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OutlineBasicTurboTechniques

•TheTurboPrincipleanditsApplications

•Log-LikelihoodRatios(LLR)andtheAPPDecoders

•TheBCJRAlgorithm

•IntroductiontoParallelDecoding(TurboCodes)

•IntroductiontoSerialDecoding
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OutlineApplications

•Turboapplications:CodedEqualizationofMultipathChannels

•TurboApplications:Pre-codedQAMwithIrregularChannelCodes

•TurboApplications:CodedMIMOSystems

•TurboApplications:SourceChannelCodingwithVariableLength
Codes(VLC)

•TurboApplications:SourceChannelCodingforcontinuoussources

•TurboApplications:AnalogTurboDecoders

•TurboApplications:TurboSourceCompression

•Conclusions
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Introduction
History:

•1948:Shannon’sabsolutelimitsincommunications,
e.g.0.2dBinEb/N0forbinarycodeswithrate1/2onAWGNchannel

•1962:Gallager’slowdensityparitycheckcodeswithiterativedecoding

•1966:Forney:Concatenatedcodes

•before1993:Concatenatedcodes(ViterbiplusRScodes)approach
Shannon’slimitbyby2.5dBandwithiterationsby1.5dB.

•1993:Berrou,GlavieuxandThitimajshima:Turbodecodingap-
proachesShannon’slimitby0.5dB.

•1995:Douillard,Glavieux,Berrouetal:Turboequalization

•1997:Turboprinciplerecognizedasgeneralmethodincommunications
systems

•2001:Chung,Forney,Richardson,Urbanke:IterativedecodingofIr-
regularLDPCCodeswithin0.0045dBofShannonlimit
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Introduction

TheTurboPrinciplecomprises...

•...acommunicationsystemwithserialand/orparallelconcatenations
ofcomponents

•...aposterioriprobability(APP)symbol-by-symboldecoders/detectors

•...soft-in/soft-outdecoders/detectors

•...interleaversbetweenthecomponents

•...exchangeofextrinsicinformationbetweencomponentsintheform
ofprobabilitiesorlog-likelihoodratios
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TheTurboPrinciple...

...inmechanics
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TheTurboPrinciple...

...inmechanics

...incommunications
Decoder 2 Decoder 1 ���
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SerialConcatenation

Decoder
 leaver
Deinter−Decoder Inter−

leaver
EncoderEncoder   data

estimate

Inter−
leaver

data
III III

Transmitter

AWGN

Receiver
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Examplesforserialconcatenationincommunicationssystems

Decoder
 leaver
Deinter−Decoder Inter−

leaver
EncoderEncoder   data

estimate

Inter−
leaver

data
III III

Transmitter

AWGN

Receiver

configurationen-/decoderI(outercode)en-/decoderII(innercode)

serialcodeconcat.FECen-/decoderFECen-/decoder
turboequalizationFECen-/decoderMultipathchannel/detector

turboBiCMFECen-/decoderMapper/demapper
turboDPSKconvolutionalcodeDPSKaccumulator
turboMIMOFECen-/decoderMapper&MIMOdetector

turbosource-channelsourceencoderFECen-/decoder
LDPCcode/decoderchecknodesvariablenodes
RAcode/decoderrepetitioncodescrambler
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Examplesforstandardizedapplicationsfortheturboprinciplesystems

•Rate1/3PCCCodeinUMTS

•IEEE802WirelessLAN

•NASADeepspacestandard

•LDPCforESAStandardDigitalVideoBroadcasting(DVB)
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TheTurboPrincipleinCommunicationSystems
Log-LikelihoodValuesandAPPDecoders
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BasicsofTurboDecoding

Log-LikelihoodRatiosandtheAPPDecoders:

LetubeinGF(2)withtheelements{+1,−1},where+1isthe‘null’
elementunderthe⊕addition.
Thelog-likelihoodratio(LLR)orL-valueofthebinaryvariableis

L(u)=ln
P(u=+1)

P(u=−1)
(1)

withtheinverse

P(u=±1)=
e
±L(u)/2

e+L(u)/2+e−L(u)/2.(2)

Note:ThesignofL(u)istheharddecisionandthemagnitude|L(u)|is
thereliabilityofthisdecision.
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Thesoftbitandthebinarysum

Thesoftbitλ(u)is

λ(u)=E{u}=(+1)·P(u=+1)+(−1)·P(u=−1)

=tanh(L(u)/2).

