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ABSTRACT

Low－DensityParity－Check（LDPC）codeshaveattractedsignificantattentionsincethey

haveseveraladvannagescomparedtoothererrorcorrectingcodes（ECCs），SuChassimple

StruCture，lowdecodingcomplexltyandoutstandingperformance，Manyreportshave

COn丘rmedtheamazlngPerformanceofI」DPCcodeswithcoherentdetection．However，

Sincetheperformanceofcoherentdetectionreliesonaccuratephasetrackingandreliable

estimationofchannelstateinformation（CSI），COherentdetectionbecomesexpensive

OrinfeasibleinsomecasesInthiscase，di庁erentialdetect，ion，Which circumventsthe

needforphasetrackingandchannelestimation，isanattractivescheme．Inaddition，tO

COmPenSatetheperformancelosscausedbydl仔erentialdetection，multiple－Symboldif－

ferentialdetection（MSDD）hasbeenproposedandproventobeaneHectiveapproach・

Ontheotherhand，WirelesscommunlCationsystemswlthECCscanachieveaperfor一

manceclosetothechannelcapacitywithaccepteddecodingcomplexitybyemploymg

thecodedmodulationschemeandもheiterativedecodingtechnique．

AgalnStthisbackground，1nthlSthesis，WefocusonimprovlngtheperformanCeOf

LDPCcodedsystemswithoutusingsynchronizationinformationandCSI Wepropose

aniterativeMSDD schemefordifFerentiallyencodedLDPC（DE－LDPC）codedsysT

tems，andstudyindetallhowtooptimizethesystemperformallCeandhowtoreduce

thedecodingcompleXityofthesystem，Themaincontribut10nSOfthispaperarethe

bllowlngfOuraSpeCtS：

1）WeproposeaniterativeMSDDschemeforD臥I，DPCcodedsystemsandanalyze

thecharacteristics andperformanceofthestudledsystems．Inthestudiedsystems，

theouteriterative decodinglS performedbetweenthe MSDD soft－inputsofトoutput

demodulator（SISOD）andtheLDPCdecoder．ThetransfercharacteristlCSOftheMS－

DDSISODandtheLDPCdecoderareanalyzedbytheextrinsicinformationtra皿Sfer

（EXIT）chartItisshownthattheperformancecanbeimprovedbyincreasingthe

Observationwindowsize（OWS）oftheMSDDSISODandthenumberofouteritera－

tlOnS・WhereasっtheperR）rmanCegalnCannOtbeachleVedbyiterativedecodingwhen

theinnerdecoderemploystheconventionaldi庁erentialdetection，Thebiterrorrate

（BER）performanceofthesystemsunderconsiderationisevaluatedinslowandfast

RayleighfadlngChannels，reSpeCtively．ⅠtisshownthattheanalysISreSultsobtained

fromtheEXITchartsaresupportedbythecomputersimulationresults．

2）InordertOimprovetheperformanceofthestudiedsystemswithlargeOWS，

theirregularLDPC codes areoptimizedfortheMSDD SISOD with different OWS．

Weoptimizeirreglユ1arLDPCcodesbyusingtheEXJTcharttooptimizethedegree

dlStribuもionsofthem・Thesimulationresultsdemonstratethattheperformanceofthe

DE－LDPCcodedsystemswithalargeOWScant）eSignlficant1yimprovedbyusingthe

OPtimizedirreglユIarLDPCcodes Moreover，WhentheoptimizedirregularLDPCcodes

Withverylonglength，theperformanceofthesystemsunderconsiderationcancloseto

thecapacltyOfthenoncoherentAWGNchannel

Ⅹii



3）TosoIvetheproblemofhighcomplexityoftheMSDDSISOD，Whichbecomes

PrOhibitivelyhighastheOWSandtheorderofthemodulationbecomelarge－WeprOPOSe

animprovedsoft－OutPutMalgorithm（ISOMA）bycombiningthefeaturesoftheexisting

SOMAapproaches，TheproposedISOMAcanguaranteethattheLLRofeachcoded

bitcanbecomp11tedwithhighreliaノbllltybyuslngOnlysmallnumberofsearchpaths．

Bycomputersimulations，itisshownthatthecomputationalcomplexityoftheMSDD

SISODaswellastheiterativedecodingcomplexityofDE－LDPCcodedsystemswlもh

iterativeMSDDcanbesignificantlyreducedbytheproposedISOMA．Comparedwiもh

theexistingSOMAapproaches，theproposedISOMAhasbetterperformanceinterms

OftheBERperforrnanceandtheabilityofreducingthedecodingcomplexityofDE－

LDPCsystemswithiterativeMSDD．

4）Inordertofurtherreducetheiterativedecodingcomplexityanddelayofthesys－

temsunderconsiderationwithanite－1engthLDPCcodes，anadaptiveiterativedecoding

approach（AIDA）whlChcanadaptivelyadjuBttheOWSoftheMSDDSISODandthe

OuteriterationnumberoftheiterativedecoderisproposedInAIDA，theOWSandthe

OuteriteratlOnnumberareadaptivelyaqiustedbyuslngaSCtojudgewhetherthelterN

ativedecodingconvergesornot・TbcircumventthedisadvantagesoftheexistingSCs】

anewSC，Whichwecal1DMIcriterion⊃isproposedfortrackingtheconvergencestatus

Oftheiterativedecodingbytrackingthedl仔erenceoftheoutputmutualinformationof

theLDPCdecoderbetweentwoco15eCutiveouteriterationsoftheconsideredsystems．

SimulationresultsshowthatAIDAwiththeproposedDMIcriterioncansignificant1y
reducetheiteratlVedecodlngCOmplexity and delayoftheconsideredsystems atal1

SNRs．Moreover，COmparedwiththeexIStlngSCs－itis demonstratedthattheDMI

CriterlOnismoreeffectivefortheconsideredsystemsintermsofreducingtheaverage

numberofouteriterations，performancelossandrobustness．

Ⅹ111



CHAPTERl

Introduction

l．1　Back Ground and Motivation

MultipathfadingcharacteristicsofwirelesschannelsarethelmpOrtantfactorafFecting

thedatatransmissionrateandqualityofwirelesscommunicationsystems．Especlallyln

thecaBeOfusersmovlngathighspeed，thefastfadingofwirelesschannelswi11seriously

affecttheperformanceofwirelesscommunicat10nSyStems．Inthefuture，thewireless

SyStemSWillrequirehighspeedandhighqualitydatatransmisslOneVeninfastfadlng
Channels・InordertorTeetthisrequirFment，pOWerfulerrorcorrectingcodes（ECCs）

needtobeappliedinwlrelesscommunlCationsystems，

Lowudensityparitypcheck（IJDPC）codesareaclassofcapacity－apprOaChinglinear

blockcodesl1日4］．LDPCcodeshaveseveraladvantagescompared七00therchannel

COdingcodes．First，LDPCcodescanachieveverygoodperformanceindatatranSmiS岬

Sionwithlowdecodingcomplexity．Second，theerrorperformanceofLDPCcodesdoes

nota・1waysexhibitanerrorfl00r，nlrthermore，LDPCcodesaremoreflexibleinthelr

COnStruCtionintermsofthecoderateandotherparameters・Duetotheadvantagesof

LDPCcodes，theyhavebeenadoptedincurrentandnextgenerationwirelessstandard－

S，SuChasworldwideinteroperabilityformicrowaNeaCCeSS（WIMAX），Wirelessfidelity

（WiFl），SeCOndgenerationsatellitesfordlgi七alvideobroadcastlng（DVB－S2），andalso

asapotentialcandidateforfolⅡth－generation（4G）mobilewirelesssystems．

Itshouldbenotedthat the amazingperformance ofLDPC codes confirmedby

mostofthereportsintheliteratureisachleVedbycoherentdetection・However，Since

theperformanceofcoherentdetectionreliesonaccuratephasetrackingandreliable

estimationofchannelstateinhrmatlOn（CSI），COherentdetectionbecomesexpensiv？Or

infeasibleinsomecases，SuChasrapidrelativemotionbetweentransmitterandrecelVer

OrPhasenoiseinlocaloscillators・Therefore，differential1yencodedLDPC（DE－LDPC）

COdedsystemswithdlfferentialdetection，Whichcircumventtheneedforphasetracking

andchannelestimation，haveattractedalotofattentionl5日9］

Itiswellknownthatconventionaldi鮎rentialdetectionhasconsiderablyworseper－

hrmancethancoherentdetection・Multiple－SymboldiHerentlaldetection（MSDD）【10ト

［11］hasbeenproventobeane鮎ctiveapproachtocorppensateforthisperf。rmanCe

loss・ByextendingthelengthofobservationwindowsIZeto morethan twosymboIM

S－MSDDmakesajointdecisiononthoseseveralsymboIssimultaneouslyratherthan

Symbo1－by－SymboldetectionasinconventionaldifFerentialdetection．Moreover，lnCOn一

七inuousfadingchannels，MSDD consideringfadingautocorrelations canenhancethe

SySもemperformancepossible・Uptonow，MSDDfordi翫rentcommunlCationsystems



havebeenllTidelystudiedl12］－［18］・Ho、VeVer，thellighcomplexityofMSDDlimitSits

applicationlnPl・aCticalsystems・

Ontheotherha．nd，WirelesscommunicationsysternslVithECCsneedtoemploythe

codedmodulaもionschemeandtheiterativedecodingtechnique，inordertoachievea

performanceclosetothechannelcapacity・Tllatis，atthetransmitter，ECCsandmod－

ulationschemesshouldbedesignedtogetherfbroptimizlngthesystemperformance．0n

theotherhalld，atthereceiver，theinnerdecoderandtheouterdecoderaresoft－input

soft欄Output（SISO）decoders・Moreovel，theiterativedecodingisperformedbetween

thetwodecoderstomakethesystemperformanceclosetothechannelcapacitywith

accepteddecodingcomple：（ity，

On tlle basis ofthe above，in this thesis，the applicationofもhelteratlVeMSDD

for D］三一LDP（コcoded systemsis considered．Inthesystems under consideration，the

demodulatorwithMSDDisviewedasaninnerdecoder，andtheiterativedecodinglS

Performedatthereceiver．TheobjectiveofthisthesismainlylnCludesthreeaspects：

（1）ConBrmtheeffectivenessoftheiterativeMSDD schemeforDE－LDPCcoded

SyStemS，andanalyzethcimpactoftheparametel・SOfiterativeMSDDandLDPCcodes

Onthesystemperfbrmance；

（2）OptimizetheparametersofthesysもemtOimprovethesystemperformance；

（3）developthecomplexityreductionalgorithmsforiterativeMSDDtOgreatlyre－

ducethelterativedecodingcomplexityanddelayofthestudiedsystem，

1．2　Thesis Outli）〕e

Theremainderofthisthesisisorganizedasf01lows．

・In Chapters2and3⊃thebasics for thestudyofIJDPC codes and MSDD are

presented，reSPeCtively．

・InChapter4】thesystemmodelDE－LDPCcodedsystemswithiterativeMSDD

is貢rstillustrated．Then，theperfolmanCeOftheMSDDsoft－inputsoft－OutPut

demodulator（SISOD）andtheLDPCdecoderisanalyzedbythee：血insicinfor一

mat10ntlanSfer（EXIT）char七・TheeffectivenessoftheiterativeMSDDschemeis

thenevaluatedusingcomputersimulations・Moreover，theimportanceofdesign－

1ngtheirregularLDPCsforもheh′【SDDSISODwithdi仔erentobservationwindow

Size（OWS）isdiscussedandconfirmed・

・InChapter5，tosoIvetheproblemofhighcomplexityoftheMSDDSISOD，We

proposeanimprovedsof七一〇utputMalgorithm（ISOMA）bycombiningtllefeatures

Ofthee：（istingSOMA apprOaChes．ThecomplcxityoFt，heMSD］⊃STSO工）isかst

dlSCuSSed．Then，theidea・andtheprincipleofISOMAaredescribed．Fina11y，

bhe efFectiveness and advantages ofISOMA are confirmed＿and analyzed using

COmputerSimulatlOnS．



・InChapter6，anadaptiveiterativedecodingapproach（AIDA）isproposedto

furtherreducetheiterativedecodingcomplexityanddelayfor丘nite－1engthDE－

LDPC codedsystemswithiterativeMSDD．The characteristicsofthesystems

underconsiderationwithfinite－lengthLDPC codes arearst analyzedbyEXIT

bandchart．Then，themotivationandideaoftheproposedAIDAaredescribed．

Andtherl，aneWStoppingcrlterion（SC）calleddi鮎rent1almutualinformation

（DMI）criterion，Whichcantracktheconvergencestatusoftheiterativedecoding，

isproposed，Finally，theperformanceofAIDAusingtheDMIcriterionforthe

SyStemSunderconsideratlOnisevaluated Moreover，theperformancecomparison

OftheproposedDMIcriterionandtheexistingSCsforAIDAisalsopresented．

・Finally，thist，hesisisconcludedinChapter7．



CHAPTER2

IJOWェDensityParity－Check Codes

LDPCcodesareaclassoflinearblockECCs，WhlChprovidenear－CapaCityperformance

OnalargesetofdataHtranSmissionanddataHStOrageChannels・Theywereinventedby

RobertGallagerin1960［1］However，atthattime，Sincethetechnologyofthehardware

COuldnotsatisfytherequirementsneededbytheirencodingフtheywerelgnOredformore

than30years・WiththedevelopmentoftheTannergraph【2］andTurbocodes，LDPC

COdeswererediscoveredbyMackayandNealin1996［3］」ntherecentyears，thestlユdy

OfLDPCcodeshasbecometheresearchhotspotintheresearch丘ledofECCs．With

thegreatprogressinthestudyofLDPCcodes，LDPCcodeshavebeenorwillt）euSed

lnmanykindsofcommunicationsstandards．

Inthischapter，WePrOVldeanoverviewonLDPCcodesasthebasisforthefollowing

Chapters．InsectlOn2，1，We丘rstintroducetherepresentat10nOfLDPCcodesInsection

2・2，regularandirregularLDPCcodesarebrieflyintroduced，Then，enCOdlngOfLDPC

COdesispresentedin2．3．Finally，theiterativedecodingofLDPCcodesisdescribedin

2．4．

2．1　Representations ofLDPC Codes

LDPC codes are aspecialclass oflinearblockcodes，Which canberepresented by

thepartyncheckmatrixesH TheparticularityofLDPCcodesisthatparitycheck

matriXeSHofI」DPCcodesaresparsematrixesっmostelementsofwhichareOandonly

asmallpartofelementsareL LDPCcodescanbedenotedas（N，dv，dc），WhereNis

thelengthofLDPCcodes，dvISthec01umnweight7Whichrepresentsthenumberof

nonzeroelementsinacolumnoftheparityucheckmatrix），andd。istherowweig叫

Whichrepresentsthenumberofnonzeroelementsinarowoftheparity－CheckmatrlX．

WeillustratethematrixrepresentationofLDPCcodeswithasimpleexampleasshown

inFig・2・1，Whichshowstheparty－Checkmatrixofa（10，3，6）LDPCcode．

ExceptuslngthematrixtorepresentLDPCcodes，WeCanalsousetheT弧nergraph

torepresentLDPCcodes・Fig・2・2showstheTannergraphcorrespondingtotheabove

（10，3，6）LDPCcode．AsshowninFig，2．2，theTaInergraPhconsistSOftwotypes

Ofnodesandedgesconnectingonlynodesofdiだerenttypes．Thetwotypesofnodes

intheTannergrapharecalledthevariablenodes（VNs）andthechecknodes（CNs）

respectively・VNs correspondtothe codeblts－While CNs correspond totheparity－

Check equations．An edge connects aVN and a CNifthat bitislincludedin the

COrreSPOndlngparity－Checkequation，Therefore，thenumberofedgeslntheTanner

graphisequal七〇七henumberofonesintheparity－Checkrnatrix．Thenumber ofthe
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Figure2・1：MatriXrepreSentationofthe（10，3，6）LDPCcode．

VL

VZ

Vユ

Vl

V6

1r6

VT

V詔

Vg

VlO

Figure2・2・Tannergraphofthe（10，3，6）LDPCcode．

edgesconnectinganodeis calledthedegreeofthenode．ThedegreeofeachVNis

equaltotheweightofitscorrespondingcolumn，WhilethedegreeofeachCNisequal

totheweightofitscorrespondingrow，Inthisthesis，WeuSedv anddctodenotethe

degreeofVNandthedegreeofCN，reSpeCtively．

2・2　RegularandIrregularLDPC Codes

Accordingtothen11mberofthenon－ZerOelementsofthesparsematrixintherowand

COlumn，LDPC codes can be dividedintoregularLDPC codes andirregularLDPC

COdes．Fc｝raparlty－CheckmatrixH，1fthenumbersofthenon－ZerOelementsofeach

rov、rarethesame，andthenumbersofthenon－ZerOelementsofeachcolumnarealsothe

Same，theLDPCcodecorrespondlngtoHistheregularLDPCcode，Onthecontrary，

iftheaboveconditionsdonotsatis＆，theLDPCcodeistheirregularLDPCcode，
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Rom［4日hebasICStruCtureofanLDPCcodelSdefinedbyitsdegreedlStribution，

Whicharetwopolynomialsthatgivethe丘・aCtionofedgesinthegraphthatareconnected

totheVNsandtheCNs，reSpeCtively・WecallthemdegreedistributionpolynomialS，

denotedbyA（X）andp（D；），reSpeCtlVely．Weassumethatdvma。anddcmmdenotethe

maxlmumVNdegreeandCNdegree，reSPeCtlVely・Thedegreedistributionpolynomials

Canbeexpressedas
dum．1g

項可＝∑定一l
i＝2

d。mm∬

舟）＝∑扉‾1
ブ＝2

Where人もCOrreSpOndst0thefractionofedgesconnectedtoVNsっandpjCOrreSPOnds

tothe丘・aCtionofedgesconnectedtoCNs・Thecoe用－CientsAiandp，muStSatlSfythe

folloWlngCOnStraints

Oミ；入1くり≧2；0くのく1，ゴ＞2，　　　　　　　（2．3）

lj■．日．。丁　　　　　．∴－．。，lこ

∑入1＝1；∑βJ＝1
1＝2　　　　　J＝2

（2．4）

Furthermore，lnOrdertobecompatlblewlthaglVenCOderateR，thefollowlnglinear

constraintmustbesatisaedforadegreedistributionl5］：

呂苧＝（1【月）誓書　　（2・5）

2．3　EncodingofLDPC Codes

TheprocessoftheencodingofLDPCcodesbasical1ylnCludestwosteps．Thefirststep

istoconstructasparseparity－CheckmatrixH．ThesecondstepistogenerateLDPC

codewordscuslngthismatrix，andcmustsat1SらTCHT＝0，Wherethesuperscript‘r

denotesthetransposeoperation．

2．3．1　ConstructionofSparseParity－CheckMatrix

LDPCcodeisconstructedbasedonthedefinitionoftheparltyCheckmatriⅩ．Therefore，

howt00btainthehighsparseparlty－CheckmatrlXwithexcellentperformanceisakey

technologyintheencodingofLDPCcodes．

Ingeneral，COnStruCtinganLDPCcodeparitycheckmatrixcanbedividedintotwo

StepsaSb1lows：

1．Select，adegreedistributionexpression，
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2．Constructthestructureoftheparitycheckmatrix；thatis，arrangethespeci丘c

placementoftheedgebetweenthevarlablenodeandthechecknode・

WecandesigntheoptimaldegreedistributionwiththeaidofvarlOuStypeSOfperv

formanceanalysist00ls，SuChasdi鮎rentialevolution，densityevolutionandEXITcharも

［19］，Fortheconstructionoftheparitycheckmatrix，therearemanywayswhlChare

summarizedintotwomainclasses：randomconstructionst22］andstructuralconstruc一

七ionsl23］・Forthesakeofconciseness，Wedonotpresenttheseapproachesindetallat

here．

2．3．2　EncodingBasedon Gauss－JordanElimination

TheconventionalencodingalgorlthmisbasedontheapproachofGauss－Jordanelimina一

七ion．LettheMxNmatrixHisarandomlygeneratedparty－Checkmatrix．According

t0thedeBnitionoflinearblockcodes，fortheinputbinarysourcebitsu，theencoded

codeword csatisfies

cHr＝0．　　　　　　　　　　（26）

SinceHisrandomlygenerated，itisanon－SyStematicformingeneraL Hisconverted

tosystematicformandthendlVidedintoanMx（N－M）matrixAandanMxM

matrlXBasH＝lA］B］・WecanalSopartitionthecodewordclntOmeSSagebitsu，

andcheckbitspusingthesimllarform．Basedon（2．6），Wehave

［ABJ
［』
＝0．

Fromtlds，Wehave

Au十Bp＝O

Hence」WeCanObtainthecheckbltSpby

p＝－B－1AW　　　　　　　　　　（2，9）

ThisapproachisperformedwlthcomplexityO（M3），Whichismainlydecidedby

thecomputationofBHIA Equation（2．9）canbeusedtOCOmputethecheckbitsas

longasBisnonrsmgularandnotjustwhenAisanidentitymatrix・Ingeneral，the

parityrcheckmatrixHwillnotbesparseafterthepre－PrOCeSSlng・Thusthecomplexlty

ofconventionalmethodsfortheencodingofLDPCcodesishighwhenthelengthof

LDPCcodesislarge．

2－3．3　EncodingBasedonApproximateLowerTriangularMatrix

TosoIvetheproblemofthehighcomplexityofencodingbasedontheGaussNJordane－

1imination，anefficientLDPCencodingalgorithm－Whichencodesbasedonapproximate

lowertrlangularmatrix，Wa5PrOpOSedbyRIChardsonl23］・Thedetaileddescriptionof

thisencodingapproachisintroducedinthefollowlng
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Flgure2，3・Approximatelowertriangularmatrix・

