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Abstract

Turbo codinghasbecomean attractiveschemefor
designof currentcommunicationsystems,providing
nearoptimalbit error ratesfor datatransmissionat
low signal to noiseratios. However, it is asyetun-
suitablefor usein mobilesystemsowingto thehigh
energy consumptionof current implementationsof
the scheme. Due to the data dominatednature of
the decoder, a memoryorganizationproviding suf-
ficientbandwidthis themainbottleneck for energy.
We havedevelopedthe Data Transferand Storage
Exploration methodology to optimizeand tradeoff
energy consumptionand performance. This paper
discussesthe exploration of the cycle budget ver-
susenergy trade-off for the turbo decodermodule,
which wasobtainedusingour storage cyclebudget
distribution tool.

1 Intr oduction

Faithful replicationof a transmittedsignalat there-
ceiver dependsmainly on the performancelimita-
tion of the codingschemeemployed. Most known
traditionalcodingschemeshave fallen shortof the
theoreticalboundlaid down by Shannonlimit [1]
on whatbestcanbeachieved.It’sonly recentlythat
a new scheme,called turbo coding [2], hascome
closeto thelimit in providing nearoptimalbit error
ratesfor datatransmissionat low signalto noisera-
tios. Sinceit outperformsall previously known for-
ward error correctionchannelcodes,the technique
hasnaturallybecomeanattractivechoicefor design
of currentcommunicationsystems.

Many flavors of the turbo codingschemecanbe
seenin recentliterature. A generalschemewould
beasshown in Figure1. Theinformationbit stream
I, split into frames, is encodedby theconvolutional
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Figure1: Turbocoding-decodingscheme

encodersC� and C� . C� encodesthe interleaved
sequenceof I. The encodedsignalsaretransmitted
over the channel,wherenoisegetsaddedon to the
signals. At the receiver, the signalsare fed to the
decodersD � and D � . The decodingwithin a sin-
gle decodercanbe donein several ways[3, 4]. In
our implementation,thedecodingis doneusingthe
Maximum-A-Posteriori(MAP) algorithm[3]. The
decoderis essentiallyan iterative scheme,wherein,
the decodedsignal from onedecoderis fed to the
otherdecoderandtheprocessrepeateduntil there-
quireddegreeof convergenceis achieved.

The main drawbackof the turbo codingscheme,
notwithstandingits nearoptimalperformance,is the
large latency and energy consumptionof the de-
coder. This is dueto the large numberof memory
accessesof thehighly datadominated,iterative de-
coding scheme.Hence,memoryorganizationis a
very critical requirementfor anefficient implemen-
tationof thescheme.DataTransferandStorageEx-
ploration (DTSE) [5] is a systematicmethodology
for optimizationof memoryaccessesin sucha data
dominatedapplication.

Issuesrelating to VLSI implementationof the
turbo codingschemehave beenaddressedin [6, 7]
andlow complexity implementationsto reduceen-
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ergy consumptionhave beenprovidedin [8, 9, 10],
and many others. But, memoryorganizationand
optimizationissuesarenot sufficiently addressedin
literature. Memory accessoptimization,by apply-
ing earlytransformationstepsof theDTSEmethod-
ology, has been investigatedand important gains
thereofhave beenshown in [11, 12]. However, the
latter resultis a singledesignpoint. Theglobalen-
ergy andperformancetrade-off possibilitieswith re-
spectto memorybandwidth,which arecrucial for
a designerto make a soundchoiceof the memory
architecture,areasyet not available. In this work,
our storagebandwidthoptimizationtool is demon-
stratedto provide suchtrade-off pointsin animple-
mentationof theturbodecodermodule.

In contrastto traditionaldesigntools,which pro-
ducea singleoptimal solution, this trade-off curve
allows thedesignerto explorethedesignspace.For
theturbodecoder, latency andthroughputcanbeim-
provedby sacrificingsomeenergy consumption,or
converselymore energy can be saved by lowering
the performance.The designercanonly efficiently
decideonthesetrade-offs if thereis away to visual-
izethem.Therefore,weproposeparetoplots,which
aregeneratedautomatically, to show theenergy cost
of achieving a particularthroughput.