GF(2)additionu1⊕u2oftwoindependentbinaryrandomvariables:

E{u1·u2}=E{u1}E{u2}=λ(u1)·λ(u2).

Lvalueofthesum:

L(u1⊕u2)=2tanh
−1

(tanh(L(u1)/2)·tanh(L(u2)/2))=L(u1)<=+L(u2).

withtheboxplus<=+abbreviation.
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Theboxpluselementanditsapproximation(1)

Theboxpluselement

L(u1⊕u2)=2tanh
−1

(tanh(L(u1)/2)·tanh(L(u2)/2))=

canbeapproximatedby

L(u1)<=+L(u2)≈sign(L(u1))·sign(L(u2))·min{|L(u1)|,|L(u2)|}

Examples:
−3.0<=++0.5≈−0.5

−4.0<=+−1.2≈+1.2

L(u)<=+0=0

L(u)<=++∞=L(u)
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Theboxpluselementanditsapproximation(2)

Theboxpluselement

L(u1⊕u2)=2tanh
−1

(tanh(L(u1)/2)·tanh(L(u2)/2))=

canbeexactlyexpressedbyitsapproximationandacorrectionterm

L(u1)<=+L(u2)=sign(L(u1))·sign(L(u2))·min{|L(u1)|,|L(u2)|}

−ln
1+e

−||L(u1)|−|L(u2)||

1+e−||L(u1)|+|L(u2)||

Ifoneofthethetwomagnitudesisdominantthecorrectiontermdis-
appears.Itisnecessarywhenbothmagnitudesarethesameandhasa
maximumvalueofln2.

Asimilarapproximationisknownasthemax*operation(Jacobianloga-
rithm):

ln(e
L1+e

L2)=max{L1,L2}+ln(1+e
−|L1−L2|

)
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ThebinaryXOR,theboxplusandthesoftbitoperation

Theboxpluselement

L(u1⊕u2)=L(u1)<=+L(u2)=2tanh
−1

(tanh(L(u1)/2)·tanh(L(u2)/2))=

correspondstothebinaryXORoperationandthesoftbitmultiplication:
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Transmissionandcombiningafterfading/AWGNchannels

Theaposterioriprobability(APP)iny=ax+nis

P(x|y)=
p(y|x)P(x)

p(y)
(3)

withthepdf

p(y|x)=
1

√

2πσ2
c

e
−(y−ax)2

2σ2
c(4)

ThecomplementaryAPPLLRequals

LCH=L(x|y)=ln
P(x=+1|y)

P(x=−1|y)
=Lc·y+L(x).(5)

L(x)istheaprioriLLRofxandLcisthechannelstateinformation(CSI):

Lc=
2a

σ2
c

=4aEs/N0(6)

Forstatisticallyindependenttransmission

L(x|y1,y2)=Lc1y1+Lc2y2+L(x).(7)
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PracticalUsefulnessofLog-LikelihoodCalculation

DiditraininNYat1:00pmtoday?
AYes(rain!)isbinarycodedas+1,transmittedoveranunreliablelink.
Tworaindetectiondevicesmeasured:

x1=+1

x2=+1

Additionalapriorivalueisavailable:FromFarmer’sAlmanac:
ProbabilityofraininNYtodayis75%

L(x)=ln(0.75/0.25)=+1.1

transmittedvaluexreceivedvalueychannelstateLcLcy
link1+1.0-1.52.0-3.0
link2+1.0+0.93.0+2.7
apriori+1.1

Forstatisticallyindependentinformation

L(x|y1,y2)=Lc1y1+Lc2y2+L(x)=+0.8with31%error:raininNY!!.
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TheextrinsicinformationasaLLR

Assumeaparitycheckequationofstatisticallyindependentlytransmitted
bitsxj

j=N∑

j=1
⊕xj=0.

Thentheextrinsicbitxiequals

xi=
j=N∑

j=1,j6=i
⊕xj

andconsequentlytheextrinsicLLRforthisbitgiventheAPPLLR’s
L(xj|yj)ofalltheotherbitsequals

LE(xi)=
j=N∑

j=1,j6=i
<=+L(xj|yj)

Example:
SPCcode,N=3,withL(x2|y2)=−0.3,L(x3|y3)=−5.5.
ThentheextrinsicLLRforthefirstbitis

LE(x1)=−0.3<=+−5.5≈+0.3.
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ThegeneralformulaforasoftoutputasaLLR

AssumeatransmissionofavectorxoflengthN
overachannelandreceivedasavectory.