Theprincipleofthisapproachisthatinordertokeepthesparsityoftheparity－

checkmatrixH，thetransformationoftheparity－Checkmatrixisperformedbyuslng

onlyrowandcolumnpermlユtatioInAnyarbitrarysparsematrixcanbeconvertedintO

thepariもycheckmatrixHwithanapproximatelowertriangularforma5ShowninFig．

23．Theflowoftheencodingalgorithmbasedonapproximatelowertriangularmatrix

isillustratedasfollolVS：

Stepl：CovertHintoanapproximatelowertriangularformbyperformingrowand

COlumnpermutation．Hcanberepresentedas

H諸芸芸］　　　（2・10）

whereAis（M一g）×（NMM），Bis（Mng）×9，Tisan（M一g）×（M一g）lower

triangularmatrix，Cisgx（N－M）一Disg×gandfinal1yEisg×（M一g）．Theg

rowsofHarecalledthegapoftheapproximaterepresentation，andthesmal1erglS，

theloweristheencodingcomplexityforLDPCcodes，

Step2：UseGausseliminationtoclearE，Whichisperformedasfollows：

局－1描書芸］＝［＿打た＋。＿ET一覧＋。言］（叫
whereIisanidentitymatrix

Step3：ConsiderthecodewordccoIISistingofasystematlCPart S andtwopariもy

partsplandp2，Withlengthsgand（M一g），reSPeCtively・Thatis，thecodewordc＝

lspIP2］mustsatis＆theparity－Checkequation（2・6），Wehave

〈トET－1A笠謹呈許諾礪＝。　（2・12）
From（2．12）wecanobtainthetwoparitycheckbitsplandp2・Thencombiningthem

withthesystematicparts，WeCanObtaintheLDPCcodewords

Thecomputationofplandp2CanbeaccomplishedwithcomplexityO（N＋92）and

O（N），reSpeCtively，Whicharemuchlowerthanthatofthemethodofencodingbasedon

Gauss－Jordanelimination．Therefore，thismethodisthemost，pOpularoneforencoding

LDPCcodes
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2A＝　DecodingofLDPC Codes

DecodingisacrucialfactorfortheperformanceofchannelcodingtechnlqueS・LDPC

codeshaveavarietyofdecodingmethods，Whichareessentiallybasedontheiterative

message－paSSlngalgorithm since their operation canbe explained by the passlng Of

messagesiterativelyalongtheedgesofaTannergraph・LDPCdecodingalgorithm

canbedecomposedlntobit逓ipping（BF）algorithmll］andbelief・PrOpagation（BP）

algorithml3］basedonthediHeI・entforms ofmessagessentintheiterativeproccss．

ThemessagesarebinarybitsintheBFalgorithm；Whllethemessagesareprobabiliもies

whichrepresentthebeliefabouteachbitintheBPalgorithm TheBFalgorithmhasa

lowercomplexity，butwithworsedecodingperformance．Incontrast－theBPalgorithm

canachievenear－CaPaCityperformancewlthahigherimplementationcomplexity，SlnCe

theBPalgorithmhasbeenusedinpracticalsystemswiththedevelopmentofhardware

technology，WeOnlypresenttheBPalgorithmindetai1athere，

Fortheillustrationofthefollowingdescrlption，WeWillusethefollowlngaSSumption

COnditions・WeassumethatanLDPCcodewordc＝（cl，CB，・・・．CN）．ci∈（0，1）isfirst

mappedtObinaryphaseshiftkeying（BPSK）symboIsequencex＝〈D；1，3；2，・・．，XNhCl∈

（－1，＋1）一andthen．xistransmittedoveranadditivewhiteGaussiannoise（AWGN）

ChaInel・Atthere？el三rer，thereceivedsequenceisy＝（yl蘭・・・】yN）・Accordingy⊃the

decodedsequencelSC．

ThefollowingnotatlOnSWillbeusedtodescribethedecodingalgorithmofLDPC

COdes・RJisthesetofchecksinwhichbitjparticipates・句＼listheset旦一Withcheck

nodeiexcluded・qisthesetofbitsthatparticipatelnChecki CulSthesetCi

Withbltjexcluded r，i（b）istheprobabilityofcheckiwhenbit急Ofc（ci＝b）and

OtherbltShaveaseparabledistributionglVenbytheprobabilitiesiqLJ／）掬・qij（b）is

theprobabilitythatbltiofcci＝b，glVentheinformationobtainedvlaChecksother

thancheckj・13lStheaposterwrprobabilityofthetranBmittedcodewordbitcl＝1，

Whichisobtainedbythereceiveslgnalsandthechannelfeature．

TheflowoftheBPdecodingalgorithmisasfollows：

Stepl：Initialization

InthecaseofanAWGNchannelwithBPSK，thevariables鮎（0）and侮（1）are

initializedusing（2．13）and（2，14）．SetthemaximumnumberofiterationsasIN，na。．

q京0）＝1【fい二戸（勘＝＋1Ⅰ凱）＝

勒（1）＝薫＝P（勘㍉二【1bl）

Step2：Rowoperation

1

1＋e－2yl／J2

1

1＋e2yl／J2

醐）＝喜＋去H（ト2緑1））
i′∈句＼l

（2・15）

rJt（1）＝1－ni（0）　　　　　　（2．16）



Step3・Columnopera・tion

緑0）＝穐（ト一月）H佃（0）
J′∈Cl＼ブ

顧1）＝箱書Ⅲ桝（1）
ゴ′∈q＼J

whereKLjischosensuchthatqij（0）＋qLj（1）＝1・

Step4：Decision

Q刷二期卜瑚n扉0）

Q刷＝箱書nTJi（1）
プ∈CI

wllereKiischosellSuChthaもqi（0）＋qt（1）＝1．

しテi＝

0，　Q（0）＞Q（1）

1っ　　eZβel〃たere
（2．21）

Step5：Ⅰterationstoppingjudgement

IfaHT＝0，0utputaandstopthedecoding・Otherwise，gOtOSteP2untilthe

maximumnumberofiterationsI＾㌦。3，isreached．

IfweusethelogNlikelihoodratio（LLR）torepresenttheprobabilisticmessageofthe

BP algorithm，WeCanObtainanenha・nCedverslOnOftheprobabilisticBPalgorlthm，

WhiclliscalledLogBPalgorithm．Usingthisapproachcanreducemostmultiplications

toadditions Therefore，thedecodingcomplexityisgreatlyreduced．Formoredetails，

werefertotl］and［3］，
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CHAPTER3

Multiple－SymboIDifferentialDetection

Inthecommunicationsystemswithdifferentialdetection，thereceivercandemodulate

thetransmissionofinformationbitswithoutrequlrlngCamerPhaserecoveryandCSI

estimation．Therefore，diHerentialdetection can greatIy reducetheimplementation

complexityofthesystem，andcanalsobeimplementedintheseverechannel，SuChas

fast fadingchannel，Wherethecoherent detectionsystems aredifBcult toimplement

SincetheCSIcannotbeaccuratelyestimatedorcarrlerreCOVeryisd且cult．However，

differentialdetectionalsobringsaperformancelossofthesystem，therebyreducingltS

practicalvalue．

Conventionaldifferentialdetectionmakes adecisiorluSlng Onlythe two a鵡acent

receptionslgnal，Whichresultsinaconsiderableperformancelosscomparedwithco－

herentdetectionInordertocompensatethisperformanCeloss，MSDDl10］hasbeen

proposed．Byextendingthelengthoftheobservat，ionwindowsizetomorethant，WO

SymboIs・MSDDmakesajointdecisiononthoseseveralsymboIssimultaneouslyrather

thansymboLbyNSymboldetectionasinconventionaldifFerentialdetection，Theperfoト

manceofMSDDforuncodedmultiple－phaseshiftkeying（MPSK）andamplitude／phase－

Shiftkeying（APSK）systemshasbeenanalyzedandevaluatedoverAWGN，Slowflat

RayleighfadingandfastRayleighfadingchannels，reSpeCtivelyin［111and［12］」twas

Shown that MSDDis an effective app工OaCh to compensate fbrtheperformanceloss

betweent，hedi庁erent，ialdetection andthecoherent，det，eCt，ion．

Inthischapter7WeprOvidethefundamentalsofMSDDasthebasisforthefollowlng

Chapters・InSection3・1，Wearstdescribetheuncodedcommunicationsystemmodel

WlthdifferentialcodingandMSDD Then，thedecisionmetrlCOfMSDDispresented

inSection3．2，Final1y，thecomplexityofMSDDisanalyzedlndetailinSection3．3．

3．1　Syst，emModel

Adifferenも1alencodedtransmlSSionsystemwlthMSDDisshoで．rnlnFig．3．1．Atthe

transmitter，thetransmi七tedmessagebitsbk arefirstmappedtoMPSKsymboIs dk．

Then，theMPSKsymb01saredi仔erentiallyencodedtosymboIssh．Theprocessofthe

different1alcodingユS

βん＝βた－1dん・　　　　　　　　　　　　（3・1）

Soisareferencesymbolandisknownbythereceiver．InthlSthesis，Soissetto1．

WeconsiderthetransmissionofMPSKsignaloverachannelwithunknownrandom

Phaseandmult1Plicativefading．Dl庁erential1yencodedMPSKsymboIstransmlttedin
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Flgure3．1：SystemmodelofMPSKsystemswlthMSDD．

ConVentionaldiiTerentialdctcction

ObseT、′atioll雨空巴（OWS）‥L＝2SymboIs

Multiple－SymboldiffeJ‘entialdetection

OWS：エ＞2sylllboIs

トニj…●∴●…！し＿」

Figure3．2：Partitioningofthereceivedsignalsintogroups（observationwindows）for

MSDD．

theintervalkcanbeexpressedas

ぶた＝αたe軌　　　　　　　　　　　（3．2）

whel・eakisthetransmittedsignalamplitude，andd）kisthetransmittedsignalpllaSe，

Basedont11eabovechanne1，も11eCOrreSpOndingreceivedsignalinthesameintervalis

r克＝5七九七eJβた＋几た　　　　　　　　　　（33）

where hI＝is asample ofa normalized complex Gaussian process with mean hk and

varianceoLnkisasampleofazeroIneanCOmplexGaussiannoisewithvarianceo一品，

and Oた，Whichis assumed to beuniformlydistributedin theinterval（0，27T），lS an

arbitraryphaseintroducedbythechannel．
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AttherecelVer，MSDDISemployedbeforeperformingtheMPSKdemodulator．The

receivedsequenceofsamPlesrkispartitionedintogroups（observationwindows）ofL

Samplesea，ChinsuchawaythatthegroupsoverlaplnOneSamPleasshowninFig，3．2．

BasedontheprincIPleofthedi庁erentialcoding，theoverlaplSneCeSSarySincethelast

Slgnalinthegrouprk＿1needtobeusedasthereferencesymbolforthenextgroup．

Inthefollowlng，WeuSeLtorepresenttheobservationwindowsizeofMSDD，The

Lsamplereceivedsequenceh・Omintervalk－L＋1tolntervalkcanberewritteninto

thefollowlngVeCtorform：

r＝HrS＋n　　　　　　　　　　　甘4）

whererk＝lrk，rk＿1，…，rk＿L．1］T，H＝diagt毎hk＿1，，．，，hlJ＿L．1），

Sk＝［ske］Bk，Sk－1e撒－1，…，SkHL＋1e恥L＋l］T，andnk＝lnk，nk＿1，”，，nk＿L＋1］T，andthe

SuPerSCriptT’denotesthetransposeoperatlOn．

3，2　DecisionMetricofMult，iple－SymboIDifferentialDetection

Inmanypracticalchannels，it，isreasonabletoassumethechannelphaseOkisindepenN

dentwithkwithinanobservationwlndow．Therefore，（3，4）canberewritteninto

r＝fFseJβ十m・　　　　　　　　　（3．5）

ForMSDDovertheassumedchannelmodel，theCSIisunknownatthereceiver．From

l11］一七heconditionalprobabilitydensityfunction（PDF）ofrglVenSandOisgivenas：

p（醐＝志豆eXp仁拉世1（r一軒　（3・6）

Wherethesuperscript‘＊’denotescomplexconJugation，and

テ＝Fs。が＝Ⅹ。∫β，

andRisthecovariancematrixofr′Whichisexpressedas

R＝吉堀r司＊（r一群丁

（3．7）

（3．8）

RhasRT＝R＊anddetR＞0，becauseltisaHermitianpositlVedeBnite．Thei，jth

element ofRcanbe calculated as

恥＝擁恒冊一呵
＝　串戎鮎＋榔乞，J，

Where鞘denotesthenormalizedcovariancefunctionofthefadingprocessas

恥J
去月（（毎」辟（んJ－ち）で）
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and

毎＝
1；官＝J

O，五≠ゴ．
（3．11）

BasedontheHermitianofR‾1，Submitting（3．7）into（r－f）Tlrl（r－f）＊，WeCan

get

（r一句でR－1（r一群＝rTR‾1r＊＋XrR－1Ⅹ＊－2lrrR‾1Ⅹ＊tc。S（β－α），（3・12）

where

α＝tan
＿11m〈rr打1ズり

Re（rr舟‾1ズり
（3．13）

AveragingovertheuniformdlStributionof8乱ndsubstituting（3，12）1n（3．6），the

PDFofrglVenSCanbeexpressedas

p（rIs）＝王 p（rls，β）p（β）dβ

義元eXp（一言（rrRヤ＋XrR－1Ⅹ車（■rTR一柳（314）
whereID（・）isthezer0－0rdermodiBedBesselfunctiorlOfthe丘rstklnd

Uslng（3・14）】MSDDmakesajointdecisiononthesymboIsintheobservationwindow

basedonthemaximumlikelihood（ML）principle Therefore，thetransmittedMPSK

SymboIsvectordisdecidedby

a＝　argmaX p（rls）＝　argmaXlnp（rIs）．　　　（3．15）

dた一拍＝0，…，エー1）　　　　d烏＿1（l＝0，日．，エー1）

Sincethenaturallogarithmisamonotonical1yincreasingfunction，maXimiZingp（rIs）

0VerSisequivalenttomaximlZinglnp（r】S）overs・Therefore，equation（3．14）lSequiv－

alenttochoosesequencesthatmaximizesthedecisionmet，rlC：

り＝－1n（detRト芸（rアRヤ・sr丘R－1白けS＊）＋ln柚rR－1自制）・（316）

Equations（3．14）amd（3．16）aregeneraldecISionmetricsforseveralkindofchannels．

Inthefollowing，WeWilldiscussthedecisionmetricofMSDDfordi任crentcharlnelswhich

Willbeconsideredinthe氏）1lowlngChapters

3．2．1　MSDD ofMPSK over AVVGN Channels

InthecaseofAWGNchannels，hk＝lforallkando一差＝0・Submittingtheminto（3．9）

and（3．14），thedecisionmetric（3・14）issimplifiedto

p（r・Sヲ＝品叩卜静12＋刷］×揖媚γヰ（呵
andthedecislOnmetric（3，16）issimplifiedt0

り＝匿2rTs＊l2
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3．2．2　MSDD ofMPSKoverRayleighFading Channels

InthecaseofRaylelghFadingchannels，E（hk）＝O for anynumberofk．Inthis

condition，thedecisionmetric（3．14＝）canbesimplifiedto

p（r】S）＝節義exp弓（rW瑚　　（3・19）

andthedecisionmetric（3．16）canbeslmPlifiedt0

叩＝一1n（detRト…（rTR【1畑　　　（3・20）

andtheelementof凡jis

恥＝串J壷‡，J＋榔i，ク，　　　　　　　（3．21）

where鮎isthecorrelationcoe侃cientofthefadingprocess，WhlChisgivenbyl20］as

裾潤ふ（2打ゐnl五一抽　　　　　　　　　（3．22）

wherejDT，isthenorrnalizedDopplerfrequency andJo（・）isthezerothorderBessel

functlOn Ofthenrstkind，

3．3　ComplexityofMultiple－SymboIDifferentialDetect，ion

From the decISion met，rlC OfMSDD，We Can and that MSDD needs to considerall

Candidatebitsequences・Fromthispoint，MSDD canbeviewedasatreedecodlng

problem．Thehard output ofMSDDis actually thepathwiththe MLvalue ofthe

metric・AssunlngtheorderofMPSKISMandtheobservationwidowsizeisL，the

treediagramofMSDDsearchingthemaximumlikellhoodsequenceisillustratedinFig．

3．3，WheretheBrstsymbolofthereceivedsequenceisthereferencesymbol，Whichis

thelastsymboloftheprevlOuSObservationwindowintherecelVedsequence．

nomthisfigure，WeCanObservethatthenumberofsearchpathsequalstoMLMI

Thus，thenumberofsearchpathsincreasesexponentiallywiththeobservationwindow

Sizeandtheorderofthemoddation，MSDD calculatesthemetricsofa11paths and

COmpareS them at the receiver，and then the paththat has the maximum metricis

decldedastheLtransmi七七edsymboIs・IncalculatingthemetrlCOf（3．18），itisnecessary

tocomputetheinverseandthedeterminantOfthematrixR・Incaseofafalrlylarge

L and M，thecomplユ七ationofthemetricwillconsume muchtime・Generally，the

computationalcomplexityoftheinverseofthematrixisO（N3）［21］．Therefore，this

highcomplexitywlllresultin anunacceptable decodingtime delay，Whichlimits the

PraCticalappllCatlOnOfMSDD
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●－　∴…

Figure3，3：TreedlagramforMSDDsearchingtllemaXimumlikelihoodsequence（MP－

SK）．
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CHAPTER4

IterativeMultiple－SymboIDifferentialDetectionfor

DifferentiallyEncodedLDPC CodedSystems

TheperformanceofLDPCcodeswithdi鮎rent1aldetectionoverAWGNchannels

werestudledinl51and［24］・ThetwopapersmainlyfocusedonhowtodesignLDPC

codesfordifFerentialencodingwithiterativedifferentialdetection．In［6日91，theperfor－

manceofLDPCcodeswithdifferentialdetectionoverflatRayleighfadingchannelswas
studiedInl6］and［7］，twokindsofmetrlCSOfaserialconcatenatlOnSyStemOfLPDC

codesanddiHerentialbinaryphaseshiftkeying（DBPSK）wereproposed・InlS］and［91，

asimpleiterat1Vedifferentialdetect10nanddecodingreceiverwasproposed，andalso

mainlyfocusedonhowt0DPtimizetheLDPCcodest0丘tfordl庁erentialdetectlOn・

Ⅰtiswe11kn0ⅥTnthatconvent10naldi仔erentialdetectionhasconsiderablyworseper一

fbrmancethancoherentdetection．MSDDt10日12］hasbeenproventobeaneffective

approachtocompensateforthisperformanceloss・Forserlal1yconcatenatedcodedsys一

七emsconsistingofachannelencoderandadlHerentialencoder，aniterativedecoding

schemebasedonMSDDwasproposedin［13］・Inthisscheme，thesoftMinputsoft一〇utput

demodulator（SISOD）withMSDD（Cal1edMSDDSISODinthisthesis）isusedasthe

innerdecoder，andtheiterativedecodlngisperformedbetweentheMSDDSISODand

theouterdecoder．Itwasshownt，hatthisiterativeMSDDschemecanachievealarge

performanceimprovement comparedwith conventionaldifferentialdetection．Up to

now，theiterativeMSDDschemehasbeenwidelystudied，SuChasiterativeMSDDfor

turbocodedsystems［141，forcooperativecommunicationsystemsl15］andforspatial

divisionmultipleaccesssystemsl16］，

Inthischapter，aniterativeMSDDschemefordifferential1yencodedLDPCcoded

SyStemisstudied TomaketheMSDDsuitforiterativedecoding，ametriccomputation

algorithmwhlChouもputsoftinformatlOnforMSDDarederived，andtheperformance

ofthesystemisanalyzedusingtheEXITchartandcomputerslmulations・Moreover，

theimportanceoftheoptimizationofLDPC codes forMSDD SISODwithdlfferent

observat，ionwindowsIZeis st．udied．

4．1　Syst，emModel

A，7ナα几βmjf£er

The system modelis showninFig．4．1．A random message bit sequence b＝

拘，bB，…，bK），bl∈（0，1）1SarstencodedbyarateK／NLI〕PCencodertoacodese－

quencec＝〈cl，CB，・・・一CNl，Ct∈〈0，1）・Thecodesequenceisthenmappedt0anM－ary

17



Figure41・Systemmodel．

PSKsymboIsequencex＝〈xl，X2，”・，TN／mhD；1∈〈e桝／AI］i＝0，1，…，M），Wherem

isthenumberofbitsofeachM－aryPSKsymbol．ThesequencexisthendiFerentially

encodedtoasequences＝＝（so，Slプ・，SN／m），Whereskisgivenbysk＝D；kSk－1・Sois

a．referencesymbolandis knownbythedemodulatorInthis thesis，SoISSettOl．

Differentfromgeneralserial1yconcatenatedcodesl25］，theconsideredsystemsomit

theinterleaverbetweentheencoderandthemodulatortoreducethecomplexityofthe

system，becauseLDPC codeshaveaninherent1nterleavlngnatureSlnCetheirparity

checkmatrixesarerandomlyconstructedwlthahighdegreeofsparsity［26］．

β．Ch抑md

The differentlalencoded sequence sis transmitted to the recelVer throughthe
RayleighfadingchannelwithAWGN・Thereceiveddiscrete－timebasebandsignal，at