Outlineof thepaper:Section2 briefly introduces
the DTSE methodologyand positions our work.
Section3 discussestheappliedstepin detailon the
turbo decoderimplementation.Section4 discusses
the resultsobtained,their interpretationandadvan-
tages.Section5 concludesthearticle.

2 Data Transfer and Storage
Exploration Methodology

In datadominatedapplications,typically found in
the multi-mediaand telecomdomain,datastorage
andtransfersarethemostimportantfactorsin terms
of energy consumption,area and systemperfor-
mance. DTSE is a systematic,step-wise,system-
level methodologyto optimizedatadominatedap-
plicationsfor memoryaccesses,andhence,energy
consumption[5]. The main goal of the methodol-
ogy is to startfrom thesourcecodespecificationof
theapplication(for e.g. in theC language)andde-
terminean optimal executionorder for datatrans-
fers, togetherwith an optimal memoryarchitecture
for datastorage.

The DTSE methodologyis explained at length
along with casestudiesin [5], but to position our
work, we briefly summarizeit here. It essentially

consistsof the following orthogonal stepsthat are
sequentiallyapplied:

1. Global Data Flow Transformations: Reduces
redundantcopiesof dataandremovesdataflow
bottlenecks.

2. Global Loop Transformations: Reducessys-
tem level buffers requiredbecauseof long de-
lays betweenproductionand consumptionof
intermediatevalues.

3. Data ReuseDecisions: Exploits hierarchical
memoryorganizationto make useof available
temporallocality in thedataaccesses.

4. Storage Cycle Budget Distrib ution: Dis-
tributesavailable cycle budgetover the itera-
tivepartsof thespecificationin abalancedway
globally, suchthat the requiredmemoryband-
width is reduced.

5. Memory Allocation and Assignment: Deter-
minestheoptimalmemoryarchitecturefor the
dataandtherequiredassignment.

6. In-place Optimization : Finds the optimal
placementof data in the memoriessuchthat
the requiredmemorysizeis minimal andalso
removescacheconflict misses.

The first 3 stepsare essentiallyplatform indepen-
dent sourcecodetransformationstepswhich have
previously beenappliedon the turbo decoder. The
resultsareavailablein the literature[11, 12]. This
papercompletesthescriptwith thememoryorgani-
zationsteps4 and5. Thesestepsmake it possible
to identify a rangeof energy-performancetrade-off
possibilities. Step6, as mentioned,optimizesthe
areaconsumptionand the cachemisses,but these
arenot bottlenecksin our implementation.

Thetrade-off pointsidentifiedarerepresentedasa
paretocurvebetweenenergy consumptionin mem-
ory andthestoragecyclebudget,asshown in Figure
2, for a given choiceof memoryarchitecture.The
cycle budget rangesfrom fully sequential,where
all memory accessesare scheduledone after the
other, to the critical pathschedule,wherememory
accessesaresequentialonly if thereis adependency
betweenthem. A smallercycle budgetmeansmore
parallelaccesseswith lesserfreedomin orderingand
hencehigherenergy consumptionin themorecom-
plex memoryrequired.With suchaparetocurve,the
designercanignorethepointswhichareclearlysub-
optimalandconcentrateon the interestingtrade-off
points.
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Figure2: energy-cyclebudgettrade-off

3 Storage Cycle Budget Distri-
bution

In the DTSE methodology, the memory architec-
ture is optimizedbeforedoingthedetailedschedul-
ing andsynthesis.This impliesthatsufficientmem-
ory bandwidthis madeavailable for a final sched-
ule, which meetsthe requiredcycle budgetof the
application,but is still optimal in termsof energy
consumption. This requiresexploration along the
lengthof thememoryaccessschedule,andtheStor-
ageCycleBudgetDistribution (SCBD)stepentails
a tool supportedmethodologyto achieve this. The
following definitionsareusedfurtheron:

� Storage Cycle: An abstractunit of time re-
quired to scheduletransfersbetweenthe data
pathsand the memories,andbetweenmemo-
rieson differentlayers.It definesthegranular-
ity atwhichsuchtransferscanbepositionedin
time.

