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ABSTRACT
Turbocodeshave beenrecentlyadoptedin thenext gener-
ation of widebandCDMA standards.Thesecodesachieve
superiorperformanceat theexpenseof high computational
complexity. This makestheir low energy implementationa
very importantyet challengingproblem. In this paperwe
studytheeffect of differentapproximationtechniquessuch
aspruningthetrellis, reducingthenumberof states,sliding
window, earlyterminationon theBit Error Rate(BER) and
energy consumptionfor a Turbodecoderimplementedon a
generalpurposeprocessor. We show thata combinationof
thesetechniquescanresultin

���������
energy reductionfor a

log-MAP basedTurbo decoderif a lossof 1.4 dB in SNR
canbetoleratedat BER= �	��

� .

1. INTRODUCTION
The emergenceof battery powered hand-helddevices as
popularcomputingdevicesmakesreducingthetotal power
consumptionwithoutcompromisingonperformanceavery
important problem. Turbo codes[1] have beenrecently
adoptedby 3rd generationmobilestandardssuchas3GPP
andCDMA 2000.Thesuperiorperformanceof Turbocodes
is dueto the combinationof parallelconcatenatedcoding,
recursive encoding,pseudo-randominterleaving anditera-
tive decoding.All of thesefactorsresultin theenergy con-
sumptionof thecoderbeingveryhigh.

Therearetwo mainalgorithmsfor Turbodecoding:the
MaximumAposterioriAlgorithm (MAP) andtheSoft Out-
putViterbi Algorithm (SOVA). TheSOVA baseddecoderis
computationallylesscomplex sinceit choosesthebranchin
thetrellis with thehighestprobabilityanddiscardstheother.
We usebi-directionalSOVA in our implementation.MAP,
on the otherhand,doesnot rejectany pathandcalculates
theprobabilitiesof eachpoint in the trellis. In orderto re-
ducethecomputationalcomplexity of MAP, it is generally
implementedin the logarithmicdomain(referredto asthe
log-MAP algorithm).

In this paperwe show how judicious useof approxi-
mation algorithmscanbe usedto significantly reducethe
energy consumptionof the Turbo decoderby reducingthe
computationalcomplexity of thedecodingalgorithms(log-
MAP/ SOVA) with aminimaldecreasein theBER.Theap-

proximationtechniquesthatwe studiedreducethenumber
of computationsby pruning the trellis, terminatingthe it-
erationsearly, applying sliding window and reducingthe
numberof statesin the trellis. In eachcasewe compared
the performancewith respectto BER andenergy. Sucha
studyof quality-energy tradeoffs givestheusertheflexibil-
ity to choosedifferentapproximationsbasedon the appli-
cationrequirements.A combinationof the approximation
techniquesresultedin

���������
energy savings over the log-

MAP basedTurbodecoder, with a lossof ��� � � dB in SNR
for aBERof ����
�� whenimplementedonageneralpurpose
processor. Furthermore,reducedsearchandpruningtech-
niquesresult in the largestreductionin energy( ��� � ) with
0.5dB lossin SNR.A subsetof theapproximationslistedin
thispaperhasbeenintegratedinto anASIC implementation
in [2] thatresultedin ��� � reductionin powerconsumption
over a fixed6-iteration,8-statebaselineTurbodecoderat 2
dB of SNR.Algorithmic andarchitecturalapproachesto re-
ducethepowerconsumptionin thedatapathhavealsobeen
proposedin [3].

Therestof thepaperis organizedasfollows. Section2
givesa brief descriptionof the differentenergy reduction
techniques. Section3 describesthe proposedalgorithms
andtheresultsof our methodsandsection4 concludesthe
paper.

2. ENERGY REDUCTION TECHNIQUES
ThoughSOVA andlog-MAP arelow complexity algorithms
comparedto MAP, they still requirea largenumberof com-
putations. In the restof this section,we describeexisting
techniquesto reducethenumberof computationsandtheir
effecton energy consumption.

2.1. Experimental setup
In order to calculatethe computationpower (andenergy),
we ran the sourcecodeon Wattch[4], a framework for ar-
chitecturallevel power analysis. All the simulationswere
performedon rate1/2 Turbocodewith 8 PSKmodulation,
interleaversize2048bitsandconstraintlength(K) = 5. The
quantitative quality resultswereobtainedin termsof BER
measurements.Thequantitativeestimatesfor energy values
wereobtainedusingWattch. Theprocessorusedin Wattch



is representative of a stateof the art generalpurposepro-
cessorand had the following parameters:issuewidth 4,
window size16, numberof virtual registers32 andnum-
ber of physicalregisters16, data-pathwidth 64, L-1 data
cachesize 128:32:4(128K is the datacachesize, 32K is
the line sizeand4 is the setassociativity). L-2 datacache
1024:64:1,L-1 instructioncache512:32:1andL-2 instruc-
tion cachesimilar to theL-2 datacache.