timeた，Canbewdttena5

γ烏＝九七g′。eJβ克＋れた　　　　　　　　　　（4．1）

wherefadingcoe丘iclenthkisasampleofanormalizedcompleXGaussianprocesswith

meanzeroandvarianceo・完，Ok，Whichisuniformlydistributedoverl0，27T），istheun－

knownphaseintroducedbythechannel，andnkis asampleofazeromeanCOmplex

Gaussiannoisewithvarianceo一孟・Ⅰtisassumedthathhandnkaremutuallyindependent．

C．Receねer

Atthereceiver，thereceivedsignalisiterativelydecodedbymutuallyexchanglng

softinformat10nbetweentheinnerdecoderandouterdecoder（LDPCdecoder）．The

innerdecodernamedMSDDSISODISaSOft－inputsoft，OutPutdemodulatorbasedon

MSDD．The process of this demodulator－decoderiterationlS denoted by the outer

iterationin this thesis，At each outeriteration，the MSDD SISOD produces the o

POSfer・ioriinformationLM，Pbasedonthereceivedsignalsandtheapr70riinformation

LM，a PrOvided by the LDPC decoder，and produces the extrinsicinformation LM，e

bysubもractingLM，。たomLM，P ThenLM，eispassedtotheLDPCdecoderasthea

PrioriinformationLDp・BasedonLD，皿，theLDPCdecoderperformsanumberofinner
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iterat10nS，andmakesatentativeharddecision．Iftheharddecisionisdetermlnedtobe

alegitimatecodewordbychecklngtheparitycheckconstralntS，thelteratlVedecoding

Willbeterminated・0therwise，theextrinsicinformationLD，eOftheLDPCdecoder，

WhichisobtalnedinasimilarwaytoLM，。一wi11befedbacktotheMSDDSISODasthe

apriominformationLM，aforthenextouteriteration・Thisprocessisrepeateduntil

thepredefinedmaximumouteI・iteratlOrlnumbeIisreachedoI・alegitimatecodewordis

hund．

4．2　Metric DerivaJ；ion for MSDD SISOD

MSDD SIS00utPutSthesoftlnformationastheinputtotheLDPC decoder．This

isdiHerentfromtheconventionalMSDDl11］，Whichmakes aharddecislOnthrough

MaximumLikelih00dDetection（MLD）．Soweshouldderivethemetriccomputation

algorithmtooutputthesoftinformationforMSDD．

AssumethattheOWSofMSDDSISODisL．andOkremainsconstant0Vertheentire

receivedsequence，FromChapter3，Weknowthat，thereceivedsequenceisdividedinto

SubblocksofLsymboIseachinsuchawaythatthesubblocksoverlapinonesymbol．

Thatis，thenumberofsubblocksis（N／m）／（L－1），Fortheたthsubblock，WeCan

rewrite（4・1）lnthefollowlngVeCtOrform

r烏＝Hrsた＋nh
（4．2）

11rhererた＝【r鱗γちh…，γ／。，エー1］T，Sた＝［勒OeJe，勒1eJβ，り萌エ＿leJβ］T，

n烏＝［7如，m抽…，m姉【1］T

Letck＝lc姉Ck，2，‥，Ck，m（L－1）］Tdenotethecodebitscorrespondingtothekth

SubblockofthereceivedsymboIs．Forthesakeofclarlty，Wedroptheindexkinthe

following・AttheMSDDSISOD，theaposterioriprobability（APP）ofeachcodedbits

ISCOmPuted．TheAPPofthecodebitciiswrittenintermsofLLR

エ轍（q）＝lo鎗≡器　　　（4・3）

BasedontheBayesianformula，andassumethatthecodedbitsareindependentW1th

eachotherduetotheinherentinterleavingnatureofLDPCcodes，（43）isequivalent

to

上嶋p（q）＝log

∑S・。．＝1P（rFc）p（C）＝log≡；＝品。）IT粁1）p（q）

∑5：。1＝。p（rlc）p（C）＿－（＿∑5：。l二。p（r【C）n豊■1）p（匂）

（4．4）

Wherethesumsinthenumeratoranddenominatoraretakenoveral1seqlユenCeSCWhose

bitinpositioniisthevalueOorl，reSPeCtively・P（qI）istheaprioriprobabilltyPrOVided

bytheLDPCdecoder，

Forthecodedseq11enCeC，MNaryPSKsymboIssequencexanddifferentialencodcd
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sequencesareonet00nemaPpingっwecanrewl・ite（44）as

′一、－＿一p（。l＝0），▲山∑引。＝。p（r【S）n崇誹（匂）′　⊥⊥ノ－⊥J7－■▲　ヽ　ノ′

毎p（q）＝巡遊＋三〇g≡蒜汀農憲抜。）
αprOrtF0凸摘記γ

e帯か玩ぶfc汀Oh最上克γ

（4・5）

From（4・5），WeCan貢ndthattheLLRisthesummationoftheap空Tiinformation

andextl’il－Sicinformation・TlleRrstpartof（4・5）isrelated七〇七heaprL？riprobability

ofthecodedbitcl．Thesecolldpartof（4．5）isrelatedtotheextrinsICinfoL・mation

oftlleCOdedbitq，WhichisoutPuttcdintotheLDPCdecoder．InthefirstitCration，

becauseno aprwTliprobabilitiesofthecodedbitsarefedback，thetransmittedbits

areassumedtOhaVeequalapr禦PrObabilities，i・e・P（ci＝0）＝P（ci＝1）＝l／2・In

thefollowlngitel・ation，theextrinsICinformationLD，eOfLLRofthecodedbitsisfed

backtoMSDDSISOasaprioriprobability，SOP（ci）isgivenas

p（q＝0）＝子宝誌，p（q＝1）＝扁三浦】（4・6）

whereLD，。（ct）istheextrinsicinformationoutputtedfromtheLDPCdecodercorre－

SPOndingtotlleCOdedbitci．

FromChapter3，thelikelihoodfunctlOnP（rIs）isgivenas

柚）＝志e叶拒R‾1珊　　（4・7）

WhereRisthecovariancematriXOfthereceivedsequencer，andR－ldenotesitsinverse．

R。OfRISe、ra山atedby

Ru＝串ゴ壷び＋格毎　　　　　　　　（4．8）

Where毎＝1で血en　＝］；Otherwise，6ij＝0・

WhenWeCOnSideraRayleighfadingchannel，thecorrelaもioncoefBcientpがSglVen

by［20】

裡㌶ふ（27症ガ雄一鮎　　　　　　　　　　（4．9）

WherefD77；isthenormalizedDoppler凸・equenCy andJo（・）isthezerothorderBessel

function ofthearstkind．

4・3　ExtrinsicInformationTransfer（EXIT）ChartAnalysisof

theSyst，em

つもbetterunderstandthebehavlOrOfもheiterativedecodingprocessoftheconsidered

SyStems，WeaPplyEXITchartanalysisl19］and［271whichcanvisualizethetransfer

CharacteristlCS Oftheinnerdecoderandtheouterdecoder，and alsotheconvergence

behaviorofiterativedecodingbasedolltraCkingthee：くChangeofmutualinformation

bet．weenthecomponentdecoders．
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InEXITchart，thecomponentdecodersarecharacterizedbytheEXITfunctlOn－

S，WhichdescribetheoutputmutualinformationasafunctionofthelnPutmutual

information．Themutualinformationbetweenthetransmitted coded bits cand t．he

respectiveLLRvaluesL（C）isdefinedas［191

ん＝叫（C）願主蓋点上（C）（岬＝申og2
2恥（。）（岬＝C）

鋸（。）（岬＝0）＋p坤）（岬＝1）
dZ，

（4．10）

wherepL（C）（lIC＝C）isthec。nditionalPDFoftheLLRvaluesL（C）glVenC∈（0，1），

andO≦；んく1．

Using（4・10），theinputmutualinformationlLAL．aandtheoutputmutualinfblmation

lL．U．COftheMSDDSISOdemodulatorcanbeolっtained・ViewingILAl．caSafullCtioll

OfIん＾Ipandparametersofcha・nnel・thetransfercharacteristicoftheMSD］〕SISODIS

deBned as

ん叫巳＝コ皿√．濃刷　　　（4・11）

where驚istheslgnal一七〇一nOiseratio（SNR）。fthechannel・

Slmilarly｝ILD．，．andlLD．eOftheLI〕PCdecodercanbecomputed）andthetransfer

characteristicoftllel，DPCdecoderisdeBnedas

ん。．。＝筑（ん。訂　　　　　　　　　　（4・12）

Tbgeneratet11eEXITchart，thePDFsofthelELRSCOrreSpOndingtoIL＾（．nandILD．a

areassumedtobeGausslandistributed WhenlL＾（，。andILD，。areCalculated，thePDFs

OfLN・e．andLD・CareObtainedbythehistogrammethod【27］・AsshowninFig・4・11the

extrinsICinfommationoftheMSDD SISO demodulatoristhe aprioriinformationof

theLDPCdecoderandviceversa，WhichimpliesthatILD，a＝IL＾（，eandIL，＾T．几＝ILD．e・

Therefore．thetransfercharacteristicsoft，heMSDDSISOdemod111atorandtheLDPC

decodercanbeplottedintOaSignaldlagrambyswitchingthe：トa：（isalldtlley－aXis．

Thisdiagrameisref’erredtoasEXITchart．

WeplottheEXITchart ofMSDD SISOD ofthesystemsunder considerationin
Fig．4，2－4．5．Thesystem considersaregularrate－1／2（3，6）LDPCcodewithcode

length100800WithBPSKmodulationoveranAWGNchannelandaRayleighFading

channel，reSpeCtively．Froml19】，WeknOwthatiftheEXITcurveofinnerdecoderhas

astcepslope，thestrongpotentialperformanceimprovementcanbegotbyiterative

decoding．Andthebiterrorratc（BER）performanceisdetermlnedbythelocatiollOf

t，heintersection ofthe EXIT curves oft，he MSDD SISOD and t，he LDPC decoder．If

thelocationisattheleftsideoft11eEXITchart，thismeansthattllelterativedecoding

stopsquicklyandhighBERwillbegOt．0nthecontrary，ifthelocationisatthevery

rightside，itmeansthatiterativedecodlngCanCOnVergeatlowBER．

Fig　42showsthetransfercharacterisbicsofMSDDSISODwithdi丘’erentOWSover

AWGNchannelsat為／Ah＝3．5dB．Inthe丘gure，LdenotesthevalueofもheOWSof

theMSDDSISOD．FromFig．4．2，WeCanObservethattheslopesoftheMSDDSISOD

CurVeSincreasewitlltheincreaseoftheOWS，Whichimpliesthattheperformanceof
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MSDDSISODcanbeenimprovedbyincreasingtheOWSandthenumberofiterations，

Whereas，becausetheMSDDSISODcurvesarehorlZOntalllneS，theiterativedecoding

isnotvalidwithL＝＝2（conventionaldifferentialdetection）．Inaddition，WeCanalSo

Observethatthegapoftheslopesofthesecurvesbecomessmallerandsmallerwithan

increaseofOWS．Thismeansthatthepel．formanceimprovementisllOtSigniacantwhen

Lincreasestoarelativelylargevalue．Fig．4．3showsthetrallSfercharacteristicsof

MSDDSISODllTithdi庁erentOWSoverRayleighfadlngChannelswithjb71＝0．01at

Eb／＾b＝6dB・ItisshownthatthesimilaranalysisresultscanbeobtainedforRayleigh

fadingchannels，ThedifferenceisthaもtheslopsofthecurvesofFig．4．3aresmallel・

thanthantllatofFig．4．2atthesamevalueofL，WhichimpliesthatforRayleighfading

Channels，theperformanceimprovemelltbyincreasingtheOWSofMSDDSISODisnot

asslgni丘cantasthatforAWGNcllannels．

Fig，4AshowsthetransfercharacteristiccurveoftheLDPCdecoderwiもhdi馳rent

iteration．ItisshownthatthesteepnessofthecurvesconvergesafterthelOthiteration

number．FromthelOthiterationtOthelOOthiteration，thecurvesofthemarealmost

OVerlappingwitheachother．TllatmeanStheperformanceLDPCdecodercanhardly

beimprovedafterthelO兢iteration，Whichwillbesupportedbythe］〕ERperformance

弧SllOllrninFig．屯7，

PlottingthetransfercllaraCteristicsofMSDDSISODandtheLDPCdecoderinto

aslgnal丘gurebyswitchingthe：（－aエis and they－aj（is ofもheEXITcllart oftheLI〕－

PCdecoder．asshowninFig．4．5，WeCanObtaillaEXITchartwhichcanhelpusto

analyzetheconvergencecharacteristicsoftheiterativedecodingandpredictthedecod－

ingthresholdofthesystemsunderconsideration．TlledecodingtllreSl101distheSNR

whereatlユnelopensbetWeenthecurvesoftheMSDDSISODandtheLDPCdecoder．

Itcanbeobserved thatatunnelopensbetweenthecurvesofMSDD SISOD andthe

LDPCdecoderwlthanincreaseofOWS．Forexample，thetunneloPerlSatSNR＝6

dB forL＝61nFlg・4・5，Whichmeanstllattlleiterativedecodingcanimprovethe

PerformanceefrectivelyalldachievelowBERperrormance．Sowecanpredictthatthe

decodlngthresl101dappearsnearSNR＝6dBforL＝6・AlltheabOVeanalysISre－

SultsbytheEXITchartwi11befurthersupportedbytheslmulationresultsinthenext

section．
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Figure4．6：Effectofobservationlntervalsizeon］∃ERperformance・

4A SimulationResults andAnalysis

Inoursimulations，unlessotherwiseindicated，regularrate－1／2（3，6）LDPCcodewith

lengthN＝1008isused．Thecodedbitsaremodlユ1ateduslngBPSKforsimplicity．

TheRayleighfadingchannelconsideredathereisJake’smodel andthenormalized

maximumDopplerfrequencyム）7盲issettoO．001forslowfadingchannelsandO．01for

fastfadingchannels，

Fig．46showstheBERperformanceofMSDDSISODwithdifferentOWS．Inthis

Simulation，Wefocusonthee仔ectivenessoftheproposedmetriccomputationalgorithm

basedonMSDD，theiterationnumberofsumNprOductalgorithmissettoasmal1number

of3，Thelterationnumber betweentheMSDD SISOD and LDPC decoderlSSetto6．

FromFig．4，6wecanobservethattheBERperfOrmanCeisimprovedwiththeincrease

ofL AndwenotethattheimprovementofBERperformanceisnotsigni丘cantwhenL

isbiggerthan4．Thatmeansaslgrli丘ca工itgalnCanbegotwithoutalargeobse工Vation

windoW Size．

Fig．4．7showstheBERperformanceoftheLDPCdecoderwithdlfferentiteration

numbers．Lissetto4－Ot，hersimulationparametersISSameaStheabovesimulation．It

canbeseenthattheperformanceisimprovedwiththeincreaseofiterationnumberof

theLDPCdecoderbutnotsigni丘cantlywhentheiterationnumberisbiggerthanlO．

Consideringfromthebalancebetweentheperformanceandalgorithmcomplexity，the

iterationnumberofsum－PrOductalgorithmisselectedaslOinthefollowlngSlmulations．

From the above aIlalysis results⊃We Can also find that，the above simulationl’eSults

supporttheEXITchartanalysISreSultsofSection43
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AftertestingtheimpactoftheMSDD SISOD andtheLDPCdecoderonBER

performance，thelmpaCtoftheiterativedecodingbetweenMSDDSISODandLDPC

decoderonBERperformanceisshowninFig4・8Ⅰtcanbeobservedthattheperfor一

manceiseffcctivelyimprovedwiththelnCreaSeOftheiterationnumber・Andwecan

alsoobservethattheperformanceimprovementisverysma11afterthethirditeration

Thatmeanstheconvergencerateoftheiterativedecodingoftheproposedsystemis

fast．ThisconclusioncanalsobeexplainedbytheEXITchart，FromFlg4．3，WeCan

observethattheslopeofthecurveofMSDDSISODwithL＝4isnotsteepandclose

t0theslopeofthecurveoftheLDPCdecoder，Whichmeansthattheconvergenceof

theiterativedecodingonlyrequiresasmallnumberofiterations［19］，［27］・

InFig4・9，theBERperformancesoftheproposedsystemoverslowandfastfading

channelswithdi仔erentOWSarecompared．Andtheperformanceofcoherentdetection

ofBPSIくofthe proposed system with CSIknownisalsoincluded for comparison．

Wecanobservethattheperformanceoftheproposedsystemcangetclosetothatof
coherentdetection．WecanalSoBndthattheperformanceismuchbetterinfastfading

channels．AndextendlngLinfastfadingchannels，theimprovementofperformanceis

moreslgniBcantthanthatinslowfadingchannels．Thesamephenomenacanbealso

ObservedfromFig．4．7andFig．4，8．ThisisbecausethesystemunderconsideratlOn

canexploitthetimediversitybenefitwhichisavailableinfastfadingchannels．

haddition，itisknownthatincreaslngthelengthofLDPCcodescangreatlyim－

PrOVetheperformanceoftheLDPCcodedsystems．Theperformanceofthesystems

underconsideratlOnWlthlongLDPCcodesisnotshownonhere，Sincethecharacteris－

tlCSOftheperformanceissimilart0thatoftheabovesimulationresults．Furthermore，

inthecaseofDE－LDPCcodedsystemswlthregularLDPCcodes，regardlessofuslng

Shortorlongcodes一七heperformancealmostcannOtbelmprOVedbyincreaslngtheOWS

OfMSDDSISODwhentheOWSISbiggerthan8．Moreover，thereisarelativelylarge

gapbetweentheperformanCeOfthesystemsunderconsiderationwithregular codes
andthecapacityofthenoncoherentMPSKchannelwithMSDD，Whichwi11beshown

intheneXtsection ThisisbecauseregularLDPCcodes，Whichhavegoodperformance

forcoherentdetection，arenOtoptimizedfortheDE－LDPCcodedsystemswithMSDD．

Therefore，inordertofurtherimprovetheperformanceoftheDE－LDPCcodedsystems

withMSDD，itlSneCeSSarytOdesignthelrregularLDPCcodesforMSDDSISODwith

di仔erent OW鼠
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Figure4．7：EffectofitcrationnumberofLDPCdccoderonBERpcl・fbrmancc・

4　　　　8　　　　12　　　16

Eb／No［d］∋］

20

Figure4．8：EfFectofiterationnumberofiterativedecodingonBERperformance・
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Figure4・9：BERperformancecomparisonofproposedsystemoverslowandfastfading

channels

4・5　LDPCCodesOptimizationforDE－LDPC CodedSystems

withIterat，ive RA：SDD

ManyworkshavebeenreportedonhowtodesigntheirregularLDPCcodestoclosethe

Channelcapacityofdl仔erentsystems，SuChascoherentdetectionsystemsoverAWGN

Channels，MIMOsystems，etC・［22］，［28］・ⅠIll28］and［5］，anEXITcurvc一丘ttlngapP工・OaCh

WaSprOpOSedtodesigntheoptimizedirregularIJDPCcodesforMIMOsystems．With

thisapproach，irregularLDPCcodesoptimizedforserialconcatenationsystemsofLD－

PCcodesanddi鮎rentialmodulation（DM）withcoherentdetectionwasstudiedinl5］．

ItwasshownthattheoptlmizedLDPCcodesforDMperformsignificantlybetterthan

non－OptimizedLDPCcodes．However，untilnow，OPtimizingtheLDPCcodesforthe

iterativeMSDDsystemshasnotbeenstudied．

Inthis section，WefirstintroducetheirregularLDPC codes anditsEX工T charts．

Then，Wedescribehowt00ptimizeirregularLDPCcodesbyEXITchartforthesystems

underconsideration．Finally，theperformanceofthesystemsunderconsideratlOnWith

theoptimizedLDPCcodesisevaluatedusingcomputersimulations．
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Figure4．10．BlockDiagramoftherecelVerOfthesystemsunderconsideration．