� StorageBandwidth : Total numberof portsin
thechosenmemoryarchitecture.

� BasicGroup: A groupof datathat is together
allocatedand assignedto the samememory.
Thegroupingis doneto alleviatethecomplex-
ity in dealingwith eachdataitem separately.
Coarsely, each array is also termed a basic
group.

� Extended Conflict Graph (ECG): Con-
flict graph which includes hyper edgesand
R/W/RW annotationfor eachedge,represent-
ing themaximumreads,writesandtotal mem-
ory accessesthat can occur simultaneously.
Thisadditionalinformationis requiredfor cap-
turing the completeconflict informationwhen
multi-port memoriesareavailable. In our dis-
cussion,we assumethis extensionwhenever
we referto conflict graphs.

Memory Hierarchy Layer Assignment

Loop Transformations for SCBD

Software Pipelining

Loop Merging

Partial Loop Unrolling

Basic Group Structuring 

Storage Bandwidth Optimization

STORAGE CYCLE BUDGET DISTRIBUTION

Figure3: Sub-stepswithin theSCBDstep

Given the control/dataflow graph (CDFG) rep-
resentingthe behavior of the application, SCBD
mainly determines,from thedatadependencies,for
which data,parallelaccessshouldbepossiblein or-
der that cycle budget is met with minimum band-
width requirements.This informationis madeavail-
able in the generatedconflict graphfor eachcycle
budget, from fully sequentialto critical path bud-
get, which the subsequentMemory Allocation and
Assignment(MAA) step matcheswith a memory
architecture,avoiding the conflicts. A valid final
schedulecanexist only if amemoryarchitecturesat-
isfying theconflictgraphis found.

SCBD consistsof sub-steps,shown in Figure3.
The StorageBandwidthOptimization(SBO) is the
main automatedsub-step;the detailsaboutthe im-
plementationof the tool are available in [13, 14].
Theefficiency of theresultingorganizationdepends
on thecodetransformationsappliedmanuallyin the
earliersub-steps.Herewebriefly discussthosesub-
stepswhichareapplicablefor theturbodecoderim-
plementationat hand.

3.1 Memory Hierar chy Layer Assign-
ment

Thisis thefirst sub-stepin SCBD,whichdecidesfor
eachbasicgroup,thelayerin thememoryhierarchy
it will be assignedto. The datareusestep,previ-
ouslyappliedto theturbodecodercode[12], intro-
ducedfive local buffers to make temporarycopies
of the reuseddata. The memoryfor thesetempo-
rarycopiesis assignedalowerlevel in thehierarchy,
so that, the costly duplicateaccessesto the back-
groundmemoryis replacedby cheaperaccessesto
the lower level memory. The subsequentMAA
stepdeterminestheoptimalmemoryarchitecturefor
eachlayer. In effect, this sub-stepfully determines
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Figure4: Dependencegraphbeforesw. pipelining
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Figure5: Dependencegraphaftersw. pipelining

thestaticcachingdecisions.

3.2 Loop Transformations for SCBD

The SBO tool takes the accessdependenceflow
graphasthe input, therefore,the lengthof the crit-
ical pathdeterminesthe schedulingflexibility . To
increasethe schedulingflexibility , the critical path
lengthof theloop bodieshasto bereduced.This is
achievedby transformationson the loopslike soft-
warepipelining, loop merging andpartial loop un-
rolling.

Ontheturbodecodermodule,softwarepipelining
is appliedonthe11loopspresent,reducingthecriti-
calpathlengthto asinglecyclein eachof them.Fig-
ure4 shows theaccessdependencegraphin a loop
body, which requires2 storagecyclesin thecritical
path,asthedatawritten to anarraydependson data
readfrom anotherarray. Thisdependency is broken
by delayingthe write by oneiterationandkeeping
thedataalive in a register, reducingthecritical path
lengthto a singlecycle asshown in Figure5. This
significantlyreducesthe storagecycle countof the
module.