2.2. Reduction in the number of states
In this methodthestatetrellis is reducedto a smallerstruc-
tureandthesearchis performedon thereducedtrellis. This
techniquehasbeenappliedto MAP in [5] andSOVA in [6].
The energy savings and loss in SNR were � ������� ( � ��� � � )
and 0.51 dB(0.58 dB) for log-MAP(SOVA) at a BER of
����

� .
2.3. Reduction in the number of paths
TheT andtheM algorithmsarepruningalgorithmsthatre-
ducethenumberof pathsin aclassicalViterbi algorithm[7].
The pruningalgorithmwasappliedto the trellisesof log-
MAP andSOVA. The energy savings in log-MAP(SOVA)
were ��� ��� at the expenseof 0.48 dB(0.63dB) loss in
SNR for a BER of ����
�� . While the reducedsearchand
the pruning techniqueshave almostsimilar quality/energy
tradeoffs, pruning is a more effective techniquefor small
valuesof SNR.

2.4. Effects of Stopping Criteria
Sinceearlyterminationof theiterativedecodinghelpscon-
serve power, the effectsof the following stoppingcriteria
werestudied:crossentropy (CE) [8], signchangein thelog
likelihoodandextrinsic informations(LLR) [9] andadap-
tive iteration basedon CRC (CRC)[10]. Fig.1 gives the
BER vs SNR,whenthethreestoppingcriteriaareusedfor
terminatingthedecodingin log-MAP, Max log-MAP (which
is aversionof log-MAP, wheresomeadditionsareapproxi-
matedby max operations)andSOVA. CEis betterthanLLR
andCRC with respectto BER performance.However, as
SNRincreasesto 2 dB, theplotsconverge. While thethree
stoppingcriteria result in similar performancefor SOVA,
CE clearlyoutweighsLLR for log-MAP.

Fig.2givestheenergy estimatesfor all thethreedecod-
ing algorithmswhen the above stoppingcriteria are used.
LLR is thebeststoppingcriterionfor all thethreedecoding
algorithmswith respectto energy consumption.It resultsin
��� � ��� energy consumptioncomparedto theCE criterion.

2.5. Sliding Window Techniques
Sliding window is a very effective techniqueto reducethe
numberof dataaccesses.By using smallerblock size in
conjunctionwith sliding window, onecanreducethemem-
ory requiredto storethe stateand the branchmetrics. In
addition, the delaycanbe reducedif the decodingblocks
aresynchronizedproperly. Slidingwindow techniqueswith
differentre-usabilityfactorswerestudied.In termsof per-
formanceandenergy, theslidingwindow with are-usability
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Fig. 1. BER vs SNR for variousstoppingcriteria for log-
MAP, Max log-MAP andSOVA
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Fig. 2. Energy estimatesfor log-MAP, Max log-MAP and
SOVA for variousstoppingcriteria

factorof 1 (overlapof 1 state)is betterthanotheralterna-
tives(overlapfactorsof greaterthan1). For instance,energy
savingsof ��� � ��� wasachievedon log-MAP and ��� � � � on
SOVA at theexpenseof 0.3dB and0.43dB lossin SNRre-
spectively for a BER of �	� 
�� . Whensliding window tech-
niqueswith higherre-usabilityfactorswereused,thelossin
SNRwasdisproportionatelyhigh.

2.6. Finite Precision Analysis
In [9] finite precisioneffectson the performanceof Turbo
decodershave beenanalyzed. While a large word length
resultsin morestorageareaandmorenumberof computa-
tions,asmallerword lengthaffectsperformance.Ourstudy
showed that 5:2 (5 denotesthe total numberof bits and2
is the numberof bits for the fractionalpart) schemeis the
bestfor alog-MAP baseddecoderandthatthe4:3schemeis
thebestfor a SOVA baseddecoder. Quantizationof extrin-



Approximation Drop in SNRin dB
�

Energy Reduction
Log-MAP SOVA Log-MAP SOVA

LoopTransformation 0.0 0.0 8.5 8.5
FinitePrecisionEffects 0.32 0.41 14.8 15.2

SlidingWindow 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. Drop in SNRandenergy reductioncorrespondingto thedifferentapproximationtechniques

sic informationhasalsobeendealtwith in [9]. In termsof
extrinsic information,5:3 and5:1 schemesarethe bestfor
log-MAP andSOVA baseddecoders.Wattch resultsindi-
cateenergy savingsof around � ��� ��� ( � ��� � � ) for log-MAP
(SOVA) baseddecodersatthecostof 0.32dB(0.41dB) drop
in SNRfor a BERof ����

� .
2.7. Loop Transformations
Data loop transformationsare high level transformations
andcanbeappliedon top of all theabove approximations.
Application of loop unrolling on the C-codeof log-MAP
andSOVA resultedin energy savingsof

�������
.