4．5．1IrregularLDPC CodesandItsEXIT Chartl

FromSection2．20fChapter2，anirregularLDPCcodeensemblecanbespeclaedby

twopolynomials．

坤）＝∑症二　両）＝∑PJEJ二　　　　（4・13）

whereん（p，）isthefractionofedgesrⅣ1thvarlable（check）nodesofdegreei（j），and

dvma。（dcmax）isthemaximumdegreeofvariable（check）nodes】reSPeCtively・Thecoef・

BclentsAiandpJmuStSatis＆thefollowlngCOnStraints：

∑九二1，0くAi＜1；∑βJ＝1，0くPJく1；
1＝2　　　　　　　　　　　　　　　　二7＝2

．1・．．ト‖

∑
J＝2

（4，14）

（4．15）

and

IntheLDPC decoder，thesetsofvariable and checknodes arereferredto ast，he

variable－nOdedecoder（VND）andcheck－nOdedecoder（CND），reSpeCtlVelyInorderto

designirregularLDPCcodes，1ntheEXITchartanalysis，Similartol5LWeCOmbinethe

MSDDSISODandVNDintoonecomponentfortheEXITcurveanalysisandtreatS

theCNDastheotherasshovminFig．4．10，incontrast七〇七reattheMSDDSISODas

onecomponentandtheentireLDPCdecoderastheotherwhlChlSuSedinourprevious

studiesInFig，4．10，themutualinformationattheoutputofLDPCVNDandCND

aredenotedasIEVNDandlECND，reSpeCtively；themutualinformationattheinputand

outputoftheMSDDSISODarelabeledlAMandlE佑reSPeCtively Theapproximate

formulasoftheEXITcurvesIEVNDandlECND areglVenaS．

克l′〃刀＝∑入IJ（、 （五一1）（J－1（克cAr」D））2＋（J‾1（ん〃））2），　（4．16）
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んC∧rp＝1－∑扉（、／7こてJ‾1（1－も1′〃β）），　　（4・17）

wherethecalculationofthefunctionsJandJHIcanrefertol28］．Theexamplesof

theEXITchartfortheDE－LDPCcodedsystemsunderconsiderationWithOWSL＝

4＝uSingarate－1／2（3－6）regularLDPCcodeandanirregularLDPCcodeareshownin

Fig．4．11and4．12，reSPeCtlVely・TheirregularLDPCcodeistheoptimizedLDPCcode

obtainedbyl22］｝OfwhichthethresholdvalueisonlyO・06dBawayfromthecapacity

ofAWGNcllannels．ThedegreedistributionsofthiscodeareshowninTable4．1．

▲■＿′二一一一‾rr ノー ノ′ ／ 　SNR＝3．2dB RegularLDPCcodes（3，6）‾CND 　一一VND †ll 

〉0　　　0．2　　0，4　　0．6　　0．8　　1

IAVNDフIECND

Figure4．11：EXITchartsofthesystemsunderconsiderationwithOWS L＝4and

rate－1／2（3，6）regularLDPCcodesoverAWGNchannelswitllBPSK・

Table4．1：DegreedistributionoflrregularLDPCcodes［22］

Degreedistribution

入2＝0．17120，人3＝0．21053．人4＝0．0．00273⊃人7＝0．00009，

人8＝0．15269，人9＝0．09227，んD＝0．02802，人15＝0．01206，

人30＝0．0．07212，人50＝0，25830．

伽＝0．33260，m0＝0・08883，仇1＝0・57497
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二一∴一一一‾⊥‾‾ J′ ′ ／ ′ † 

OptimizedLl〕PCcode �4�(��8�D�"��ﾄ4脾� 

brcoherentdetection 

overAWGNchannel l1 �ｨ耳��d脾�

〉0　　　0．2　　0，4　　0．6　　0．8　　1

IAⅥ恥IECND

Figure412：EXITcharts ofthesystemsunderconsiderationwithOWS L＝4and

optimizedirregularLDPCcodesofl22］0VerAWCiNchannelswithBPSK・

4．5．2　Designand OptimizationofIrregularLDPC CodesBasedonEXIT

Charts

ItlSknownthattheiterativedecodingcansuccessfullyconvergewhenatunnelisopened

betweentheIEVND CurVeandthelECND CurVe．WecanusetheEXITcurve一fitting

approachtooptimizeirregularLDPCcodes，ThebasicprincIPleofthis approachis

thatsearchingthesetofdegreedistributionsofirregularLDPCcodesmakesthelEOND

curvestaystrict1ybelowthelEVNDCurVea七anSNRaslowaspossible．

Weconstructacostfunctiontorepresenttherelationofthetwocurvesasfollows

J二mわく克ⅥⅧ（現－7品〃β（瑚〉一　0＜ム＜1，　　（4・18）

whereIilSaVerageSelectedbetweenOandl．HereshouldbenotedthatlE占ND（1i）

denotestheinverseofIECND（It），SincetheEXITcurveoftheLDPCCNDintheEXIT

chartcorrespondstotheinverseof境ND・Whenf＞0，itmeansthatthetunnelis

openedbetweenthetwocurves，Incontrast，Whenf＜0′itmeansthatthetwocurves

intersect，thatis，thetunnelisclosed・Whereas，Whenf＝0，itmeansthatthetwo

curvestouchwitheachother，Whichmeansthat，thet，unnelcanbeopenedbyasmal1

SNRlnCrement．

Usingthecostfunct10nOf（4．18），theprocedureofoptimizingirregularLDPCcodes

（1）GIVeTaCertainSNR，WearStObtaintheEXITcurveIEMOftheMSDDSISOD・

Setthemaxlmumnumberofsearchesa5Sm。。．

（2）Bydifferentialevolutionmethod［29］，WeSearCh（入iland（p，）tomaXimizethe

minim11mOf笹18）・
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Table4．2：DegreedistributionofoptimizedLDPCcodesforL＝6andlO

Degreedistribution 

エ＝6 ��ﾃ(����CS#x�9�ﾃ8����C�#�x�9�ﾃ�(����C3S�8�2�

伽＝1皿 

エ＝10 ���(����Cs���9�ﾃ8����C��3y�｣#h����C#�S8�2�

β5＝1．0． 

（3）Iff＞0，decreaseSNRandgobacktostep2・Otherwise，thesetof（lJ and

（pJ correspondingtothemaximumvalueof（4・18）isoutputted・

BasedontheprincIPleoftheEXITcurve－nttingapproach，itiscanbeviewedasa

globaloptimizationproblem．Whenthenumbersof（吊and（p，）whicharerequired

tobeopt1mizedarelarge⊃thecomplexityoftheprocessofoptlmizingLDPCcodesis

prohibitivelyhlgh．Tc・OVerCOmethlSprOblem，inthisthesis・followlngthemethodof

l2S］，Wellmltth。number。fdifferentVNdegreesa皿ddifFere左上CNdegreest03andl，

respectively．Inthiscase，basedontheobjectivecoderateandthedegreedistributlOn

constraints（4・14）and（4・15），theonlyonedegreeofVNsneedstobeoptimlZed・Bythis

way，thecomplexityofoptlmizationofLDPCcodesisgreatlyreducedInthefollowlng－

wewi11showthatwecanobtainthewell－designedLDPCcodesusingthismethod．

In the follolVing，We glVe thetwo examples ofthe optimized LDPC codes using

theabovemethod．Weconsiderもheoptimizationofaratel／2irregularLDPCcode

fortheDE－LDPC codedsystems wlthBPSK overAWGN channels．The optimized

examplesofthesystemsunderconsiderationwlthOWSL＝6andlOaredetailedin

Table4．2．TheEXITchartscorrespondingtothesystemsunderconsiderationuslng

thetwooptlmizedcodesandratel／2（3，6）regularLDPCcodesareshowninFlg．4．13

and4．14，reSpeCtlVely．ItiseasytoseethatusingtheoptimizedLDPCcodes，七unnels

areopenedforL＝6andL＝10atSNR＞2．2dBandSNR＞1．7dB，reSpeCtlVely，

Thus，WeCanpredictthatthedecodingthresholdsofthesystemwiththetwooptimized

LDPCcodesareSNR＝2．2d］∋forL＝6andSNR＝1．7dBforL＝10，reSPeCtively．

Whereas，ⅠtisobviousthatthedecodingthresholdcorrespondingtOthesystemwith

ate－1／2（3，6）regularLDPCcodesismuchlargerthanthatofthetwooptimizedLDPC

codes．Inordertomoreclearly understandtherelationofthecharacteristics ofthe

MSDDSISODandtheLDPCdecoder，Wealsopresent，theEXITchartsforthesystem

modelofFig　2．1asshowninFig・4・15and4・16・FromthetwoBgures，WeCanalso

obtainthesameanalysISreSults．
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0．2 OptimモzedLDPCcodes

brエ＝6

0．2　0．4　0．6　0．8　1

IAⅥヾDJECND

（a）

0．2　0．4　0．6　0．8　1

IAⅥ寸DフIEClⅧ

（b）

Figure4．13：EXITchart ofthesystems under considerationwith OWS L＝6and

optimizedLDPCcodesforL＝6withlengthlOO8000VerAWGNchannels．

0．2　0．4　06　0．8　1

IAⅥヾD）IECND

（a）

02　0．4　0．6　08　1

IAⅥヾDJECNp

（b）

Flgure4．14：EXITchart ofthesystemsunderconsiderationwithOWS L＝10and

optimizedLDPCcodesforL＝10Withlength1008000VerAWGNchannels・
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Figure4．15：EXITchart ofthesystemsunder considerationwlth OWS L＝6and

OPtimizedLDPCcodesforL＝6Withlength1008000VerAWGNchannels．

Figure4．16．EXITchartofthesystemsunderconsiderationwithOWS L＝10and

OptimizedLDPCcodesforL＝10Withlength1008000VerAWGNchannels．
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4．5．3　Evaluation oftheDesignExamples

Decodingthresholds correspondingtothedesignresultsofirregularLDPC codesfor

MSDD SISOD with L＝6andlO，Which arepredicted byFig．4．13and4．14，are

illustratedinTable4．3．TheresultsoftheBERperformancefortheconsideredsystems

Withthe optimized and non－OPtimized codes are shownin Fig．4．15and4．16．In

thesimulation，thecodelengthofLDPCcodesislOO800，andtllemaXimumiteration

number ofthe LDPC decoderis set20．日nless otherwiseindicated，the maximum

lterat，ionnulTlberbetweentheMSI〕D SISOD aノndLDPC decoderissetto8．

Fromthesilnulationresults，WeObservethatcomparedtousingtheregular（3，6）

LDPCcodes，OptimizedirregularLDPCcodesprovidemuchbetterperbrmanceforthe

COnSideredsystemsItis alsoshownthatthegap to the decodingthresholdcan be

narrowedbyusingmorelterationsasshowninFig・4・16andlongercodes・Moreover，

thedecodingthresholdsobservedfromtheBERperformanceisverycloseto thatof

designresultsasshowninTable43，Whichproves theaccuracyofouropもimization

met，hod andresults．

In addition，Wealso evaluatetheperformanceofthesystemsunder consideration

usillgtheOPtimizedLDPCcodesfordiffercntOWS．AsshowninFig．4．17，COmParCd

Withusingnon－OptimizedLDPCcodesfortheconsideredsystems，theperformanceof

thesystemwithL＝2，4，10callalsobesignificaIltlyimprovedbytheoptimi2ledLDPC

COdesforL＝6．Thisl・eSultshowstheimportanceofoptimizingLDPCcodesforthe

DE－LDPCcodedsystemswithMSDDonceagaln．

Theabovesimulationsareal1fortheverylongLDPCcodes．Whereas，inpractical

SyStemS】LDPCcodesaregenerallylimltedtoblocksofafewhundredtoafewtl10uSand

codebits．Inthefollowlng，WeeValua七etheperformanceofthesystemsunderconsid－

erationusing仙eor）thnizcdLDPCcodcswithGnitelength．Ⅰtisknown thatwccan

Obtainawe11－designedLDPCcodewithaverylonglengthusingtherandomconstruc一

七ionapproachtoconstructtheLDPCcodebasedonthedegreedistributions．However，

hr丘nitelengthLDPCcodes∴ⅣeneedtoconstructtheLDPCcodcstOaVOidtheerror

flDOr，WhichiseasilyappearedfortheirregularLDPCcodeswlth丘nitelength・Toim－

provetheerrorfloorperformance，WeuSetheprogressive－edge－gl・OWth（PEG）algoritlm1

［30］toconstructtheoptimizedLDPCcodes・PEGiswell－knowllfortheconstrucもion

ofgoodLDPCcodeswithshorttomediumblocklength・Usingtllisalgorithm，WeCan

removetheshortcyclesinthecodegraph，WeusethePEGalgorithmtocoI適もructan

LDPCcodewithlengthlOO8basedonthedegreedistributionsthatisoptimizedfor
L＝6　UsingthisIJDPCcode，theperformanceofthesystemunderconsiderationover

RayleighfadingchannelwithfDT：＝0，01isshoTVninFig・4・18・Wecanobservethatin

もhecaseofshort1engthcode，theperformancecanalsobeimprovedsigniBcanも1yuslng

theoptimizedLDPCcodes．
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Table4．3：Comparisonofdecodingthresholdsofthesystemsunderconsiderationwith

difFerentLDPC codes overAlVGN channels．

Decoding 認V6�匁wF�&W6�ﾆB�Capacityofnoncoherent 

t，hresholdwith 敷G&�&�FX�ﾃ���(ﾟ塗�｢�MPSKAWGNchannel 

OPtimizedcodes �&VwVﾆ�&6�W2�WithMSDDatratel／2 　t31］ 

エ＝6 �(�C&D"�3．OdB �(�D�"�

エ＝10 ���CvD"�2．7dB ���C6D"�

L　　　l　　l 　　　　BPSK⊃AWGNchannel 

1 　　　　　　　　　　　　　　上＝6 

2 　　　　　　CodelengthlOOSOO 

3 　　　　　　　　　4－（5，6）regu1arcode 

4 5　　－偶慧t窒雲dcodes †lI 

3　　　　　　　　4

Eb／No［dB］

Figure4・17：BERperformancecomparisonoftlleSyStemSunderconsiderationwith

non－Optimi2：edLDPCcodesandoptimizedLDPCcodesforOWSL＝6．
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Lll 　BPSK，AWGNchanne1 2 　　Codelength100800 

3 　　　　　　　　．‾召‾（3，6）regdaTCOde 

4　　　　　　　　　　　　　　　　0pthlizedcodes 

血r上＝10 

．－．㊤→Max．辻eration 

5　　　　　　　　　　　　　　　　mⅦ血erB 

6　　　r　　　　　l　　mberlI6 

3　　　　　　　4

Eb／No［dB］

Figure4．18：BERperformancecomparison ofthesystems under conslderationv、rith

non－OPtimizedI．DPCcodesandoptimizedLDPCcodesforOWSL＝10．

L　l やA一一彗　◇，‾？二 

、攣雪　樟 11 111■∃ lll l lll l与　も≡ 

‡日 

一一一一（3，6）reか訂COde 

－　Opthlhedcodes 

ぬrエ＝6 

◇　上＝2 

△　上＝4 

○　エ＝川 

Eb朋0［曲］

Flgure4．19：BERperformanceofthesystemsunderconsiderationwithoptimizedL工）－

PCcodesforL＝6usingdifferentOWS．
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l　L　l 　　　－EL－（3，6）regularcode 

、EL　　　一一日－Optin1izedcodes 

2　　　　　　　　　　　　　forエ＝6 

、鼠、 

3　　　　　　　、、＼巳 

エ＝6フBPSK　　　　　　　　　白 

Raleiかねdingchannel 

5 

らTS＝0．01 

6　　　　　　I　　　　　l　　　　　l 

4　　　　　6　　　　　8　　　　10　　　　12

Eb／No［dB］

Figure4・20：BERperformanceofthesystemstlnderconsiderationwithoptimizedLD－

PCcodesforL＝6wlthlength10080VerRayleighfadingchannels．
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CHAPTER5

Improved Soft－Output M－Algorithmhr

DifferentiallyEncodedLDPC Coded Systemswith

IterativeMultiple－SymboIDifferentialDetection

InChapter4，aniterativeMSDDschemeisinvestigatedforDE－LDPCcodedsys－

tems．ItisshownthatthesystemperformancecanbeimprovedbyincreasingtheOWS

ofthe MSDD SISOD and theiteration number bet，Ween t，he MSDD SISOD and the

LDPCdecoder．However，theMSDDSISODisamaximumaposteriori（MAP）detec－

tor，thecomputationalcomplexityofwhichincreasesexponentiallywiththeOWSand

theorderofthemodulator．ThehlghcomplexityoftheMSDD SISODwithalarge

OWSmakesitsapplicationinfeasibleinpracticalsystemsespeciallywhenthelterative

decodinglSperformedatthereceiver・Therefore，itisnecessarytodevelopanapproach

toreducethecomplexityoftheMSDDSISODwhilemaintainlngthereliabilityofitS

soft岬Output．Inthischapter，WeprOpOSeanimprovedsoft－OutputM－algorithm（ISO－

MA）anduselttoreducethecomputationalcomplexityofDE－LDPCcodedsystems

wlthiterativeMSDD．Simulationresultsshowthat，thecomputationalcomplexityofthe

MSDDSISODaswellastheiterativedecodingcomplexityofDE欄LDPCcodedsystems

withiterativeMSDDcanbegreat1yreducedbytheproposedISOMA・

Theremainderofthischapterisorganizedasfollows，Section5，1introducesthe

relatedworks．InSection5．2，afterdiscussingtheexistingSOMAforもheconsidered

systems，WePrOpOSetheISOMA・Then，PerformanceanalysisbycomputersimulatlOn

isgiveninSectlOn5．3・

5．1　RelatedⅥわrks

Inl12］and【32］，inordertoreducethecomplexityofMSDD，theM－algorithml331was

adoptedtoMSDDforuncodedsystems・However，theM－algorithmfortheMSDDwith

softpoutputhasnotbeeninvestigated・Moreover｝theMralgorithmcannotbedirect1y

extendedtothecodedsystemswithMSDD，SinceonlyMbestpathsareretainedin

theM－algorithm，Whichoftenleadstothesepathshavingthesamebinaryvaluesinthe

samebitposltions．Insuchacase，theLLRsofthesecodedbitscannotbecomp11ted・
rIbsoIvethisproblem，tWOeXistingapproachescanbeutllized・In t34］，aniterative

treesearchdetectionba5edontheMHalgorithm（ITSTMA）was．proposedforiterative

BICMMIMOsystems．Inthis approach，thesoftinbrmationlS COmputedbasedon

Mretainedpaths．Whileforthosebitswhosesoftinformationcannotbecomputed，

theclipplngmethodisperformedto asslgnaⅩednegativeorpositlVeValuest0these
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bits．However，tllismetllOdreducesthereliabilityofthesoftinformationofcodedbits，

especia11ywhenMISSmal1，Whichresultslnthedegradationofthesystemperformance．

Inl36］and［37］｝aSOMAwasproposed，WhichobtainstheLLRsbyusiPgbothofthe

retainedandterminatedpaths．TheSOMAcanavoidassigningtheclipplngValues－but

ltSPerformanceisclosetothatofthesoft－OuもputViterbialgoritllm（SO＼仏日35］but

notclosetothatOftheMAPalgoritllm．

5．2　ComplexityofMSDD SISOD

AsintroducedinChapter3and4，MSDI）makesajointdecisiononseveralsymboIs

SimultaneouslybasedontheMLpl・inclplebyeこてtendingtlle OWStOmOrethan two

SymboIs．ForourconsideredsystelTIS，theMSDDSISODoutputSthesoftinformaもion

for theLDPC decoder．

TlleSyStemmOdelunderconsiderationisthesamewithFlg．五1．Hereweassume

thatも11eOWSoftheMSDDSISODisL，andthelengthofLDPCcodesisN．Letm

denotethenumberofbitsofeachMPSKsymbol．Thereceivedsequencerisdivided

intosub－blocksrk，Wherek∈iO．（N／m）／（L，1））．

Letsk＝lsk，0，Sk，1，…，Sk，L＿1］denotethedifferentiallyencodedsequencecoITeSPOnd－

ingtothe抽lSub－blockofleCeivedsymboIs，andletck＝lck，1，Ck，2，…，Ck，m（LNl）］denote

thecodedbitsvectorcorrespondingtothesk．Forconvellience，Wedroptheinde：くkin

thef01lowing．BasedontheprincIPleoftheMAP algorithm，aSintroducedinSection

4．37theMSDDSISODgenera・teStheaposfcrio再probabiliiyofthecodedbitcl，Written

interms ofLLR

エ叫。（q）＝log
∑S：。．＝。p（rIs）n欝‾1）p（q）

∑S：。t＝1p（rls）n誓‾1）p（q）
（5．1）

wherethesumsinthenumeratoranddenominatoraretakenoverallsequencescwhose

bitinpositioniisthevalueOorl，reSPeCtively・P（qi）istheaprioriprobabilityprovided

bytheLDPCdecoder，P（rls）istheconditionalPDFofrgivens・InthecaseofAWGN

channels，P（rIs）isgivenby

柚）＝志画需沖刷×碩糾，（52）
WhereIo（・）isthezer0－0rdermodiBedBesselfunCtionofthe丘rstkind，andthesuper－

script’＊’denotesthecomple：くCOnjugation．SincealltermsthatarenotintheBessel

functionarecommont0alls，（5・2）canbesimpliBedto

p（r・S）∝塙t室河，　（5・3）

wllichisusedin（51）tocomputeL＾4，P（ci）・

Thecomple：dtyoftheMSDDSISODwlththeMAPalgorlthmismain1ydecidedby

tWO aSpeCtS：
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l）Nl皿beroftermsinthes11mmationof（5・1）：Sinceallcandidatebitsequences

FeedtobetakenintOaCCOuntin（5・1）】tllemlmberoftermsintlleSummationof（5・l）
1Sequalto2m（L－1），WhichincreasesexponentiallywiththeOWSandtheorderofthe