WeareinterestedintheLLRofthen-thbitxnTheaposterioriLLRof
theNbitsis

L(x̂n)=L(xn|y)=ln
∑

xn=+1P(x|y)
∑

xn=−1P(x|y)
=ln

∑

xn=+1e
lnP(x|y)

∑

xn=−1elnP(x|y)(8)

Themetriccanbeexpandedinchannelandaprioriparts

lnP(x|y)=lnp(y|x)+lnP(x)−lnp(y)(9)

Note:
Ifallpatheshavethesamelength,wecanignorethelastterm.However,
ifwesearchpathsinatreewithdifferentlengthofthepaths,wecannot
ignoretheterm−lnp(y)duringthesearch.
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TheChannelPartoftheMetric

TransmissionoverarealAWGNodermultiplicativefadingchannelwith

yn=an·xn+wn

ThereceivingprocessiscorruptedbyrealvaluedAWGNwithi.i.d.noise
samplesandpdf

p(w)=
1

√

(π2σ2
w)

e
−w2

2σ2
w

with

σ
2
w=

N0

2Es

Aftercancellationofallpartscommoninthedenominatoranddenominator
ofthemetricwecanuseforthechannelpartinthesoftoutputformula

lnp(y|x)

isthecorrelationmetric

N∑

n=1
lnp(yn|xn)=

N∑

n=1

2Es

N0
·an·yn·xn
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TheChannelPartoftheMetric

Transmissionoveranintersymbolinterference(ISI,multipath)channelwith
L-taps

yn=
L−1 ∑

k=0
hksn−k+wn.(10)

Thereceivingprocessiscorruptedbycomplex-valuedAWGNwithi.i.d.
noisesamplesandpdf

p(w)=
1

π2σ2
w

e
−
|w|2

2σ2
w

Thisleadstothechannelpartofthemetric

lnp(y|x)=−N·ln(π2σ
2
w)−

N∑

n=1

|yn−
∑L−1

k=0hksn−k|
2

2σ2
w
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TheAPrioriPartoftheMetric

Withthestatisticalindependencefromtheinterleaverwehave

lnP(x)=
N∑

n=1
lnP(xn),

WiththeL-valuesweobtain

lnP(xn)=xnL(xn)/2−ln(e
+L(xn)/2

+e
−L(xn)/2

)

wherethelasttwotermscanbedeletedifallpatheshaveequallength.
Thisleadsforthesoftoutputto

L(x̂n)=L(xn)+ln
∑

xn=+1e
lnp(yn|xn)+

∑
N
j=1,j6=nlnp(yj|xj)+xjL(xj)/2

∑

xn=−1e
lnP(yn|xn)+

∑
N
j=1,j6=nlnP(yj|xj)+xjL(xj)/2
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TheAPrioriPart,theChannelPartandtheExtrinsicPart

WiththefadingorAWGNchannelweobtainfinallyfrom

L(x̂n)=L(xn)+ln
∑

xn=+1e
lnP(yn|xn)+

∑
N
j=1,j6=nlnP(yj|xj)+xjL(xj)/2

∑

xn=−1e
lnP(yn|xn)+

∑
N
j=1,j6=nlnP(yj|xj)+xjL(xj)/2

thethreeparts

L(x̂n)=L(xn)+
4Es

N0
anyn+ln

∑

xn=+1e
∑

N
j=1,j6=nlnP(yj|xj)+xjL(xj)/2

∑

xn=−1e
∑

N
j=1,j6=nlnP(yj|xj)+xjL(xj)/2

Thelastpartiscalledtheextrinsicpartofthesoft-output.Itrepresentsthe
influenceofalltheotherbitsonthecurrentbitwithindexn.

Withthefairlytightapproximationln
∑

ie
λi=maxiλiweobtainthe

so-calledmax-logapproximationfortheextrinsicpart

max
xn=+1

N∑

j=1,j6=n
lnP(yj|xj)+xjL(xj)/2−max

xn=−1

N∑

j=1,j6=n
lnP(yj|xj)+xjL(xj)/2
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TheTurboPrincipleinCommunicationSystems

TheAPPDecoderonaTrelliswiththe
Bahl-Cocke-Jelinek-Raviv(BCJR)Algorithm

JoachimHagenauer

InstituteforCommunicationsEngineering(LNT)
MunichUniversityofTechnology(TUM)

D-80290München,Germany

(ShortCourse2004)
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TheAPPDecoderonaTrellis:TheBCJRAlgorithm

ThealgorithmisduetoBahl-Cocke-Jelinek-Ravivbasedonearlierworkby
WelshandBaum.