2.8. Summary
In Table1, thedropin SNR(in dB) andthepercentageen-
ergy reduction(w.r.t log-MAP andSOVA) for a block size
of 2K andBER of ����

� have beenshown for eachof the
approximationtechniques.The highestenergy savings are
obtainedfrom reductionin numberof pathsandreduction
in numberof states.Loop transformationsresultin energy
savingswith no lossin quality. A combinationof theseap-
proximationtechniquescanbeusedto matchthespecifica-
tion of differentapplicationswith differentenergy-quality
requirements.

3. RESULTS

Fig.3describestheenergysavingsandlossin SNRin dB for
a BER of ����
�� whena combinationof approximationsis
appliedfor a log-MAP baseddecoder. Sucha figurecanbe
usedto choosetheapproximationsbasedon theapplication
requirements.For instance,in applicationswherequality
is of utmostconcern,we canapply dataloop transforma-
tions andfinite precisioneffects (0.31 dB lossand ��� � ���
energy savings). In applicationswherepoweror batterylife
is more important,all of the approximationscanbe used.
Thiswould resultin 1.4dB losswith

���������
energy savings

asshown in Fig.3. For applicationswhereonedesiresto
have a reasonableperformance( ��� � � dB loss) a combi-
nationof dataloop transforms,finite precisioneffectsand
sliding window canbeused(  !� � energy savings). For ap-
plicationswhereonedesireslessthan1 dB lossin SNRand
still achieve significantenergy savings (

� � � ), a combina-
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Fig. 3. Distribution of energy savings in log-MAP based
Turbodecoderat BERof �	��
�� andblocksize= 2K

tion of dataloop transforms,finite precisioneffects,sliding
window andLLR stoppingcriterioncanbeused.

A point to be notedis that the drop in SNR is not ad-
ditive for successive approximations.For instance,if only
sliding window techniqueor only finite precisiontechnique
areappliedseparatelyonthelog-MAP basedTurbodecoder,
thedropsin SNRare0.45dB and0.35dB respectively. But
whenboththetechniqueswereappliedsimultaneously, the
drop in SNR is found to be 0.63 dB. Next, the two most
promisingtechniques,namely, reductionin the numberof
pathsandreductionin the numberof statesarecompared
w.r.t qualityandenergyconsumptionfor differentblocksizes.

Considertwo implementations(whichuseloopunrolling,
finite precisioneffects,sliding window andLLR stopping
criterion)but differ in whethertheapproximationreduction
in thenumberof paths(ALG-I) or reductionin thenumber
of states(ALG-II) is applied.We do not consideranimple-
mentationwherebothreductionin thenumberof pathsand
reductionin the numberof statesis appliedsincetheSNR
drop is excessively high ( �"� � �!#�$ ). Fig.4 gives the plot
of BER vs SNRfor thetwo proposedimplementationsand
SOVA for two differentblock sizes(128bits and2K bits).
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Fig. 5. Energy estimatesof the two implementationsand
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While a block sizeof 128bits is suitablefor voiceapplica-
tions,ablocksizeof 2K bitsis suitablefor dataapplications.
For smallerblocksizes,weobservethatALG-I hasabetter
performancethanALG-II. For large block sizes,both the
approximationsare closein termsof performance.Fig.5
givesthe energy estimatesfor ALG-I, ALG-II andSOVA.
ALG-II haslowerenergy consumptionfor bothblocksizes.
For smallerblock sizes,ALG-II result in  �� � energy sav-
ingswhereasfor largeblock sizes,theapproximationsre-
sult in ��� � energy savingswith respectto SOVA.

4. CONCLUSIONS
In this paperwe showedtheeffectof applyingdifferentap-
proximationtechniqueson the BER andenergy consump-
tion of aTurbodecoder. Wefoundthatreducingthenumber
of pathsandreducingthenumberof statesarethemostef-

fectivetechniquesin termsof reducingenergy consumption
andshouldbe a part of any low-power Turbo decoderim-
plementation.The energy-quality tradeoff studypresented
herewill helptheuserto chooseanalgorithmconfiguration
that matchesthe applicationrequirement. More sophisti-
catedalgorithmsthatprovidebetterandwide rangingqual-
ity/energy tradeoffs for differentchannelenvironmentsare
a subjectof futurework.
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