2）ComputationofthePDFp（rls）：Sinceintheabsenc90fCSIattllereCeiver，

thecomputationofp（rls）cannotbecomputedrecurslVelyaslnthecoherentdetection

case．Thus，thecomputationalofp（rls）alsobecomesalargecomputationalcostwith

もheincreaseofthe01VS oftheMSDD SISOD．

Therefore，thecompleこくityof（5．1）willbecomeprohibitivelyhighastheOWSand

theorderofthemodulationbecomelarge．Especiallyforiterativedecodingsystems，

thishighcomplexitywi11resultinanullaCCeptabledecodingtimedelay，Whichmakes

difRculttoachievearealisticsystem．1bsolvethisprol）1em，WeemPloytheM－algol・itllm

t01・edlユCetllCCOmplexityoftheMSDD SISOD，Whichisspeci丘callye二（plaillCdin the

follollrlngSeCtion，

5．3　SOR4A for n4SDD SISOD

5．3．1　M－AlgorithmfbrMSDD

M－algorithmis abreadtll一員rst tree search algorithm，Which haS been proved to be

llighlyefBcientfortreedecodingproblems・Thebasicpri11CipleoftheM－algorithmis

thatstarもingfromtheBrstnodeofthedecodingtree，OnlyMpathsWhicllCOrreSpOnd

tothebestju．valuesofmetricsareretainedateachtreedepth，andtherestpathsare

discarded．WhentheM－algorithmreachest11een（lofthedecodingtree，the丘st－ranked

PathinMpathsisthemost1ikelycandidate．

SincetheproblemofMSDDalsocanbeviewedasatreedecodingproblem，thehard

OutPutofMSDDactuallyisthepathwiththeMLvalueofthemetric，Foruncoded

SyStem VithMSDD，the虻・algorithmhasbeenusedtoreducethecomplexityofMSDD

l12］，［32トThemetricofMSDDwithM－algorithmis址ePDFp（rls）．

AtreediagramofMSDDfor弧PSKwithM－algorithmisshowninFig．5．1，From

nodei＝1，もheMvalgorithmretainsj14nbeststatesofSl・・・SL－1、、rhicllmaXlmizep（rrs）

at anynodeofi，and thenmoves on to the next nodeofiuntilthe end ofthetree

isreaclled．Itsl10uldbenotedthatifMislarger than thenumber ofallstates of

Sl…SL＿1，theM－algori七hmretains allstates．FromTable5．1，1tisshownthatthe

COmplexityofMSDDcanbegreatlybytheM－algorlthm．

Table51・NumberofsearchpathsofMSDDfor16PSK

Conventionalmethod（Fullpathsearch）

Malgorithm（ルr＝16）
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－：SurVivingpathsofM algorithm

Figure5．1．TreediagramofMSDDfor肱PSKwlthM－algorlthm

5．3．2　M－AlgorithmfortheMSDDSISOD

FromtheprlnCipleoftheMaxMLogHMAPalgorlthm［38］，thecomputationof（5．1）can

beapproximatedbytwotermswhichhavethebestvaluesofthenumeratorandthe

denominatorof（5．1），reSpeCtively Thatis，theoutputoftheMSDDSISODcanbe

approximatelycomplユtedbyonlyafewcandidatebitsequenceswhichhavethelarge

valuesofthemetric．Therefore，WithsmallchangeoftheInetricofthepath，theM－

algorithmcanbeextendedtoreducethecomplexityoftheMSDDSISOD．From（5．1）⊃

themetricisglVenaS

p（rls）H p（q）・　　　　　　　（5・4）

J＝1

Withthis dlreCt eXtensionscheme，the complexity oftheMSDD SISOD can be

reducedbytheMMalgorithm．However，thisscheme cannot ensuretheLLRofeach

coded blt can be computed，Since the best M retained paths often have the same

binaryvaluesinthesamebitpositions，WhlChleadstothenlユmeratorordenominator

Of（51）equalingtozero・TosoIvethisproblem，tWOeXist1ngSChemescanbeconsidered

tobeused，Whicharebrie且yintroducedasfollows・

1）ITS－MA：ThebasicprincipleoftheITS－MAapproach［34］isidenticaltotheabove

mentioneddirectextensionschemeoftheMNalgorithmforoutputt1ngSOftinformation．

Forthosecodedbitswhocannotbecomputedby（5・1）usingM丘nallyretainedpaths，

theITS－MAassignstheappropriateclippingvaluesforthemInl34］，thecllPPingvalue

isselectedas－30r＋3．Morespeci丘Cal1y，ifMretalnedpathsonlyhaveOinthesame

position，theLLRofthiscodedbitissetto＋3basedon（5・1）；OtherwISe，theLLRof

thiscodedbitissett0－3．WhenthevalueofMisthet0七alnumberoftreepaths，the

ITS－MAisactual1yequivalenttotheMAPalgorithm・

2）SOMA：TheheartoftheSOMAisthatnotonlyMretainedpathsbutalsothe

discardedpathsateachdepthareusedtocomputetheLLR50fcodedbits・Thecompu－
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Figure5．2：PercentageofbitswlthuncertainLLRs

tationmethodoftheLLRisbasedonthemeもricdifFerencebetweenもheapproximated

MLpathandthesetofthediscardedpaths，Whichissimilartotheoperationsofthe

SOVAalgorlthml35］・Formoredetails，Werefertol36］and［371．

Theabovetwoapproachescanbewidelyappliedtoconcatenatedcodesystemsfor

COmPlexityreduction・TheITS－MAiseasytoperform，however，therellabilityofthe

LLRsissigni丘cantlyreducedespeciallywhenthevalueofMissmal1Sothatmanybits

needtobeasslgnedaclipplngValue・AsshowninFig5・2，WhlChshowsthepercentage

Ofbitswlth11nCertalnLLRsuslngITS－MA，about30percentofbitsneedtobeassigned

ClipplngValueslnthecaseofthesystemsunderconsiderationwithL＝8andM＝8

atSNR＝5dB．Moreover，thepercentageofbitswithuncertainLLRsincreaseswith

theincreaseofthevaluesofSNRandL FortheSOMA，itcanavoidassigningthe

Clippingvalues，However，theperformanceoftheSOMAisclosetothatoftheSOVA

algorithmbutnotclosetothatoftheMAPalgorithm Therefore，theperformanceloss

StillexIStSeVenalargevalueofMisusedintheSOMA．

5．3．3　ProposedISOMAfortheMSDD SISOD

Tb overcomethe disadvantages oftheITS－MA and SOMA，We PrOPOSe anISOMA

approach ThefeaもuresoftheISOMAareasfollows：

1）DifferentfromtheITS－MAcomputingtheI」LRsby（5．1）whentheM－algorithm

reachestheendofthetree，theISOMAcomputestheLLRsofcodedbitsateachdepth

Ofthetree・Morespeciacally，WhencomputingtheLLR5by（5．1）ateachdepth，Sユmilar

totheSOMA，theISOMAconsidersbothMretalnedpathsanddiscardedpaths．In
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Other words，the LLRs are computed befbre discarding thepaths at each dept，h．In

thiscase，thepathsateachdepthmustcontaintheinformatlOnOfbothOandlofthe

codedbitcorrespondlngも0thecurrentdepth．Therefore LLRofeachcodedbitcanbe

COmputed，

2）Ateachdepth，nOtOnlytheLLRofthecodedbitcorrespondingtothecurrent

depthiscomputed，theLLRsofcodedbitscorrespondingtothepositlOnSbeforethe

Cufrentdeptharealsorecomputedandupdated・if（5・1）Canbecomputedforthesebits

uslngthecurrentpaths．ThisfeatureofthelSOMAcanguaranteethehighreliability

oftheLLRsofcodedbits

WhenthevalueofMissettothetotalnumberoftreepaths，inpractice，theISOMA

isalsoequivalenttotheMAPalgorithmastheITS－MA，Fromtheabovementioned

features，WeCanBndthattheproposedISOMAhasfeaturesofboththeITS－MAand

SOMA．Next，WeSPCCiBcallyintroducetheapplicationoft11eISOMAfol・theMSDI）

SISOD．

Weintroducesomenotationsthatwewilluseinthefollowlng．Foronesub－block

ofs，1etⅥribethesetofthepathsatdepthi．Denotethemetricofthewthpathat

depthibyr（鳥），Whichiscomputedby

r軋）＝p（r凧）np（C晶
p＝1

（5．5）

WhererlisthereceivedsignalswlthlengthL，andcL，，Pisthepthcodedbltofthecoded

bitsvectorcorrespondingtosL，・

Usingtheabovenotations，（5．1）canberewrittenas

エ佑p（cl）＝log
∑Sミ〝：。－＝。r鶴）

∑輌＝1r軋）
（56）

Thespeci丘cprocedlユreOftheISOMAfortheMSDDSISODisdescribedasfollows．

（1）Initlalization・LetWDbeasetcontainingonlytherootnodeofthetree・The

rootnodeisthearstsymbolofeachsub－blockofs，andWoISSett01fortheBrst

sub－block．

（2）Inonesub－block，fordepthi，1＜iくL－1：

I）ExtendeachpathinW－pltOthenextdepthandcomputethemetricofeachpath

lnWluSing（5叶

ⅠⅠ）ComputetheIJLRofbitciCOrreSpOndingtothedepth7uSingallthepathsin

WibH5．6）．

工工Ⅰ）RecomputeandupdatetheLLRsofthebitsbeforeciuSingallthepathsinW8

by（56）・htheprocessofupdat1ng，iftheLLRsofsomebitscannotberecomputed，

OrlglnaltJLR50fthemareretalned．

IV）IfthenumberofpathsinWiislargerthanM，gOtostepV；Otherwisereturn

tostepI．

44



V）SortthepathsinWiaCCOrdingtotheirvaluesofmetrics・RetainMbestpaths

andeこくtendthemt0thenextdepthi＋1，もhenretumtostepIuntilthe（Lrl）も11depth

is reached．

（3）ThelastsymbolofthebestpathinWL＿1isusedastherootnodeofthetree

forthenextsub－block，Thenreturnt0（2）untiltheLLRofeachLDPCcodedbitis

obもained，

5．3A ScalingFactorfortheISOMA

Duet00nlysmall丘・aCtionofa11possiblepatllSareCOnSideredinthecomputationofthe

LLRs，SimilartotheMax－Log－MAPalgorithmandSOVA，工SOMAalSohastllePrOblem

OfoverestimatingtheLLRs，Wllichistllemainreasonfordegradlngtheperformance

Ofthe system，eSPeCially when the value ofMis sma11・Toimprove the decoding

quality，thee：（trinsicLLRs aremultipliedby ascalingfactorfortheMax－Log－MAP

algorithml3S］・However，theperformanceofthescalingfactoremployedbythesoft－

outputM－algolithmhasnotbeenstudiedilldetailyet．TheISOMAwithscalingfactor

（ISOMA－SF）isperformedasfollows：

Thee：（trinsicLLRsoutputoftheISOMAismultipliedbyaconstantSF，0＜SF＜1，

㍍轟）＝SF・毎。（Cま）・　　　　　　　（5・7）

TheLll．e（ci）ispassedtotheLDPCdecoderastheapTioTiinformation・

5．4　SimulationResults andAnalysis

InthlS SeCt，ion，the simulation resultS arepreSented and dlSCuSSed．Unless otllel・Wise

indica．ted，thefollowlngSimulationparametersareusedforoursimulations．Weconsider

regularrate－1／2（3，6）LDPCcodeswithlengthof1008・TheGarymappingruleisused

brtllemOdulator，SincewefocusonthevalldityofISOMAforthereductionofthe

comple：亡ityoftheMSDD SISOD，WeOnlyconslderthesystemoverAWGNchanne15

forthesakeofsimpliciも3㌧ThemaximumnumberofiterationsofもheLDPCdecoderis

set t020．ThelnaXimum number ofouteriteratioI5between the MSDD SISOD and

L］〕PCdecoderissett08．Inordert00btaintheopt，imalperformanceoftheSOMA

forcomparisonpurpose，allterminatedpathsareusedbytheSOMAforcomputlngthe

LLRS．

5．4．1　BER Performance

Fig．5．3showstheB］∃RpcrformanceofもheISOMAfortheconsideredDE－LPDCcoded

systemswitll］∋PSK andtheOWS L＝10・TheperformancesoftheMSDDSISO工）

usingtheMAP algorithmforL＝2，4and10arealsopresentedforcomparison，We

Observethat tlleSlgnificantperhrmallCeimpI・0Vement CanbeachievedwherlLisin－

creasedfrom2to4andthent010alOngwitllthegrowtllOfthecomplexityoftheMSDD
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SISOD．Fc）rL＝10，WhentheISOMAisusedintheMSDDSISOD，WeObservethat

whenM＝16】theperformanceoftheISOMAcanbeveryclosetOtheperformance

achievedbytheMAPalgorithm．InthecaseoftheconsideredsystemswithQPSKand

L＝7，M＝16isalsoenoughfortheperformanceofISOMAtobeclosetothatofthe

MAPalgorlthmasshowninFig．5．4（a）．Whileforthecaseof8PSKandL＝7，from

Fig．5．4（b），WeObservethattoapproachtotheperformanceoftheMAPalgorithm，

alargerM（32）isrequiredbytheISOMAwithrespectt0thecaseofBPSK，butthe

retainedpathsarestillasmallfractionofthedecodingtree．

Fig．5．5showstheperformancecomparlSOnbetweentheISOMAandITSrMAfor

theconsideredDE．LPDCcodedsystemswithdiHerentmaxlmumnumberofouterl七一

erationsforM＝4andM＝16，reSpeCtively．Wecanobservethattheperformance

oftheITS－MAismuchworsethanthat oftheISOMAwhenもhemaximumouteriter＿

ationnumberissmal1erthan4，eSPeCiallywhenM＝4．ThisisbecausetheITS－MA

Slgni丘CantlyreducesthereliabilityoftheLLR5eSpeCial1ywhenasmal1ValueofMis

used，aS disctlSSedinSection5．3．2．h otherwords，theLLRs output oftheMSDD

SISOD with thelSOMAIS muCh more reliable t，han that of t，he MSDD SISOD with

theITSHMA．Inaddltion－WenOtethatwhenthemaximumouteriterationnumberis

increasedto8，theper丘〕rmanCeSOfthetwoapproachesareveryclose．Thisimpliesthat

theperformanCelossoftheITS－MAwithrespecttotheISOMAcanbeallevlatedby

increaslngthemaximumouteriterationnumberoftheconsideredsystems．However，

1talsoimpliesthatforthesameBERperformance，theITS－MArequiresmoreaverage

numberofouteriterationscomparedtotheISOMA whichwillbesupportedinthe

nextsubsection，

Fig．5．6showstheperformancecomparisonbetweentheISOMAandSOMAsimilar

toFlg．5．5．FortheISOMAandSOMAwithM＝4，fromFig，5．6（a），itcanbe

seenthattheSOMAhasthealmostsameiterationfeatures andperibrmanceasthat

oftheISOMA，WhilewhenM＝16，theresultsofFig．5．6（b）showthattheSOMA

hasthealmostsameperformanceinthe丘rstfewlterationsbutconvergestoworseper－

formance thantheISOMA wit，htheincrease ofthe outeI・1teratlOnnumber．This can

beexplainedbythefactthatwiththeincreaseofM，theperformanceoftheSOMAis

closetothatoftheSOVA，WhereastheperformanceoftheISOMAISClosetothatof

theMAPalgorithm．
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Figure5．3：Perk）rmanCeCOmparisonbetweentheMAPalgorithmandISOMAusedin

MSDDSISODforaDE－LDPCcodedsystemwithBPSK，

5A．2　Decoding Complexity

Inthefollowing，decodingcomplexltiesofthesystemusingtheISOMA，SOMA，ITSTMA

andMAPalgorithmarecomparedandanalyzedbymainlyconslderingthemultiplica－

tionnl皿ber（MN）andaddltionnumber（AN）ofthem・Duetotheirregularityofthe

reducedtreebytheMralgorithm，thenumberofbltSWhoseLLRscannotberecomput－

ed／CornputedbasedoncurrentpathsarerandomwhentheISOMAandITS－MAare

used．Therefore，WeCannOtglVetheaccuratecomplexityofthem，Thus，WeaSSumethat

theLLRofeachdepthcanberecomputed／conTPutedinthetwoapproaches・Theupper

boundsofthecomplexitiesofthemareapproxlmatelygivenlnthefollowlngSimulaもion

results．Inaddition，thecalculationofthelogarithmictermalsoislgnOred．

Table5．2shows theMN andAN oftheMSDD SISOD computingtheLLR5for

LDPC codedbits at eachouteriterationbyusingtheMAPalgorithmandISOMA，

respectively．Based ontheabovediscussion，lnOrderto obtainasma11performance

loss－16isanappropriatevalueforM・Insuchacase，forBPSKwithL＝10，We

observethatthecomplexityofthelSOMAisabout27％ofthatoftheMAPalgorithm．

InthecaseofQPSKwithL＝7usingtheISOMA，about5％ofthecomplexityof

theMAPalgorithmisneeded・Whereaslnthecaseof8PSKwithL＝7uslngthe

ISOMA，Onlyabout0．2％ofthecomplexityoftheMAPalgorithmisneeded・These

resultsconarmthatadramaticreductionofthecomputationalcomplexit．yoftheMSDD

SISODisrealizedwiththeISOMA，eSpeCial1ywhentheorderofthemodulationand

thevalueofLarelarge．

Next，WeCOmparethecomplexitiesofthelSOMA，SOMAandITS－MAwithM＝16

ateachouterlteration，hthefollowlngSlmulations，BPSKisused．AsshovminTable
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Figure5・4・PerformamCeCOmparisonbetweentheMAPalgorlthmandISOMAusedin

MSDDSISODforaDE－LDPCcodedsystemwithQPSKand8PSK
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Figure5．5：PerformancecomparlSOnbetweentheISOMAandITSNMAusedinMSDD

SISODforaDE－LDPCcodedsystemwithBPSKandL＝10．

Figure56：PerformancecomparisonbetweentheISOMAandSOMAusedinMSDD

SISODforaDE－LDPCcodedsystemwithBPSKandL＝10
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5．3，WeCanObservethatthethreeapproacheshaNealmostsarnecomplexitylntermS

OftheMN．ThisisbecausethethreeapPrOaChesallbasedontheMralgorithmneedtO

computethesamenumberofpathmet1・ics，Ontheotherllalld，dueto t11edifferent

OperationsofcomputingtheLLRSinthethreeapproaches，WeCanObservethatthey

havedi丘■erentnumbersintermsoftheAN・ItisshownthattheISOMAneedsslightly

morenumberofaddl七10nSCOmparedtOtheITS－MAandSOMA．Thus，fromthepOint

OfvieWOfoneouterlteration，thecomputatlOnCOmplexltyOftheISOMAissliglltly

moretllanthatoft，heITS－MAandSOMA．

IllOrdertoevaluatethedecodingcomplexitiesoftheconsideredDE－LDPCcoded

SyStemSuSlngthethreea・pPrOaChes，Weneedto上■urthertesttlleaVerageiterationnumber

OftheOuteriterationand theLDPC decoder，reSpeCtively，SincetheLDPC decoder

Can detect successful decoding and stop tlleiteration by Checking the parity check

constraintsofLDPCcodes．LetnS，eand7塩edenotetlleaVerageiterationnumber

OftheOuteriterationElndtheLDPCdecoder，reSPeCtively，ThecorrespondillgreSults

for M＝16are shownin Table5．4and55，In addition，the results ofthe MAP

algorithm arealsogiven forcomparison．Weobservethat theISOMAisvcry close

totheMAPalgorithmintermsofnS，eandT塩e．Thisimpliesthatthea・aCtionofthe

SaVedcomplexityofallouteriterationsuslngtheISOMAissimi1arlyidenticaltothatof
OneOuteriteratlOnaSdiscussedintheabove．FortheSOMAandITS－MA，itisshown

thatn£cand克巳requiredbytheSOMAarebothslightmorethanthatrequiredby

theISOMA，While7塩。andnf。erequiredbytheITS－MAarebothobviouslymorethan

tllatrequiredbytheISOMA．Therefore，WeCanCOnCludethattheproposedISOMA

requirestheleastcomplexityforourconsideredDE－LDPCcodedsystems．

Table5．2：ComputationalcomplexityhroneouteriterationoftheMSDDSISODwith

theMAPalgorithmandISOMA（BPSK）

エ 番���舶4���價ｨﾜｸ���h�｢�舶4���價ｨﾜｸ��H�｢�

MN ����九′工NIAN 儁N ����

BPSK ����1．66E＋6 ���CSTX�ｳb�4．48E＋5 滴�C�DX�ｳR�1．44E＋5 ���C#$X�ｳR�

QPSK 途�7．91E＋6 祷�C#Ч�ｳb�4．30E＋5 滴�CstX�ｳR�1，27E＋5 ���C3DX�ｳR�

8PSIく 途�3．38E＋8 滴�CゥX�ｳ��6．27E＋5 嶋�C#Ч�ｳR�1．76E＋5 �(�C#$X�ｳR�

Table5．3：ComputationalcomplexityforoneouteriterationoftheMSDDSISODwith

theISOMA，SOMAandITS岬MA（BPSK，M＝16）

MN ����

ISOMA 滴�CCЧ�ｳR�4．04E＋5 

SOMA 滴�CC������ｳR�3．18E＋5 

ITS－MA 滴�CCЧ�ｳR�3．16E＋5 
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Table54．AveragenumberofouteriterationsfortheMSDI）SISODwiththeMAP，