ForabinarytrellisletSkbetheencoderstateattimek.Thebitukis
associatedwiththetransitionfromtimek−1totimekandcauses2
pathstoleaveeachstate.Thetrellisstatesatlevelk−1andatlevelk
areindexedbytheintegers

′
ands,respectively.ThegoaloftheMAP

algorithmistoprovideuswith

L(ûk)=log
P(uk=+1|y)

P(uk=−1|y)
=log

∑

(s′,s)
uk=+1

p(s
′
,s,y)

∑

(s′,s)
uk=−1

p(s′,s,y)
.(11)

Theindexpairs
′
andsdeterminestheinformationbitukandthecoded

bits.Thesumofthejointprobabilitiesp(s
′
,s,y)in(11)istakenoverall

existingtransitionsfromstates
′
tostateslabelledwiththeinformation

bituk=+1orwithuk=−1,respectively.
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TheTransitionMetrics

Assumingamemorylesstransmissionchannel,thejointprobability
p(s
′
,s,y)canbewrittenastheproductofthreeindependentprobabil-

itiesfollowingBCJR1974,

p(s
′
,yj<k)·p(s,yk|s

′
)·p(yj>k|s)

=p(s
′
,yj<k) ︸︷︷︸·P(s|s

′
)·p(yk|s

′
,s) ︸︷︷︸·p(yj>k|s) ︸︷︷︸

=αk−1(s
′
)·γk(s

′
,s)·βk(s).

Hereyj<kdenotesthesequenceofreceivedsymbolsyjfromthebeginning
ofthetrellisuptotimek−1andyj>kisthecorrespondingsequencefrom
timek+1uptotheendofthetrellis.
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ForwardandBackwardRecursion

TheforwardrecursionoftheMAPalgorithmyields

αk(s)=
∑

s′
γk(s

′
,s)·αk−1(s

′
).(12)

Thebackwardrecursionyields

βk−1(s
′
)=

∑

s
γk(s

′
,s)·βk(s).(13)

Thebranchtransitionprobabilitiesaregivenby

γk(s
′
,s)=p(yk|uk)·P(uk).(14)
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TheTransitionMetricsasLLR

Usingthelog-likelihoodstheaprioriprobabilityP(uk)canbeexpressed
as

P(uk)=





1

e+L(uk)/2+e−L(uk)/2




·eukL(uk)/2

=Ak·e
ukL(uk)/2

.(15)

and,inasimilarway,theconditionedprobability

p(yk|uk)=Bk·e
1
2

n∑

ν=1
Lcyk,νxk,ν

.(16)

foraconvolutionalcodewithrate1/nand

p(yk|uk)=BMk·e
−1

2σ2(yk−
L∑

l=0
xk−lhl)2

.(17)

forabinaryinputmultipathchannelwithL+1taps.ThetermsAkand
Bkin(15)and(16)areequalforalltransitionsfromlevelk−1tolevel
kandhencewillcanceloutintheratioof(11).
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ASimplificationoftheBCJR-Algorithm

AnapproximationsoftheBCJRalgorithmisgivenbyusingtheapproxi-
mation

log
∑

i
e
Li≈max

i
Li(18)

Thenin(12)and(13)theforwardandbackwardrecursionsoftheBCJR
algorithmmutateintotwoViterbialgorithmsrunningforthandbackthe
terminatedtrellis.Theyproducethestatemetricsfortheforwardalgorithm

Mαk−1(s
′
)=logαk−1(s

′
)(19)

andforthebackwardalgorithm

Mβk(s)=logβk(s).(20)

Fortheforwardalgorithmweget

Mαk(s)=max
s′{Mαk−1(s

′
)+logγk(s

′
,s)}(21)

andforthebackwardalgorithm

Mβk−1(s
′
)=maxs{Mβk(s)+logγk(s

′
,s)}(22)
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ASimplificationoftheBCJR-Algorithmcontd

Usingagaintheapproximation(18)thesoft-outputresultsin

L(ûk)=max
(s′,s)

uk=+1

(

Mαk−1(s
′
)+

logp(yk|+1)+L(uk)/2+Mβk(s)
)

−max
(s′,s)

uk=−1

(

Mαk−1(s
′
)+(23)

logp(yk|−1)−L(uk)/2+Mβk(s)
)

.
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Thesoft-outputofthesimplificationwiththefeedforwardtrellis

Forabinarytrellisthreedifferentbutterflystructuresexist.