3.3 BasicGroup Structuring

Basic group structuring refers to merging and/or
splitting of basicgroupsin orderto reducethecon-
flicts in the memory accesses.Merging of basic
groupsis donewhenelementsin two differentbasic
groupsarealwaysreadandwritten together. Split-
ting of a basicgroupis doneif it resultsin the re-
moval of self-conflicts. Typically, splitting is done
alongseparatedimensions.

In theturbodecoder, we split two basicgroupsin
orderto removeself-conflicts.In fact,withoutsplit-
ting, softwarepipeliningcannotachieve thecritical
path in a single cycle for the loop body shown in
Figure4, asthereare2 readsfrom the samearray,
but on differentdimensions.

alpha_state extrinsic1 info2c info1c

apriori1

2/0/2

buf_input_plus

1/1/2

buf_input

1/1/2

buf_aux

1/1/2

2/1/3

1/2/3

1/1/2

0/0/0

apriori2 extrinsic2 pass_beta pass_alpha

buf_beta1

2/0/2

2/0/2

buf_alpha1

2/0/2

3/0/3

buf_beta0

2/0/2 0/2/2

buf_alpha0

2/0/2

alpha

2/0/2

3/0/3

1/1/2 2/0/2

2/0/2

2/0/2

1/2/2

0/2/2

Figure6: ECGfor a budgetof 430848cycles

No. of storagecycles
Code No. of Critical Fully

Version schedules Path Sequential
Before 23 316416 622656
After 39 286560 622656

Table1: Enhancedrangeby SCBDtransformations

3.4 StorageBandwidth Optimization

SBO is fully automatedandaswith mostoptimiz-
ers, is the most time consumingstep. It optimizes
the requiredstoragebandwidth for a given cycle
budgetby partially orderingtheCDFG at thebasic
grouplevel. Theoutputsaretheconflict graphs,for
eachcycle budget, that contain information about
whichbasicgroupsareaccessedsimultaneouslyand
thereforehaveto beassignedto differentsingleport
memoriesor a multi-port memory. Figure6 shows
the conflict graph generatedby the SBO tool for
theturbodecodermodulefor acertaincyclebudget.
Thesquareboxesrepresenthyperconflict edges.

Table 1 shows the differencethe applied code
transformationsmadein the outputof the SBO for
the turbo decodercode. The critical path budget
hascomedown significantlyandat the sametime
morescheduleshavebecomevisible. TheSBOout-
putabouttherequirednumberof cyclesis alsoused
asa feedbackto theearliertransformationsto check
for thepossibilityof further improvementin theso-
lution.
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BasicGroup Size BW NA MA

alpha 3264 7 78432 1
info1c 800 4 12896 2
info2c 800 4 13293 4
apriori1 400 6 8848 4
apriori2 400 6 8845 2
extrinsic1 400 6 4800 2
extrinsic2 400 6 5197 2
alpha_state 64 7 2368 2
buf_alpha0 64 7 69228 2
buf_alpha1 64 7 69888 3
buf_beta0 64 7 69792 3
buf_beta1 64 7 68256 4
pass_alpha 64 7 2112 2
pass_beta 64 7 2016 2
buf_aux 8 6 24192 4
buf_input 8 4 28992 RF
buf_input_plus 8 6 24192 RF

BW = Bit-width; MA = MemoryAssignment;
NA = Numberof accesses(Reads+ Writes);
NP = Numberof ports;RF= RegisterFile;
Energy consumptionis in � J/frame;

Mem. NP Size BW NA Energy

1 1 3264 7 78432 48.726
2 1 2256 7 107462 51.285
3 1 128 7 139680 21.364
4 2 1272 7 114589 40.753
RF - 16 6 53184 3.389

Total 165.517

Table2: MAA for abudgetof 430848storagecycles

4 Results

The SBO andMAA tools are usedin conjunction
to provideaccurateenergy andareavalues,for each
cycle budget, for eachinput memoryarchitecture,
from fully sequentialto the critical path schedule.
Thesevalues, in our caseonly for energy, plot-
tedagainstthe cycle budgetgivesthe paretocurve,
which the designercanuseto decideon the initial
memoryarchitecture.This architecturecanbe fur-
therexploredfor in-placeoptimization,if required.