ISOMA－SOMAandITS－MA（BPSK，M＝16）：砿e

SN叫dB】 �8�C��3．5 滴�C��4．5 

MAP 滴�3s"�2．35 ���C3b�1．03 

ISOMA 滴�Cッ�2，46 ���C3��1．03 

SOMA 店�C���2．71 ���CC2�1．04 

ITS－MA 店�C���3．61 �(�CS"�2．04 

Table5．5：AveragenumberofinneriterationsfortheLDPCdecoderfortheMSDD

SISODwiththeMAP，ISOMA，SOMAandITS－MA（BPSK，〟＝16）：蒐ノe

SNR［d］〕］ �8�C��3．5 滴�3��4．5 

MAP ����33r�15．37 ��(�C#B�■7．80 

ISOMA ����CCB�15．58 ��(�C3��7．92 

SOMA ����Cs"�16．26 ��(�Ccr�8．04 

ITS－MA ����Cs��17．09 ��X�CS��13．59 

5A．3　PerformanceofISOMAwithScalingFactor

Fig．5，7（a）showstheperformanceoftheISOMAwiththebestevaluatedSFcompared

tothestandardISOMA（SF＝1．0）forj14J＝4andj14J＝16，reSpeCtively．Forcom－

ParlSOn，thesamesimulationsarealsoevaluatedfortheMAPalgorithm，ForjuJ＝4，

itisshownthattlleJSOMAwithSF＝0．7canachieveasigniBcantperformanceim－

provementcomparedtothestandardISOMA．AtaBERoflO‾5，theperformanceof

t，helSOMAwitllSF＝＝0．7is about O．6dB bet，terthan that ofthe standardISOMA．

FortheISOMAwithM＝16andtheMAPalgorithmwiththeirbestevaluatedSFs，

WeObservethattheperformanceimprovemelltisnotasslgnincantasthecaseofもhe

ISOMAusingthebestevaluatedSFforM＝4・Inaddition，itisWOrthtonotethatthe

performanceoft11eISOMAwlththeSFforM＝4isveryclosetothatoftheISOMA

withtlleSFforM＝16andtheMAPalgorithmWlththeSF，

InordertounderstandwhytheSFcanimprovetheperforrnanceoftheISOMA，

theperformallCeCOmparisonbetweentheISOMAwlthSFandthestandardISOMAfor

differentmaximumnumberofoutCriterationswithM＝4ise：てaminedasshowninFig，

5．7（b）Weobservethattheyhavethesameperformanceillthefirstouteriteration⊃but

theISOMAwiththeSFcanachleVemuChmoreperformancegainateachouteriteration

aftel・the丘rstouteriteration．Tllerefore，aPOSSibleexplanationfortheobservationof

thelつerformancelmprOVementaChievedbytheSFisthattlleSFreducesthecorrelation

ofthee：drinsicLLRSWhichareoutpuもtedtotheLDPCdecoder．haddition，fromFig．

5．7（a），itisinterestlngtOSeetllattheperformanceoftheISOMAwiththeSF＝0・7is

betterthanthatofthestandardMAPalgorithm．ThereasonisthattheLDPCcode
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usedinthesimulationisashortcode（lengthlOOS）．Itsperformanceislimitedbythe

correlationoftheextrinsicLLRswhichislnCreaSedwiththeiterations．Whenalong

LDPCcodeisused，thisobservationmaynotarise，aSShowninFig．5．8．

Final1y，WeeXamlnetheimpactofthevalueofSFontheperformanceoftheISOMA，

asshownlnFig．5．9．Itisshownthattheperformanceimprovernentachievedbythe

proper selected SFisincreased with theincrease ofthe SNR・Furthermore7We Can

observetha日直ebestevaluatedSFcanbechosenforthewholeSNRregionforafixed

M．Inotherwords，thebestevaluatedSFisnotchangedwithもheSNR．

BasedontheabOVeObservatiorlS，WeCanCOn丘rmthattheISOMAwithaproperly

selectedSFcanbeu5edtoimprovetheperibrmanceoftheISOMA（alsoforITS－MA

andSOMA）Inaddition，tlleperformancegapbetweentlleSmallvalueandthelarge

valueofMfortheISOMAwlthaplOperlyselectedSFisslglliBcantlyreducedcompaled

tOthecaseofthestandardISOMA．Thatis，inordertoapproachtheperformanceof

theMAPalgorithm，OnlyasmallvalueofMisrequiredbytheISOMAwhenaproper

selcctcdSFiscmployed．Thcl・Ct■orc，mOreSigniacantly，thedccodingcompleこくityoftllC

consideredsystemsⅥTitlltheISOMAcanbefurtherreducedbytheISOMAwitlltlle

properselectedSF．

3．5　　　4

Eb丑Jo［dB］

（b）

4，5

Figure5，7：PerformancecomparisonbetweentheISOMAwiththebestevaluatedSF

andt，hestandardISOMA．
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Figure5．8．Perた）rmanCeCOmparisonbetweentheISOMAwiththebesteval1ユatedSF

andthestandardISOMAforLDPCcodeswithlengthlOO80，

10‾

10‾

虚10‾
F〕

斡10‾

10－

10‾

l　　L　　l　l　l 　　　　　　　　　　＿■QL＿．＿＿＿＿＿＿＿＿ 

一一一一・一、 　　　　　　　一＿＿白一一一月一一‾‾‾‾‾‾‾‾ 

19、 2ヽ 

3、　や一一一一一〇一一〇一一か一ノーー′‾ 

、も 4 

一生′ 

止一′ 

5　　　　　　　－也一一止一一か′ 

BPSKエ＝10　　　　　　　　　　sNR◇2．5dB 

6…〟＝4　　　　　　　　　　　　　□3・OdB 

7一掴．6．．，　言霊 
▲〉0．4　　0．5　　0．6　　0．7　　0．8　　0．9　　1

SF

Flgure5．9．ImpactofthevalueofSFontheperformanceoftheISOMAwiththeSF
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CHAPTER6

AdaptiveIterativeDecodingofFinite－Length

DifFerentiallyEncodedLDPC Coded Systemswith

IterativeMultiple－SymboIDifferentialDetection

InCllaPter5，WehaNePrOPOSCdanISOMAschemetogreatIyreducethecomplexity

ofMSDDSISOD，However，ingeneral，tOaChieveeXCe11entperformance，tlleiterative

MSDDschemerequirestherelativelylargevaluesoftheOWSofMSDI）SISOI〕and

t，11eOuteriterat．ionnumberbetweentheMSDD SISOD andtheouterdecoder．Inthis

case，eVenISOMAis employedinMSDD SISOD，the complexityofMSDD SISO工）

is stillrelativelyhigh，and alongdecoding delay wi11be produced when tlle Outer

iterationnumberisalsosettoalargevalue Ontheotherhand，atlowSNRs，Very

littleperformanceimp10Velnentis achievedbylnCreaSlngtheouteriterationllumber

and using alarge OWS．Moreover，athighSNRs，mOSt Ofthesuccessfuldecodings

canbeachievedinthe丘rstfewiteratlOnSTVlもhasmallOWS・ThismeansthatELlarge

OuteriterationnumberandalargeOWSareunnecessaryinthetwoSNRregions．In

general，due七〇七hefactthattheSNRisunknownatthereceiver，inordertofurther

reducethecomplexityoftheiterativedecodingofthesystemsunderconsideration，it

lSneCeSSarytOprOPOSeanadaptiveiterativedecodingapproach（AIDA）toad．luStthe

OWS andtheouteriterationnumberadaptivelyinachanglngSNRenvironmentfor

thecodedsystemsusingiterativeMSDD・Moreover，SinceLDPCcodesaregeneral1y

limltedto鮎Iitelengthblocksinpracticalsystems，WeCOnSidel・EinitelcngtllDE－LDPC

codedsystemswithiterativeMSDDinもhischapter．

Theremainderofthis chapterisorganized asfollows．SectionG．lintroducesthe

related works．In Section6．2，the EXIT band chart analysis ofthesystems under

considerationisdescribedJnSection6，3，WeprOpOSetheAIDAsclleme，andpropose

thenewstoppingcriterion（SC）na・medDMIafterdiscussingthee：（istingSCsforthe

SyStemsunderconsideration・Finally，PerformanCeanalysisbycomputersimula七iollis

givenlnSection6．4．

6．1　Related勒rks

Tbadaptivelyadjustthe OWS，anaPprOaChbasedonananalysisoftheiterativede－

CodingprocessusingtheEXITcharもtechniquel19］wasproposedfor“TurboDPSK”

SyStems［14］・Inthisapproach，theOWSisgraduallyincreasedbyusingalook－uPtable，

Wllicllisdesignedbasedonadesignediterativedecodingtra．leCtoryobtainedfromthe

EXITchart．Usingthis approach，thecomplexityofiterativeMSDD canbereduced．
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However，thedesignoftheOWStablelSbasedonassumingthattheiterativedecoding

traJeCtOrylSWellmatChedwiththeEXITfunCtlOnSOfthetwocomponentdecodersof

theiteraもivedecoder，WhichisvalidforuslngCOdeswithinBniterlengthbutnotforusmg

codeswithfinite－lcllgtll［39］．Therefore，tlleaPPrOaChofl14日snotsuitableforusing

finite－1engthLDPC codes．Whereasinpracticalsystem，LDPC codes aregenera11y

restrictedtoblocks ofafewhundredto afewt，housandcodebits．

Ontheotherhand】tOadjusttheouteriterationnumberadaptively，aSC，Which

isusedtOjudgewhethert11eiterativedecodingshouldbeterminatedornot，isneeded

inAIDA．Uptonow，manySCshal′ebeenproposedtoterminatetheiterationcarly

topreventunnecessaryitera・tionsoftheiterativedecoding，SuChastlleCrOSSelltrOpy

（CE）criteri01一［401，thesign－Changc－ratlO（SCR）criterion［411，thesigndifferenceratio

（SDR）crlterion t421and themean－eStimate（ME）criterionl43】・Allthesecriteria

wereproposedforturbocodedsystemsandhavebeenproventobeabletoreducethe

itelatio11nurnbcrsignificantlywithlittleperformancelossbycornparlngaprC（lcfincd

thresh01dathighSNRs，Wheresuccessfu1decodingsareusual1yachievedintheBrsもa

fbwiterations．Inl44日111eabovecritcriawcrclr10dificdtOStoptheiterationat・lowand

highSNRSforturbocodedsystemsbydesignlnganOtherstoppmgもhresholdforlow

SNRsbasedonthedecodlngthresholdobtained凸・OmtheEXITchart．

AlthoughSomanySCshavebeenproposedforturbocodedsystems，littleattention

hasbeenpaidtotheiterativedecodingofserial1yconcatenatedLDPCcodedsystems．

In contrast to turbo codes，LDPC codes can detect successfu1decoding to stop the

iterationbycheckingtheparitycheckconstraintsofLDPCcodes，Therefore．seriall）T

concatenatedLDPC codedsystems are moreconcerned with tlleperformance ofthe

SCforuncorrectable decodings・Inordertosatisちrthisrequirement，StOPlつ1ngrules

andthresholdsoftheseexistingSCsshouldberedeSned．However，七heanalysisresultS

O上’SectiollS6．3．3alld6．3．4willshoWthattherede鮎1edstopplIlgrulcsandtllreSholds

areonlysuitableforacertainSNRreg10n，1Vhichcausessigni丘cantperformallCelossat

otherSNRs．ItisalsoshownthatもheyneedtoberedeBnedwhentheLDPCcodeand

transmissionchannelparameterschange．

6．2　BXITBandChartAnalysisoftheFinite－LengthDE－LDPC

CodedSystemswithIterativeMSDD

ThesystemmodelunderconsiderationisshownlnFig．4．1．Theconvergencebehavior

Oftheiterativedecodingofserial1yconcatenatedsystemscanbevisuallZedandPredicted

byEXITchartallalysisl19］．However，itisknownthatもheanalysisresultsoftheEXIT

chartareaccurateforinBnite－lengthcodes，butnotfor丘11ite岬lengthcodes．Whereasin

practicalsystems，LDPCcodesaregeneral1ylimitedtosl10rtOrmediumlengthwith

afcWhundredorthousandbits・In［39L an］∃XITbandchart，¶Thichisaconvergence

analysisapproachu51nganEX工TcurvebandinsteadofaslngleEXITcurveaslnEXIT

chart，WaSpIOpOSed fol・Bnite－lengtllturbo decoding．IllthlSSeCtion，We eXtend this

approachtDBnite－lengthDEーLDPCcodedsys emsTVit．hrterativeMSDD
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In the EXIT band chart，thetransfer chal・aCteristics ofcomponenもdecoders are

characterizedbyもllelrEXITfunctionsforeachrandomchannelrealization Let［sl

denotetheseedofthechannelrealization・andletI軋andILn几（IL軋andlLBta）be

mutualinformationsbetweenthetransmittedcodedbitSandtheLLRsattheoutput

andtheinputofMSDDSISOD（LDPCdecoder，reSpeCtively）・Foragivenls〕，the

EXITfunctionoftheMSDDSISODoverAWGNchannelsisde丘neda5

ナ軋＝刑加計　　　　　（6・1）

where党istheSNRofthechannel・Similarly，foragivenls］，theEXITfunctionofthe

LDPC dccoderisde丘ned as

旬。＝曹（∫軋）・　　　　　（6・2）
ThemutualinformationbetweenthetransmittedcodedbitsCandthecorrespondillg

LLR、′ahs上iscalculatedas囲

ん　＝　J（エ；q　＝

、●、

pェ川Cト10g2
2鋸（堰）

pん川C＝0）＋pェ（堰＝1）
軋（6．3）

wherepL（lIc）istheconditionalPDFoftheLLRvaluesLgivenc∈（0，1），andO≦；

IL＜1，NotethatwedropthesubscriptofLin（6．3）togenerallyrepresenttheLLRsln

（6．1）and（6・2）・Tc）generatetheEXITbandcllarも，tlleP］〕FsoftheLLRscorresponding

toILn。andI軋areaSSumedtobeGaussiandistributed・menIL比。and旬tcare

calculated，thePDFs。f堀eand堵eareobtainedbythehist。grammet110dl19］・

1b obtaintheEXIT transfercharacteristicoftheMSDD SISOD，WerePeatedly

performopenloop simulationsbychangingthechannelrealizationseed［S】andthe

mutualinformationoftheinputprioriinformationILtLatthesameSNR・Forthe

COnSideredsystemswithfinite‾1engthLDPCcodes，WeObtainvariousvaluesofILRc

fordifferentchannelreallZationsevenlⅣiththesamevaluesofI軋andSNR・Hence】

incontrasttotlleCOnSideredsystemswitllin鮎lite－length LDPCcodes7WllOSe］ヨX工T

transfercharacteristicofMSDDSISODisasinglecurve】fortheconsideredsystemsWith

finite岬1ellgthLDPCcodes，theEXITtransfercharacteristicorbheMSDDSISODis a

bandofcurvesofILReWithrespecttoI軋・Slmi1arly，thetrallSfercharacterlSticofthe

LDPCdecoderhr丘nite‾1engthIJDPCcodesisalsoabandofcurvesoflL軋Withrespect

toIL軋・Similartotheanalysisofl39］，theEXITbandoftheMSDDSISOD（LDPC

decoder）canberepresentedusingtheaveragecurvesa＾，g（ILEd．C）（avg（1LBle）））andthe

upperandlowerboundavg（I軋）士std（1Lu．e）（avg（ILBle）土std（ILBle）IreSPeCtively），

whereavg（・）andstd（・）representtheaverageandthestalldarddeviation，reSpeCtively・

TlleEXITbandchartcanbeobtainedbyplottlngtheEXITbandsoftheMSDDSISOD

andもheLDPCdecoderintOaSignaldiagrambyswitChingtheかaXisandthey－aXis．

Fig．6．1showstheEXITbandchartsoftheconsideredsystemswithrate－1／2（3，6）

1・egularLDPCcodeswithdiffelentfinlteCOdelengthsoverAWGNchanneユswitllBPSI（，
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互肌′九〟一　　　　　　　　　　九抽′九扶～

Figure6．1：EXIT band charts ofthe considered systems for MSDD SISOD with L

＝4andrate－1／2（3，6）regularLDPCcodeswithdiだerentcodelengthsoverAWGN

channelswithBPSKatSNR＝3．5〔lB；inneriterationnumberofthel，DPCdecoderis

lO；TePeatedlOOOOたames．

wherethenumberofinneriterationsoftheLDPCdecoderislO．Forcomparisoll，the

EXITbandchartfor averylongcodelengthoflOD800（canbevie＼lred a5in丘nite－

length）is alsopresented・Wecanobserve that theshorter thecodelengthis，the

wider theEXIT bands become．When the codelengthisincreased t0100800，七he

widths oftlle EXIT bands become zero．Thatis，the EXIT band chart ofirlRnite－

length codesis actua11y equivalellttoもheordlnaryEX工T cllart・Forin丘nitc－length

LDPCcodes，1tisknownthateachframehassimilarasymptoticperformancewhenthe

SNRislargerthantheasymptotlCdecodingthreshold，thustheuncorrectableframes

wllOSePerfommanCeCanOnlybeimprovedmarginal1ybyincreaslngtheiterationnumber

appearonlyatlowSNRs（thoseSNRssmallerthantheasymptoticdecodingthreshold）・

WhereasforもhesamcLDPCcodeensemblewithfiniterlcngth，ductotheoverlapof

theEXITcurvebands，unCOrreCtableframesstillexistatcertainSNRswhichareabove

theasympt0七icdecodingthreshold．Thismeansthatuncorrectableframesappearat

lowSNRsandalsoELtmediumSNRs．TllisconclusioncanbefurthersupportedbyFig．

6．2，WhichshowsもllreetypICalslmulatedsnapshotiterativedecodingtrajectorleSforthe

consideredsystemswithrate－1／2（3，6）regulaTLDPCcodesoflengthlOO8andL＝4

atSNR＝3，8dB．Itisshownthattheseiterativedecodingt，rajectoriesexhibitagreater
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Figure6．2：TypicalsimulatedsnapshotiterativedecodingtraJeCtOrleSOftlleCOnSidered

systemsforMSDDSISODwithL＝4andrate－1／2（3，6）regularLDPCcodeswith

lengthlOO80VerAWGNchannelswithBPSKatSNR＝3，8dB；inneriterationnumber

oftheLDPCdecoderislO．

variationhomframetOframewhenthecodelengthisshort，Someframesquicklyor

SlowlyconvergetOSuCCeSSfu1decoding，Whilesomeframcscannotconvergetosuccessful

decoding

Next，WeanalyzetheimpactoftheOWSoftheMSDDSISODonsystemperfor一

mance．Fig，63sllOWStheaverageEXITcurvesoftheLDPCdecoderandtheMSDD

SISODwithdiHerent OWS atSNR＝3．5dB，Itisshownt11attheslope50ftheEXIT

CurVeSOftheMSDDSISODincreasewithanincreaseinL，Whichlmpliesthattheper－

formanceofthesystemscanbeimprovedbyincreasingL・However，atlowSNRs，e．g

lOdB，itcanbeexpectedthattheEXITbandoftheMSDDSISODisalmostentirely

undertheEXITbandoftheLDPCdecoderevenwitlllargevaluesofL，Whichmeans

tha．tincreasingLatlowSNRscannotimprovethesystemperformancemuch．Onthe

otherlland，athighSNRs－e・g・5・OdB，itcanbeexpectedthatalargetunnclisopencd

betweent11eEXITbandsoftheMSDDSISODandtheLDPCdecoderevenforL＝2，

whichmeansthatmostOftheframescanbedecodedsuccessfullyuslllga′Smallvalueof

LWhileatmediumSNRs，aSShowninFig　6・1forN＝1008atSNR＝3・5dB，itcan

bee：（PeCtedthatthefractionoftheoverlapbetweenthetwoEXITbandswilldecrease

withanincreaseinL，andatunnelwillbeopenedwhenL＞6．Thismeansthatthe

pl・Obabilityofsuccessfuldecodhgcanbeincreased，andthusasigniRcantimprovement

inaverageBERperformancecanbeachievedbyincreasingLatmediumSNRs
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Flgure6．3：AverageEXITcurvesoftheconsideredsystems forMSDDSISOD with

diHerentL；rate－1／2（3，6）regularLDPCcodeswithlengthlOO80VerAWGNchan－

nelswithBPSKatSNR＝3，5dB；inneriteratlOnnumberoftheLDPCdecoderislO

averagedover10000nTameS．

6．3　AIDA

6．3．1　h40thration ofAIDA

TheOWSoftheMSDDSISODandtheouteriterationnumberarethetwokeypa－

rametersthatdeterminetheiterativedecodingcomplexityanddelayoftheconsidered

SyStemS．ItisknoWnthatthecomplexityofMSDDgrowse）こpOnentiauywiththeOWS．

Therefore，thecomplexityoftheMSDDSISODwillbecomeprollibitivelyllighasthe

OWSbecomeslarge．Especial1yforiterativedecodingsystemswithlargeouteritera－

tionnumbers7thishighcomple）こitywi11resultinanunacceptabledecodingdelay，Which

makesitdifBculもtoachievearcalisticsystem．

Inl14］，anaPprOaChwhichgradual1yincreasestlleOWSinaccordancewiththc

lterationnumberofturbo codedsystemswithMSDD bylookingup an OWS table，

vasproposedbasedontheanalysISOfthelterativedecodingprocessuslngtheEXIT

chart，ItisprovedthatthisapproachcanreducethecomplexltyOftheiterativeMSI〕D

decodingwithnegligibleperformancelosscomparedwiththeOWSwithafixedlarge
Value［14日16］・Inthisapproach，theOWStableandt11emaやumouteriteration

numberaredesigncdbasedonadesignediterativedecodingtraJeCtoryobtainedfrom

theEXITcharも．SincethetwoparametersaredesignedforatargeもBERattheexpected

SNR，thedecodingcomplexltyanddelaycannotbesigni丘cantlyreducedatallSNRs

byuslngthisapproach，Moreover，thedeslgnOfthetl、TOparameterSis basedonthe

assumptionthattheiterativedecodingtraJeCtOrylSWe11matchedtotheEXITfunctions
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Figure6．4：StructureofAIDA，WhereINistheacronymofiterationnumber．