Forthestructurewherethetwopathswithsameukmergeinonestates–
thisisthecaseforfeedforwardconvolutionalcodesandtappeddelayline
channels–
thefirstthreetermsin(24)formMαk(s)andthemaximizationisonlyover
thestatess:

L(ûk)=maxs
uk=+1

(

Mαk(s)+Mβk(s)
)

−max
s)

uk=−1

(

Mαk(s)+Mβk(s)
)

(24)
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ThesimplifiedBCJRAlgorithm

TheBCJRalgorithmforthemostlyusedbinaryterminatedtrellisescanbe
closelyapproximatedby

•TwoVAalgorithmsrunningbackwardsandforwards

•usingtheupdatemetriclogp(yk|uk)+ck+ukL(uk)/2whereckisa
suitablesimplifyingnormalizationconstantindependentofuk

•Amemorystoringthemetrics

•Addtheforward-(α)-tothebackward-(β)-metricstotheright(k)of
thecurrentbituk

•Findthemaximaovertheplusandminusstatesandsubtractthemto
obtainthesoftoutput.

Note,thatthechannelpartoftheupdatemetrichastheSNRasafactor,
e.g.4Es/N0.Therefore,iftheSNRisverysmallthesoft-outputequals
L(uk),onlytheapriorivalueasitshouldbe.
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Furthersuboptimalandsimplifiedsoft-in/soft-outAlgorithm

•Battailalgorithm

•Thesoft-outputViterbialgorithm(SOVA)byHagenauer/Hoeher1998

•Itisanadd-onfeaturetotheVAandcanbeturnedonandofffor
individualbits

•Ithasthelowestcomplexityofallsoft-in/soft-outalgorithm

•Itdeliverstoooptimistic(toolarge)L-values.

•SeveralvariationsoftheSOVAexist
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TheTurboPrincipleinCommunicationSystems
ParallelConcatenation

JoachimHagenauer
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D-80290München,Germany

(ShortCourse2004)



&%

'$

36

LNT

PrincipleofTurboDecodingforaparallelconcatenatedscheme.

Exchangeofextrinsicinformationbetweenhorizontalandvertical
decoding
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AFirstExampleofPCCTurboDecoding

344345
354355

6
7

66

6
67

7

869:879:8796

8;968796<79:

8=96< =9:

8796869:
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8;9:< =9:
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ThePerformanceoftheFirstExampleofPCCTurboDecoding

012345678910

10
−4

10
−3

10
−2

10
−1

10
0

B
E

R

Eb/N0 in dB

uncoded
R=1/2 parallel concatenated SPC−Code

it. 0 

it. 1−4 

Shannon
limit  
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ThegeneralparallelconcatenatedCodePCCTurboCode

d

e

fghi
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nopq orsrtnousvl

nopq orsrtnousvh

nousvh

nousvl

wxzytsp{

wxzytsp{



&%

'$

40

LNT

TheprincipleoftheInterleaverandDeinterleaver
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TheDecoderoftheParallelConcatenatedCodePCCTurboCode

Exchangeofextrinsicinformationbetweenhorizontal(direct)andvertical
(interleaved)decoding

�����

���� ���������

���� ���������

����
�

 ¡¢¤£¥¦ ¡§¨

¡ª©�« ¬¢¤£¥¦
¡©�« ¬¢¤£¥¦

¡®©�«¢¥¦
¡®©�«¢¥¦

¯G°G±²³´



&%

'$

42

LNT

ShowingthechaoticbehaviorofTurbodecodinginademonstration

•Theturbodecoderdecodesaparallelconcatenatedrate1/2codewith
memory2,rate2/3convolutionalcodeasconstituentcodes

•Blockinterleaver:size20x20=400informationbits,800transmitted
bits

•Decoder:SOVAalgorithmwithL-values

•Shownarethesoft-outputL-valuesoftheinformationbitsaftereach
halfiteration

•Displayshows20x20interleavermatrixwith

RedCirclesforwrongbits
Greencirclesforcorrectbits

•Diameterofcirclesisthereliability(magnitudeofL-values)

