-
ditive for successie approximations.For instancejf only
sliding window techniqueor only finite precisiontechnique
areappliedseparatelpnthelog-MAP basedlurbodecoder
thedropsin SNRare0.45dB and0.35dB respectiely. But
whenboththe techniquesvereappliedsimultaneouslythe
dropin SNRis found to be 0.63 dB. Next, the two most
promisingtechniquesnamely reductionin the numberof
pathsand reductionin the numberof statesare compared
w.r.t qualityandenegy consumptioror differentblocksizes.

Considetwo implementationgwhich useloopunrolling,
finite precisioneffects, sliding window andLLR stopping
criterion) but differ in whetherthe approximatiorreduction
in the numberof paths(ALG-I) or reductionin the number
of stateALG-Il) is applied.We do not consideranimple-
mentationwherebothreductionin the numberof pathsand
reductionin the numberof statess appliedsincethe SNR
dropis excessvely high (~ 0.8dB). Fig.4 givesthe plot
of BER vs SNRfor the two proposedmplementationsnd
SOVA for two differentblock sizes(128 bits and 2K bits).
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While ablock sizeof 128bits is suitablefor voice applica-
tions,ablocksizeof 2K bitsis suitablefor dataapplications.
For smallerblock sizes,we obsene thatALG-I hasabetter
performancehan ALG-Il. For large block sizes,both the
approximationsare closein termsof performance. Fig.5
givesthe enegy estimatedor ALG-I, ALG-Il and SOVA.
ALG-II haslowerenegy consumptiorfor bothblock sizes.
For smallerblock sizes,ALG-Il resultin 32% enegy sav-
ingswhereasfor large block sizes,the approximationse-
sultin 27% enegy savingswith respecto SOVA.

4. CONCLUSIONS
In this papemwe shavedthe effect of applyingdifferentap-
proximationtechniqueson the BER and enegy consump-
tion of aTurbodecoderWe foundthatreducingthenumber
of pathsandreducingthe numberof statesarethe mostef-

fectivetechniquesn termsof reducingenegy consumption
andshouldbe a part of any low-power Turbo decoderim-
plementation.The enegy-quality tradeof study presented
herewill helptheuserto chooseanalgorithmconfiguration
that matchesthe applicationrequirement. More sophisti-
catedalgorithmsthatprovide betterandwide rangingqual-
ity/eney tradeofs for differentchannelervironmentsare

a subjectof futurework.
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