Ofthetwocomponentdecodersoft11eiterativedecoder，WhichlSValldforcodeswith

Verylonglength，butnotforcodeswithshortlength・

BasedontheanalysisresultsofSection62，aSmal10WSandasmallouteriteratlOn

numberarcsufficicntfbrlowSNRsandllighSNRs．Furthermorc，fbI・mCdiulnSNRs，

theperformanceimprovementachleVedbyincreasingtheOWSandtheouteriteration

IltlInber＼′a工・iesn・Omiねmeto丘・amellrheIlt11eCOdeleIlgthisfinite．Tllel・e上bre，itisnec－

essarytoproposeanadaptiveiterativedecodingapproach（AIDA）toadjusttheOWS

andtheouteriterationnumberadaptivelytoreducetheiterativedecodingcomple：（ity

anddelayoftheconsideredsystemsWithBnite－1engthLDPCcodesinachangillgSNR

environment，．

6．3，2　PrincIPle ofAIDA

InもheproposedAIDA，incontrasttoadjustingtlleOWSoftheMSDDSISOD and

t11eOuteriterationnumberaccordingtothepredesignedOWStableandthemaximum
outeriterationnumber asin t14］，thetwo parameters are adjusted accordlngto the

convergencestatu50ftheitera七ivedccodlng・Fig・6・4sllOWSthestructureofAIDA・

Let Lもand Lm。＝denotetlle OWS at theiもhiteration and thepredeBned maxirnum

OWSoftheMSDDSISOD，rCSPeCtivcly．InthefilStitelatioユ1，Llissetto2．Ifthe

decoding oftlleLDPC decoderissuccessful，theiterative decodingwi11bestopped
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autOmatically；Otherwie，theSCwillbechecked・IftheevaluationoftheSCindicates

that tllerequirementofstoppingierationissatisaed，theiterativedecodingwiu be

stopped；Otherwise⊃theiteratlVedecodingwiucontinuetobeeXeCuted，andtheOWS

willbeincreasedbyaprede貢nedBXCdlnlue△LinthenextiterationifLi＜Lm，Ln＝・This

processisrepeateduntiltherequirementofstoppmgierationissatisaed，Oruntilthe

prcdchcdmaximumiterationnumberisreachcdordccodingissuccessful・IntheSC，

therequirementOfstopplngiterationisanindicatorwhichcanreflecttheconvergence

Oftheiterativedecoding．

The SCis the key partinArDA．In order for AIDA to be able to reduce the

iterativedecodingcomplexityanddelaywithveryli七七1eperformanceloss，aWelldesigned

SC should be able tO timely and accuratelyjudge the convergence oftheiterative

decoding．Uptonow，manySCshavebeenproposedtoreducetheiterationnumber

forturbocodedsystems．Inthefollowing，SOmerePreSentativeexistingSCsarebriefly

introduced andthesecriteriafortheconsideredsystemsarestudledinSection6．3．3．

Then，tOCircumventthedisadl′antageSOfthesecriteriaforもheconsideredsystems，a

newSCisproposedinSection6．3．4．

6．3．3　ExistringSCsfortheConsideredSystems

LetLel（ck）andLc2（ck）denotetheextrinsicLLRsofthekthcodebitofthetwocornpo－

nentdecodersoftheturbodecoder，reSPeCtively，andletNdenotethelengthofturbo

codes．TheexistingSCsareintroducedasfbllows．

1）CEcriterion：CEisuscdtomeasuretheclosen警Oftwodistributions・Atthe

ithiteration，1etpi（ck）and戎（ck）denotetheaposterwriprobabilitydistribuもionsof

theoutputsofthetwocomponentdecodersoftheturbodecoder，reSPeCtively．TheCE

betweenpi（ck）and魂（ck）canbeexpressedas

r附く堵酢轡讐認許　（6・4）

Withanincreaseoftheiterationnumbcr，theCEbecomessmallerandsmaller．When

T（i）issmallerthanapredefincdthrcshold（10‾2～10TT4）T（1），theiterativedecoding

2）SCRcriterion’SCRisbasedo？rTeaSuringthesignchangesC（i）ofLc2（ck）from

iteration（i－1）tolterationi・TheprmclpleofSCRistocomputeC（i）ateachitcra一

七ion，andtheiterativedecodingisterminatedwhenC（i）issmanerthanthethreshold

（0・005（ノ0・03）凡

3）SDRcriterion：LetD（i）denotethenumberofsigndifferencesbetweenLcl（ck）

and Lc2（ck）inthesameiteratlOn・TheprincipleofSDRis t。C。mpute D（i）after

eadliterationandtoterminatetheiterativedecodingwhenD（i）issmallerthanthe

t山田hold（0．001～0月1）Ⅳ・

4）M且criterion・ThisapproachisbasedonmonitoringMILトもhemeanofabsolute

LLRvaluesofthesecond decoderover ablockaftereachiterat，ion．Simulat，ionshows
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Flgure6・5：Averagee＼′aluationsofthedecisionmetricsoftheexistingSCsvariation

withSNRandouteriterationnumber；rate－1／2（3，6）regularLDPCcodeswithlength

lOO80VerAWGNchannelswithBPSK；OWSofMSDDSISODcorrespondingtothe

outeriterationnumberfromlto6isl274－6晶8，8日nneriterationnumberoftheLDPC

decoderislO；aVeragedoverlOOOOframes．

that呵Llincreasesasthenumberoferrorsdecrease・Therefore，theiterativedecoding

istermillatedwllen呵LrisbiggertllanaPredlfinedtllreShold・

Sincetheiterativedecoderoftheconslderedsystems，Whichcon5istsofademodu－

1atorandaLDPCdecoder，isdiffcrentfromtheturbodecoder，theassurnptionswhich

areusedtoobtaintheappro：くimationofCEasexpressedin（6．4）【41】，donotholdfor

theiterativedecodel・Oftheconsideredsystems Thus，theCEcriterionismodifiedto

beusedonlyfortheLDPCdecoder，andthedecisionmetricoftheCEcrlterlOnforthe

COnSideredsystelnSis urnedlnt0

tエ㌫（cJ一環去（C辟
e叩（エ完去（Cん））

（6・5）

Thatis，the CE for the considered systemsis used to measure the closeness ofthe

aposlerioriprobabilityoutputtedfromtheLDPC decoderintwo consecutiveouter

iterations ForSCR，SDRandMEcriteria，theseSCs canbe usedinもhe considered

SyStemsdirectly．TheseSCshavebeenprovedtobetheefBcielltaPPrOaChestodetect
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thesuccessfuldecodingbeforereachingtllemaXimumiterationnumberbycomparlng

apredefinedth】・eShold．However，COmpal・edl、Tithturbocodes，LDPCcodescandetect

successfuldecodingto stOp theiterationbycheckingtheparity checkconstraintS Of

LDPCcodes．Thus，theSCfortheconsideredsystemsismoreconcernedwitllStor）－

pingtheuncorrectabledecodingswhichusuallyoccuraもlowtomedlumSNRsforour

consideredsystems．InthlSSituation，thestoppingrulesandthethresholdsoftlleSCs

mentionedaboveshouldberedesignedtobeapplicableforthispurpose．

Tb understandhowtOdesignthestoppingrules and thethresholds ofもheseSCs

for the considered systems，the average evaluations ofthe decision metrics ofthcse

SCsvariationwithSNRandouteriもerationnumberareshowninFig．6．5．Wecan

ObservethatthestopplngrulesoftheCE，SCRandMEcriteriaforourtargetarethat

t．he evaluat，ion of t．heir decision metrics should be smauer than a tllreShold．0n t．he

COntrary，thestoppingruleoftheSDRcriterionisthattheevaluationofitsdecision

metricshouldbebiggerthanathreshold However，WeCanObservetllattheydonot

WOrkwellatallSNRsbasedontlleredesignedstoppingrules，ForCEa・ndSCRcriteria，

theiterationmaybestOPpedprematurelyatmediumandhighSNRS，WhicllreSultsin

PerformancelossesattheseSNRS，Sincetheevalua・tionsoftheirdecisionmetricsvary

non－mOnOtOnicallywithSNRasshowninFig・6・5（a）and6．5（b），Ontheotherhand，

for SDRand ME criterla．itis possibleto deslgn PrOPer thresholds for tllem atlow

SNR5basedonFig，6．5（C）and65（d）TllelowSNRregiollCanbedeterminedwlth

the aidofthe asymptoticdecoding threshold predicated by theEXITcllart forthc

COnSideredsystems・InthisSNRregion，theiterativedecodingofeachframeshouldbe

Stoppcdafterthefirstorseconditerat10nalsoforfinite－lengthLDPCcodes．However，

itisdifnculttodesignpropel●thresholdsofthemalsovalidformediumSNRs】Sincethe

iterativedecodingcharacteristlCSgreat1yvaryfromh・ametOframefortheCOnSidered

SyStemSatmediumSNRsasdiscusscdinSection6・2・Moreover，thelowSNRregion

WhereisnoneedbrincreasingiterationnumberischangedwithachangeintheLDPC

codeandtransmissionchannelparameters，Whichmal（eSthedeEnedthresholdsofthese

SCsneedtoberedesignedagain．

6．3．4　Proposed SC

Thebasicreasonofthedisadvantagesoft11eSeSCsisthatthcseapproachesarenotgood

meもhodstotracktheconvergencestatusoftheitera七ivedecoding．Fromthedecoding

tra．leCtOriesofFig・62，1、′eCanObservethatthevalueofILD，elnCreaSeSSlgnificantly

betWeentWOCOnSeCutiveouteriterationsiftheiterativedecodlngCanimprovethesys－

temperformallCeeffectively）WheleaSthevalueofILrD，Cremainsalmostunchangedas

tllenumberofiterationsincreaseswllentheiterativedecodinghasconverged，Thus，

thechangeofILD．ebetweentwoconsecutiveouteriterationscanreflecttheconvergence

Statusoftheiterativedecoding．Theseot）SerVationsmotivateustoproposeanelVSC

namedDMIcriterion，Whichisba5edontrackingthedifferenceoftheoutputmutual

informationoft．he LDPC decoderbetweentWO COnSeCutive outeriterat，ions．Basedon

thisidca，attheitlliteration，thedecisionmetricoftheDMIcriterioncanbewritten
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Figure6，6：Averagedsimulatediterativedecodingtrajectoriesoftheconsideredsystems

evaluatedbydifferentapproaches；MSDDSISODwlthL＝4andrate－1／2（3，6）regular

LDPCcodeswithlengthlOO80VerAWGNchanncIswithBPSKatdifferentSNRs；innel・

iterationnumberoftheLDPCdecoderislO；aVeragedoverlOOOOframes．

△JL．。＝JL．。一畳疇・　　　　　　（6・6）

If△1LD．cISSmallerthanathresholdTh，Whichmeansthattheiterativedecodinghas

COnVergCd，theiterativedecodingisstopped；0therwise，thenextiterationisexecuted．

ThecomputationofIL。．euSillg（6・3），alsocalledthehistogrammethod，needsthe

informationaboutthetranSmittedcodedbits andthePDFofLLRvalues，Whichis

impractlCalforrealisticsystemssincethetransmi七七edcodedbitsareunknownatthe

receiver．Actually．（6．3）canbecomputedbytheaveragemethodshownbelo、VWithout

theserequirementsl27］

七光1一指可品），　（6・7）

whereNisthecodesequencelength，lnistheLLRvalueofthenthbitofthecode

sequence，andHbisthebinaryentropyfunction

月拍）＝－plog2p－（1－p）log2（1…p），0≦；pく1・　　　（6．8）

Equation（6・7）isvalidwhentheAPPdecoderisemployedevenifthedistributionof

theLLRoutputsofthedecoderlSnOn－GausslanOrunknowndistributionsl27］・Fig・6・6

Showsthecomparisonoftheaveragedsimulatediterativedecodingtrajectoriesofthe

COnSideredsystemsatdifrerentSNRsobtainedbythehistogrammethodalldthcaverage

method，reSpeCtivelyItisshownthattheaveragernethodisagoodapproximationfor
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thehistogrammethod・Therefore，itisreasonabletouse（6・7）tocomputelL。．eafter

eachouteriterationfortlleCOnSideredsystemswheretheLDPCdecoderusesthesum－

PrOductalgoritllm．

WemustpointoutthattheideaofSCbasedon（66）llaSbeenproposedin囲

forturboHARQschemes；WhichlSuSedtoreducethecomplexitywhilemaintaininga

highthroughputandalowpacket－10SS－ratio・However，Sincethepurposeofourworkis

dlfferenthomthatofl45］，theSCbasedonlyon（6・6）isnotthemosteffecもiveapproach

forourconsideredsystems，WllichwillbeexplalnedbelowandbesupportedinSection

6，4．2．Basedonthisfact，theprlnCIPleofourproposedDMIcriterion－Whicllisalsothe

differencebetweenourproposedDMIcriterionandtheSCof［45］，ise二叩ユainedfrom

払efollowlngtwoaSpeCtS．

0110nehand，itisobviousthatusingtheSCwithonly址edecisionmetric（6．6），

thesystemwille）こeCuteatleasttwoiterationsbeforesuccessfuldecoding・However，1n

fact，inmost cases，iterativedecodlngOnlyneeds tobee：くeCutedonceatlowSNRs．

FromFig，6．1and6．3，WeCanalSoobservethattheEXITcurvesoftheMSDDSISOD

andtheLDPC decoderintersectontheveryleftsideoftheEXITbandchartatlow

SNRscorrespondingtoverysmallva・lueofILD，C・Thus｝七0furtllerreduceunnecessary

iteratlOIIS atlow SNRs，before evaluating the decision metrlC Ofthe DMI criterion，

1L。．cISCOmparedwithanotherthresholdThLtOdecidewhethertostoptheiterative

decodinglmmediately．

Ontheotherhand，aSShoWninFig・6・2，atmediumSNRs，theiterativedecoding

OfsomeframescorrespondlngtOthetyplCaliterativedecodingbeha八′iorofslowconver一

gencehasthefollowlngfeatures：IL。．clnCreaSeStOarelativelylargevalueandseems

t01〕eunChanged（thatis，△IL。．。VerySmall）aftertheBrstfewiterations，butZと。．CCan

increasetothevalueoftherlglltsideofthe］∃XITband cha工taftersomeiもerations，

Whichresultsinsuccessfuldecodingatlas七・Owingtothis fact，iftheSConlyconM

Slders（6．6），thistypeofdecodingbehaviorwillbeprematurelystopped，reSultingin

aperformanceloss．Therefore，theproposedSCshouldconsiderhowtoavoidprema－

turelystOpplngthistypeofdecodingbehavior．Wes01vethisproblemasf0110WS．We

defineathresholdTh＾lWhichisbiggerthantheもhresholdThL，Attheithiteration，

if△IL。．。＜ThbutIL。．C＞Th＾JJWhichmeansthatthecurrentiterativedecodingmay

bethetypeoftheslowconvergence，theiterativedecodinglSnOtStOppedimmediately

andleもanindicatorSN＝SN＋1，HereSNisusedtorepresentもhenumberoftimes

Of△IL。，。＜ThwhenILD．e＞ThJVduringthecurrentiterations・IfSNisbiggerthan

adeBnednumberoftimesThN，WhichmeansthatthecurrentiterativedecodinglSan

uncorrecもabledecodingwithhighprobability，thendecodinglSStOpPed；Otherwise，the

currentiterativedecodingmaybethetypeoftheslowconvergencedecoding，thusgo

to thenexもiteration．

TheproposedDMIcriterionissummarizedasf01lows：

Attheithouteriterativedecoding（SN＝0）：

Stepl：ComputelL。．euSingequation（6・7）attheithiteration・

Step2：IfIL。．C＜ThL，StOptheiterativedecoding；OtllerWise，gOtOStep3・
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Step3‥IflL。．。＜ThMand△IL。．e＜Th，Stoptheiterativedecoding；Otherwise，gO

tostep4．

Step4：IfJと。㍉＞r九〟alld△花。．。＜rhlet且Ⅳ＝鼠Ⅳ＋1・IL且Ⅳ＞rん〃25tOp

thelterativedecoding；0therwise，eXeCutethe（i＋1）thiteration・

Actual1y，WeCan餌dthattheSCofl45］isequivalenttotheproposedDMIcriterion

lVithThL＝0．OandThM＝1．0．ⅠtshouldbeemphasizedthattheperformanceofAIDA

withtlleDMIcriteriondependson thevaluesofthethresholdsTh，ThL，ThJV and

ThN，TheEXITbandchartofthesystemcansimpliBrtheprocessofchoosingofthese

thresl101ds．Although，generallyspeaking】thebestchoiceofthesetllreSholdsshouldbe

optlmizedforparticularsystemparameters，theperformanceoftheDMIcriterionwith

asetofdeterminedt，hresholdsisrobustWhentheIJDPCcodeandtransmissionchannel

environmentr）arametersarecllanged，Whichwillbesupportedbythesimulationresults

presentedintllene：くtSeCtion．

6A SimulationResult，S andAnalysis

TheperformancesoftheproposedAIDAwiththeexistingSCsandtheproposedSCfor

theconsideredsystemsareevaluatedandanalyzedusingcomputersimulations，Unless

Otherwiseindicated，thef01lowlngSimulationparametersareusedforoursimulations．

Wcconsiderrate－1／2（3，6）regularL工）PCcodeswithlengthlOO80VerAWGNchannels．

Thecodedbits aremodulated usingBPSKforsimplicity．Themaximumnumberof

outeriterationS between t．heMSDD SISOD and the LDPC decodel・is set t06．Tlle

maximumnumberofinneriterationsofthelEDPCdecoderissett010．InAIDA，Lm。n；

and△Laresett08and2，reSPeCtively，

6．4．l Selection ofthe DMI Criterion Thresholds

BasedontheEXITbandchartanalysISOfthecoI戚deredsystemswiththeabovesimulav

tionparameters，WhichissimilartotheanalysISOfFig6．1－6．3and6．6，theapPrOXimate

rangesofthetlll・eSholdsTh，ThL，ThJJandTh＾T CanbeRrsもdctermincdasfollows：

Th＜0．03，ThL，＜0．12，0・3＜ThM＜0・7andThN＜3，Then，WeCanSelectappropri－

atevaluesforthemil】theircorrcsporldingranges．MorespeCi丘cally，WeFirstevaluate

thevarlationoftheaveragenumberofo11teriterationsandtlleBERperformanceofthe

consideredsystcmsusingAIDAwitlltlleDMIcritcl・ionwithdiffcrcntvalucsofthl・CSh－

oldThasshowninFig．6．7．ThL，andThJlareSetto O．0，1．0，1eSpeCtively．Intllis

Situation，theperforlnanCeOftheDMIcriteriOnisdeterminedonlybythethreshold

Th．ItisshownthatthesmallerThis，thesma11erperformancelossis，butthelarger

numberofouteriteraもionsisrequired．Inordertomakeagoodtrade一〇ffbetwccnthe

iterativedecodingcomple：dtyandtheperformanceloss，thevalueofThthatisselected

isO．02．AfterdeterminlngthevalueofTh，WeCanthendeterminethevalueofThL，，and

thendeterminethevaluesofThJIJandTh∧rtOgetherat1astuslngSimulatlOnSSimllar

totheprocessoftlleSelectionofTh．Forthesakeofconciseness，thespeciBcprocesses

OftheselectionofThL，，Th＾IandTh＾T arenOt PreSentedindetailhel・e．Fina11y，the
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Figure6．7・PerformanceofAIDAusingtheDMIcriterionvariationwiththevalueof

threshold Th；ThL＝0．OandThJJ＝1・0；rate－1／2（3，6）regularLDPCcodeswith

lengthlOO80VerAWGNchannelswithBPSK．（a）Averagenumberofouteriterations．

（b）BERperformance・

thresholdsTh，ThL，ThAIandTiLNOftheproposedDMIcriterionaresettoO．02，0．07，

0．5andl，reSpeCtlVely，forthefollowlngSlmulatioI遁

6．4．2　Performance ofAIDA withthe DMI Crlterion

Fig，6．8（a）showstheaveragenumberofouteriterationsoftheconsideredsystemsusing

AIDAwithoutSCandwlthSCoftheproposedDMIcriterion．Here，AIDAwithout

SCisthattheearlystoppingapproachisnotusedinAIDA．IncaseofAIDAwithout

SC，theOWSofMSDDSISOcorrespondingt0theouterlterationnumberfromlto6

isl2，4，6，8，8，8］，andtheouteriterationsarestoppedwhenthemaxlmumOuteriteration

numberisreachedoralegitimatecodeWOrdisfound．ThesimulationresultoftheconN

sidcrcdsystemswithaⅩedL＝8wlthoutAIDAISalsopreselltedforcomparison，Since

theLDPCdecodercandetectsuccessfuldecodingandstoptheiterationbycheckingthe

parltyCheckconstraintsofLDPCcodes，itissholVnthattheaveragenumberofouter

iterationsrequiredbyAIDAwithoutSCgraduallydecreaseswithanincreaseinSNR．

WhentheDMIcriterlOnisusedinAIDA，SincetheDMIcriterionadiuststhenumber

ofouterlteraもionsbasedontheconvergencestatusoftheouteriterations，WeObserve

thattheaveragenumberofouteriterationscanbereducedefEcient1ybyAIDAwith

theDMIcrltel・ionatlowalldmediumSNRs Morespecifically，theotlteriterationsare

stoppedasearlyaspossibleatlowSNRs，WheretheperformancecallnOtbeimproved

byincreasingtheOWSandthenumberofouteriterations．AtmediurnSNRs，Where

theperformanceimprovementcanbegraduallyachievedbyincreaslngtheOWSand

thenumber ofouteriterations，the averageiteration numberis gradual1yincreased，

WhileathighSNRs，theaveragenumbersofouteriterationsrequiredbyAIDAwit，h
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Figure6．8：PerformanceoftheconslderedDE－LDPCcodedsystemswithandwithout