In the resultsthat follow, we have usedthe en-
ergy consumptionvaluesof a 0.35� m CMOS pro-
cessof Alcatel Microelectronics. The choice of
wordlengthsof thedatavalues,whicharenecessary
for theestimation,arebasedon simulationswithout
significantdegradationin functionality.

A snapshotoutputof the MAA tool for the con-
flict graphof Figure6 is shown in Table2. Thede-
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Figure7: Paretocurvesfor 4 memories

cision of how many memoriesand ports to useis
currentlystill manual.Therefore,for a givennum-
ber of memories,the paretocurves are generated
for the completerangeof port configurationswith
singleanddual-portmemories.Figure7, givesthe
paretocurvesfor the caseof 4 memories.Depend-
ing on therequiredthroughput,a port configuration
with 4 singleports,with 3 dualandonesingleports,
or with 4 dualportsshouldbeselected.

The trade-off points to be consideredby the de-
signerdependson the performanceconstraintthat
is beingaddressed.An increasein performance,as
shown, alsoincreasesenergy consumption.But, the
availablerangeof possibilitiesmake a goodtrade-
off feasible.Whenareais at a premium,thoughnot
in our context, a further energy-areatrade-off be-
comesnecessary.

It is observedthatuseof dual-portmemoriesfor
small cycle budgetsdoesnot necessarilygive poor
energy values,when the size of memoriesare not
too large, as in our application. In fact, if the per-
formancerequirementsarehigh,dualportmemories
becomeanecessitybecauseof unavoidableconflicts
in accesses.At present,ourpowerestimationmodel
doesnot include the influenceof interconnectson
energy, but, thetrendsrepresentedin thecurvesare
expectednot to differ muchby its inclusion.

Figure8givestheparetocurvesfor differentnum-
ber of memorieswith all different port configura-
tions summarizedin a single paretocurve. These
curvesareobtainedbygeneratingparetocurvessim-
ilar to the one shown for 4 memoriesin Figure 7
with othervaluesfor the numberof memoriesand
collectingtheoptimalpointsfor differentcyclebud-
gets.

Basedon the paretocurves for differentmemo-
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ries,thecostof limiting thenumberof memoriescan
beevaluated.A very largenumberof smallmemo-
ries is bestavoided,asthis increasesthe complex-
ity for interconnectionsynthesisandlayout. Figure
8 shows that for all cycle budgets,5 memoriesare
sufficient to reachacceptableenergy consumption.

5 Conclusions

Identifying energy-performance trade-offs is cru-
cial for an optimal implementationof turbo de-
coder. Sincethe decoderis highly datadominated,
the maximum gain is in finding the energy opti-
mal memoryarchitecturewhich meetsthe perfor-
mancerequirements.We have identifiedthe avail-
able trade-offs of an implementationof MAP de-
codingalgorithm,usinga systematicmethodology.
Tool supportmadepossiblean almost impossible
taskof manuallycheckingtheentirerangeof trade-
offs for differentcombinationsof memoryarchitec-
tures.Codetransformationshavebeencrucialto al-
low the SBO tool to provide an enhancedrangeof
cycle budgetdistributionsandhence,exposingthe
otherwisehiddentrade-offs.

The methodologyexplainedmakes the trade-off
points in the turbo decodervisible to the designer,
veryearlyin thedesigncycle,allowingbetterdesign
exploration.This coupledwith furtheroptimization
of memoryaccessesis animportantsteptowardsthe
possibilityof usingturbocodingschemesin awhole
rangeof wirelesscommunicationapplications.
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