AIDA；rate－1／2（3，6）regularLDPCcodeswithlengthlOO80VerAWGNchannelswith

BPSK（a）Averagenumberofouteriterations・（b）BERperformanCe・

andwitllOut theDMIcriterion are thesame，Since almosもalloftlle frames can be

successthllydecodcdinthefirstIbWitel・ations．

Fig，6，8alsoshowstheperformancecomparisonbetweenAIDAwiththeDMIcri－

terionandAIDAwiththeSCof囲thatisequivalellttosettillgTh＝0・02，ThL＝0．O

andTh＾l＝1．0fortheDMIcriterion．Wecanobservethatforthesystemsconsidered

here，theproposedDMIcriteriOnperformsbetterthantheSCof囲intermsofthe

requiledaveragenumberofouteriterationsatlowSNRsandtheperformancelossat

medium andhigl1SNRs，WhicllSuppOrtSthediscussionofthedifferencebetweenもhe

proposedDMIcriterionandtheSCofl45］1nSection6．34．

Next，WeanalyzethereductionoftheiterativedecodingcomplexitybyusingAIDA．

TheevaluationoftheiterativedecodlngCOmPlexityneedstOCOnSiderthenumberof

outeriterationsarldthecomple：（ityoftheMSDDSISODandtheLDPCdecoder．SlnCe

theLDPCdecodercandetectsuccessfuldecodingandautomaticallystoptheiteration，

WeeValuatetheiterativedecodingcomplexltybymainlyconsideringtheaveragemul－

tiplicationnumber（AMN）andtheaverageadditionnumber（AAN）oftlleiterative

decodingofeachframefortheconslderedsystemswithandwithoutAIDAasshownin

Fig，6．9．ThemethodlntrOducedinl46日susedtoevaluatethedecodingcomplexity

oftheLDPCdecoderusingtheSum－prO〔luctalgorithnItshouldbenotedthatsince

thenumberofdivisionsisfarlessthanthenumberofmultiplicationsineachiteration，

itisnotconsideredintheevaluatlOnOftheiterativedecodillgCOmplexity．Inaddition，

thecalculationofthelogarithmictermin（4・3）isalsoignored・

Althoughfro皿Fig．6．8itcanbeseenthattheaveragenumbersofouteriterations

from2．7dBto525dBrequiredbyAIDAwithoutSCareabol⊥t0．2も00．5もimesmore

thanthaもrcquiredwithoutusingAIDAfortheconsideredsystems，Fig，6．9showsthaも
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Figure6．9：Computationalcomplexityoftheiterativedecodingofeachframeofthe

consideredDE－LDPCcodedsystemswithandwithoutAIDA；rate－1／2（3，6）regular

LDPCcodeswithlengthlOO80VerAWGNchannelswlthBPSK．（a）AMN．（b）AAN．

boththeAMNandAANal・eSigni丘cantlyreducedbyAIDAwithouttheSCatallSNR5．

Forexample，forSNR＝4．5dB，abOut20％ofもhecomple）こityoftheiterativedecoding

withoutAIDAisrequired byusingAIDA，Thisisbecausethefractionofsuccessful

decodingachieved bythe MSD工）SISODwithsma11Lincreaseswith anincreasein

SNRvaluesassllOWninFig．6．10．Fc）re：（amPle，atSNR＝5．5dB，WeCanObservethat

about98％ofsuccessfuldecodingscanbeachievedbyL＝2，Whileonly2％ofsuccessful

decodingsrequireL＞2．FromFig．6・9，WealsoobservethatAIDAusingtheDM工

CriterioncanfurtherreducethedccodingcomplexityatlowandmediumSNRs．For

example，Onlyabout3％ofthecomplexityoftheiteratlVedecodingwithoutAIDAis

requiredbyusingAIDAwiththeDMIcriterionatSNR＝2dB・Combiningtheabove

observations and the results of tlle BER performance comparison ofthe considered

SyStemSWithandwithoutAIDAasshowninFig・6．8（b），、VeCanCOnCludethatthe

propOSedAIDAwiththeDMIcl・iterioncansigniBcantlyl・educetheiterativedecoding

COmplexityanddelaywithnegligibleperformanceloss．

6A．3　Pern〕rmanCe OfAIDA with Differenl．SCs

Inthefollowing，performancesofAIDAwithdifEerentSCsarecomparedandanalyzed，

Theprinclple ofthe selectlOn Ofthe t11reSholds ofthe aforementioned e：亡isting SCs，

whichisthesameasthatof【44］，isthattheoutellteraもionshouldbestoppedimme－

diatelywhentheSNRIS belowthe asymptotic decodingthreshold ofthe considered

SyStems，Itshouldbenotedthatatleasttl、rOOuteritel．ationsareperforrnedbeforesuc－

CeSSfu1decodingwhenCEandSCRareused．BasedontllediscussionofSection6，3，3，

accordingtoFlg．6．5andtheasymptoticdecodingthresh01doftheconsidel・Cdsystems

withL＝8andtherate－1／2（3，6）regularLDPCcodeensembleoverAWGNchannels
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Figure6．10：PercentageofsuccessfuldecodingsoftheconsideredDE－LDPCcodedsys一

七emswithL＜8whenAIDAISuSed，StOpplngCriterionisnotused，1terativedecodinglS

stoppedbyLDPCdccoder；OWSofMSDDSISODcorresponding七〇七hcolユteriteration

numberfromlt061Sl2．4，6，8；8，8いate＋1／2（3，6）regularLDPCcodeswithlengthlOO8

0VerAWGNchannelswlthBPSIく；COuntOVer106色・ameS．

withBPSKasshownbythedottedlinesinFig，6．5，もheapproximaterangesoftheir

tllreSholdscanbedeterminedfromthey－aXisofFig．6．5．Then，thepreferredvalues

Ofthelrthresh01dscanbeselectedtomeettheaboveprlnClpleinthelrCOrreSpOnding

rangesuslngSlmulationssimilartOFig・6・7－thedetailedprocessofwllichisomittedfor

thesakeofconciseness，Forthesystemsconsideredhere，thethresholdsofCE，SCR，

SDRandMEcriteriaareselectedasO．035，0．24，037and2．2，reSpeCtively．

ThesamesimulationsofFig　6．8aretestedforAIDAwiもhdiffel・elltSCs asshown

inFig，6，11，ForAIDAwithCE，SCRandSDR，itisshownthattheaveragenumbers

ofouteriterations aresigni丘cantlyl・educedwithverylitt1eperforlTlanCCloss atlow

SNRs．HoTITeVer，largeBERperR）rmanCelossesareca・uSedatmediumandllighSNRs，

Sincesomecorrectabledecodingsareprematurelystoppedbythethreecriteria．This

implies tllat the threeexistingSCs arenotwellsuited for stopplngtheiterationof

theuncorrectabledecodingsforourconsideredsystems．Ontheotherhand，forAIDA

uslngtheMEcriterlOn，WeObservetllatithassimi1arperformancetoAIDAusingthe

proposedDMIcriterion．

TofurtherevaluateandcomparetheperformallCeOftheMEcriterionandtheD－

MIcriterionforAIDA，thesamesimulationsofFig，6．11areaJsotestedfordi仔erent

codestructuresandtransmissionchannelcnvironmentsrcspectlVelywhilekeepingo址－

ersimulatlOnparameterSCOnStant・Fig・6・12showsthesimulationresultsforrate－3／4

（3，12）regularLDPCcodeswithlength10080VerAWGNchannels・Fig・6・13shows

thesimulationresultsforrate－1／2（3，6）regularLDPCcodeswithlengthlOO80Ver

non－frequencyselcctiveRayleighfadingchannelswithnormalizedmaximumDoppler
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frequencyfD77；＝0．01．1tisshownthattheMEcriterionwiththepreviouslydefined

threshold22forthetwocasesisnotaseHectiveasitis forrate－1／2（3，6）regular

LDPCcodesover揖VGNchannelsintermoftlleperformanceofthereductionofthe

averagenumberofouteriteratlOnS・Theseobservationssuggestthattheperformance

oftheexistingMEcriterioniseasilyaffectedbychangesintheLDPCcodeandtransr

missionchannelparameters，andthusthethresholdneedstOberedeslgnedforthenew

conditions，WhichsupportsthediscussioninSection6．3．3．0mthecontrary，WeCanBnd

tllateVeniftheseconditionsarechanged，theproposedDMIcriterionwithpreviously

defined thresholds callStilleEectivelyl・educe the average number Ofouteriterations

withverylittleperformancedegradationatallSNRs，WhichmeansもhaLtheproposed

DMI criterionis morerobust thanthe ME crit，erion．Thisis due to tllefact that the

proposedDMIcriterionstopstheiterationbasedontheconvergencestatusoftheiter－

ativedecodillgratllerthallCOmParingapredeBnedthresholdforacel・talnSNRregioll

liketheexistingSCs．

Inaddition，althoughthethresholdoftheMEcriterioncanberedeslgnedtosuit

newconditions，theworkloadofthisprocessislarge】Sinceitsもhresholdneedstobe

Carefullydesigned based onalargenumberofslmulations asshowninFig，6．5．In

COntraSt，thethresholdoftheproposedDMIcriterioncanbedesignedeasily，Sincethe

EXITbandchartiseasilyobtailled．

2．5　3　3．5　4　4．5　5　5．5

g〆Ⅳβ［dB］

（a）

Figurc6．11：Pel・fol・manCC OfAIDA w北lldiLIcrent SCs for the considcrcd DE－LI〕PC

codedsystemswithrate－1／2（3，6）regularLDPCcodeswithlengthlOO80VerAWGN

Channelswit11BPSK・（a）Averagenumberofouteriterations．（b）BERperformance．
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3　　　　　4

月爪［dB］

（a）

Figure6．12：PerformanccoftlleCOnSideredDE－LDPCcodedsystemswiもhandwithout

AIDAforrater3／4（3，12）regularlEDPCcodeswithlengthlOO80VerAWCiNchannels

withBPSK．（a）Averagenumberofolユteriterations・（1〕）BERperformance．

4　　　6　　　8　　10

五㌦＼b［dBコ

（a）

Figure6．13・PerformanceoftheconsideredDE－LDPCcodedsystemswithandwithout

AIDAforrate－1／2（3，6）regularLDPCcodeswithlengtlllOO80VernOn－frequenCySelec－

tiveRayleighfadlngChamnelswithnormalizedmaximumDopplerfrequencyfDT；＝0．01

andl∋PSK．（a）Averagenumberofouteriterations．（b）BERperformance，
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CHAPTER7

Conclusions and FutureⅥわrk

7．1　Conclusions

Inthisthesis，WeStudiedtheiterativeMSDDschemefOrdi仔erentiallyencodedLDPC

COdedsystems．Theconclusionsarediscussedinthischapter．

InthisthesIS，WeCOnSlderDE－LDPCcodedsystemswithiterativeMSDD．Atthe

transmitter，theLDPC codedsequenceis differentialencodedbythcdifferentialen－

COder．At thereceiver，theMSDD SISODisviewed asaninner decoder，Whilethe

IJDPCdecoderisviewedasanol⊥terdecoder，TheiterativedecodinglSPerformedbe－

tweent．heMSDD SISOD andt，he LDPC decoder．The transfer characteristics ofthe

MSDDSISODandtheLDPCdecoderwereanalyzedbytheEXITcharts．Itwasshown

thattheperformancecanbeimprovedbyincreasingthe OWSoftheMSDD SISOD
andthenumberofiterations Whereas，theperformanCegalnCannOtbeachievedby

iterative decoding，When theinner decoder employs the conventionaldifferentialde－

tection．TheBERperformanceofthesystemsunderconsiderationwas evaluatedin

SlowandfastRayleighfadlngChannels，reSpeCtivelyItwasshownthattheseanalysIS

resultsobtainedbytheEXITchartsaresupportedbythecomputersimulationresults．

Moreover一七heslmulationresultsalsoshowedthatinthecaseoffastfadingchannels，

thesystemsunderconslderationhasbetterperformance，andmoreperformancegaln

CanbeachievedbylnCreaSingtheOWSandthenumberofiterations，

1ⅥlentheDE－LDPC codedsystemsuseregularLDPC codes，thesystemperfor一

mancecanonlybeimprovedmarginal1yinthecaseoftheOWSwithalargevalue．

InordertosoIvethis problem，WedesignedtheirregularLDPCcodesfortheMSD－

DSISODwithlargeval11eSOfOWSbyuslngtheEXITchartt00ptimlZethedegree
distributionsofirregularIJDPCcodes．Theslmulationresults demonstratedt，hatthe

PerformanceoftheDE－LDPCcodessystemswi七halargeOWScanbesignificantly

improvedbyusingtheoptimizedcodes Moreover，WhentheoptimizedirregularLDPC

COdeswithverylonglength，theperformanceofthesystemsunderconsiderationcan

ClosetothecapacltyOfthenoncoherentAWGNchannel．Therefore，fortheD駄LDPC

COdedsystemswithiteratlVeMSDD，itisimportantt00ptimizetheLDPCcodesfor

diHerentOWS，eSPeCiallyforthelargeOWS．

0ntheotherhand，thecomplexityoftheMSDDSISODwi11becomeprohibitively

highastheOWSandtheorderofthemodulationbecomelarge．Thishighcomplexity

Wlllresllltmanunacceptabledecodingtimedelay，Whichmakesdi尻culttoachievea

realisticsystem・TDSOIvethisproblem，WeprOpOSedanISOMAtoreducethecomplexity

OftheMSDDSISOD TheproposedISOMAcombinesthefeaturesoftheexistingSOMA
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approaches，WhichcanglユaranteethattheI」LRofeachcodedbitcanbecomputedwith

highreliabllity．Throughcomputerslmulations，itwasshownthatthecomputational

complexityoftheMSDDSISODaswellastheiterativedecodingcomplexityofDE－

LDPC codedsystemswithiterativeMSDD canbegreatlyreducedbythe proposed

ISOMA．Furthermore，COmParedwlththeexistingITS－MAandSOMA，theproposed

ISOMAhasbetterperformanceintermsoftheBERperformanceandtheabilityof

reduclngthedecodingcomplexityofD払LDPCsystemswithiterativeMSDD・

SlnCe the computation ofthe metric ofthe MSDD SISOD cannot be computed

recursivelyasinthecoherentdetectioncase，thecomplexityoftheMSDDSISODissti11

relativelyhigheveniftheproposedISOMAapproachisused・lnordertofurtherreduce

theiもerativedecodingcomplexityanddelayofthesystems underconsiderationwith

丘nitelengthLDPCcodes，anAIDAschemewhichcanadaptivelyadjusttheOWSofthe

MSDDSISOD andtheouteriterationnumberoftheiterativedecoderwasproposed．

InAIDA，theOWS andtheouteriterationnumberareadaptivelyadJuStedbyusing

aSC tojudgewhether theiterative decoding converges ornot Tb circumvent the

dlSadvantagesoftheexistingSCs，aneWSC，WhichwecallDMIcriterion，WaSPrOpOSed

fortrackingtheconvergencestatusoftheiterativedecodingbytrackingthedlfference

oftheoutputmutualinformationoftheLDPCdecoderbetweentwoconsecutiveouter

lterationsoftheconsideredsystems．SimulatlOnreSultsshowedthatAIDAwiththe

PrOPOSedDMIcriter10nCanSlgni丘cantlyreducetheiterativedecodlngCOmPlexityand

delayoftheconsideredsystemsa七al1SNRs・Moreover，COmParedwlththeexistingSCs，

itisprovedthattheDMIcriterionismoreeffectivefortheconsideredsystemsinterms

Ofreducingtheaveragenumberofouterlterations，Performancelossandrobustness．

7．2　FutureⅥ70rk

Inthefutureresearch，pOSSibleresearchtOpicsoflntereStincludethefollowlngaSpeCts：

1）InthlSthesis，binaryLDPCcodeswereconsidered董orthestudiedsystems．Com－

ParedtobinaryLDPCcodes，nOn－binaryLDPCcodeswerecon丘rmedthattheyhave

abetter，errOrCOrreCtionperformancethanthatofbinaryLDPCcodesl47］，Sincethey

CanelimlnatethelmpaCtOfthefourrcycleontheconvergenceperformanceoftheitera－

tivedecoding．Furthermore，nOn－binaryLDPCcodesaresuitforcombiningwithhigh

ordermodulatlOnS】therebyprovidingahigherdatatramSferrateandspectralefBcien－

Cy【48日49］Asiswellknown，Wirelesstransmissionsystemsarerequiredtoprovide

highrspeeddatatransferinthefuture・Therefore〉thestudyofDE－nOn－binaryLDPC

COdedsystemswithlterativeMSDDisdesirable．

2）Orthogonal丘・equenCydivisionmultiplexing（OFDM）［50］hasbeenwidelyadopもー

edbymanywirelesscommunicationstandards，SuChasHyperIJAN／2，IE］∃E802．1la，

IEEE802．11g，andIEEE802．16aetc．，SinceitcanprovidehighdataTrateSWithlowsys一

七emcomplexityandrobustagalnStadversechannele仔ects．ManycodedOFDMschemes

havebeenpursuedto mltigatethedeep channelfading．Upto now，mOSt，literatures

havefocusedonthecodedOFDMsystemswithcoherenもdetect，ion．Inthiscase，itis

requlredtousepllotsymboIsforobtainingCSI，Whichresultsinbandwidthconsump－
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tionl51］，Morcover，theestimationofCSIissometimesdifficulttoberealized，SuCh

asvehicle一七0－Vehiclecommunicationsl521．Thedifferentialmodulationanddetection

SChemehashighspectrale毘ciencysinceitdoesnotrequiretheestimat10nOfCSI．On

theot11erhand，tllCCOmbinationofLDPCcodcsanddl仔erentiallycodedOFDMstill

hasmanyproblemsthatdeservetostudyindepth，SuChastheoptimizationofLDPC

COdcsfordl鮎reユ1tlal1ycodedOFDM．Therefole，Wewi11furtherstudythechal・aCteristic

andperformanCeOfDE－LDPCcodedOFDMsysterrlSWithiterativeMSDD．
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APPENDIX A

Abbreviations andAcronyms

AIDA AdaptiveIterativeDecodingApproach

APS壬（　　　　　Amplitude／Phase－ShiftKeying

AIVGN AdditivelVhite ChussianNoise

BER　　　　　　　　　］〕it Error Rate

BPSIく　　　　　　　BlnaryPha5eShiftKeying

BF Bit一日ipplng

BP　　　　　　　　］〕elief－PrOpagatlOn

CE CrossEntropy

CN CheckNode

CSI ChannelSt，ateInformat，ion

DEvLDPC DifEerentialEllCOdedLow－densityparity－Check

DMI Di任もrentialI＼′上山；ualillformation

DBPSK DifferentialBinaryPhaseShiftKeying

ECCs

EXIT

LDPC

LLR

LLRS

MAP

ME

MI

ML

MLD

MPSK

MSDD

MSDD SISOD

OFDM

OⅥ唱

Error CorrectionCodes

ExtrinsicInformationT柑皿fer

Low－dellSityparity－ClleCk

LogLikelihoodRatio

LogLikelihoodRatios

MaximumAPosteriori

Mean－eStimaノte

Mutualinbrmation

MaxilTlumLikelihood

Maximum Likelihood Detection

Multiple－PhaseSlliftKeying

Multiple－SymboIDiHerentialDetection

MSDD SISO Demodulator

OrthogonalFrequencyDivisionMultiplexlng

ObservationlVind011rSize
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ProbabilityDensityFunction

ProgresslVe－edge一grOWth

QuadraturePhaseSl11ftKeying
StoppingCriterion

Sign－Change－ratio

SignDi月もrenceRatio

ScalingFactor

So軋一Inp山SofLoutl〕ut

Signal一七〇一NoiSeRatio

V紺iable Node
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APPENDIX B

Notations

thei，jthelementofmatrixA

complexconJugateOfmatrixA

transposeofmatrixA

determinant

dlagOnalmatrix

（statistical）meanvalueorexpectedvalue

exponentlalfunc七10n

themaximumDopplerhequency

thenormalizedmaximumDoppler丘・equenCy

zeroth ordermodifiedBesselfunction ofthe丘rstkind

、／′＝了

zerot，h orderBesselfunctionoft，he丘rst，kind

thelengthofobservationwindowsizeofMSDD

thelengthofLDPCcodes

thesymbolperiod
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