•Goalofdecoding:

Biggreencircles!!!
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PerformanceofDecoderofaPCCTurboCode

Rate1/2,constituentcode:rate2/3,memory2,interleaversize1024

00.511.522.533.544.55

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0 in dB

B
E

R
uncoded
R=1/2 parallel concatenated code

it. 0 

it. 1 

it. 2 
it. 3−9 

Shannon
limit  
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InfluenceoftheInterleaverSizeforaPCCTurboCode

00.511.522.533.544.55

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0 in dB

B
E

R

uncoded
R=1/2, M=2, interleaver of size: 1024, it. 9
R=1/2, M=4, interleaver of size: 1024, it. 9
R=1/2, M=4, interleaver of size: 65536, it. 18

Shannon
limit  
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PrincipleofTurboCodingforaseriallyconcatenatedscheme.

Block−

DecoderDeinter−

Convolutional

Viterbi−

Code

Outer CodeInner Code

Channel

Decoder

code
Inter−
leaver

leaver
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TheDecoderforaSeriallyConcatenatedscheme.

µ·¶¸
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ThePerformanceofaSeriallyConcatenatedScheme

SerialConcatenationoftwosmallconvolutionalcodes

−0.500.511.5
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

B
E

R

Eb/N0 in dB

uncoded
R=1/3, M=2 recursive conv. code
R=1/3 serial concatenated code

it. 0 

it. 1 

it. 2 

it. 3 

it. 4−9 

Shannon
limit  
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ThePerformanceofaSeriallyConcatenatedscheme

SerialConcatenationwithoutiterationofan
OuterReed-SolomonCode(255,223)overGF(2

8
)

andanInnerConvolutionalCode,Rate1/2andMemory6:

012345678910

10
−4

10
−3

10
−2

10
−1

Eb/N0 in dB

B
E

R

uncoded
soft decision 
RS−Code   

WithiterationsbetweentheRSdecoderandtheconvolutionaldecoder
(statepinningofcorrectlyfebackdecodedsymbols)weachieved1dB
furthergain!!!
Offer,HagenauerICC1993.
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MoreSeriallyConcatenatedSchemes

Decoder
 leaver
Deinter−Decoder Inter−

leaver
EncoderEncoder   data

estimate

Inter−
leaver

data
III III

Transmitter

AWGN

Receiver

configurationen-/decoderI(outercode)en-/decoderII(innercode)

serialcodeconcat.FECen-/decoderFECen-/decoder
turboequalizationFECen-/decoderMultipathchannel/detector

turboBiCMFECen-/decoderMapper/demapper
turboMIMOFECen-/decoderMapper&MIMOdetector
turboDPSKFECen-/decoderDPSK2statetrellisdecoder

turbosource-channelsourceencoderFECen-/decoder
LDPCcode/decoderchecknodesvariablenodes
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SerialconcatenationoftailbitingconvolutionalcodesandDPSK

•Ablockofinformationsymbolsisencodedwithoutoverheadbyatail-
bitingconvolutionalcode(TBCC)

•Severalcodewordsarethenbit-wiseinterleaved

•DPSKModulationisapplied

•ViewthesystemasaringfortheTBCCandanotherringfortheDPSK
modulationconnectedbyaninterleaverring

•DPSKDemodulatorandconvolutionaldecoderoperateinsequence
whenrealizedwithdigitalprocessors
orsimultaneouslyasanalogcircuits(seesectionAnalogDecoding)
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SerialconcatenationoftailbitingconvolutionalcodesandDPSK

APP-DecoderforDPSKwithforwardandbackwardloop.

Sincexi=bi⊕xi−1andconsequentlyatthereceiverb̂i=x̂i⊕x̂i−1we
canrealizetheDPSKdecoderby

L(b̂i)=L(x̂i)<=+L(x̂i−1).
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SerialconcatenationoftailbitingconvolutionalcodesandDPSK

•APP-DPSKdecodersegmentsSi

•whichareconnectedviatheinterleaverringtothe

•TBCCdecoderringcircuits.
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SerialconcatenationoftailbitingconvolutionalcodesandDPSK
Performanceoftheanalogcircuits:BERbeforedecoder

1.0e-04

1.0e-03

1.0e-02

1.0e-01

1.0e+00

0123456

P
b

Eb/N0 in dB

 coherent BPSK
0th it.
2nd it.
9th it.

19th it.
analogue decoding

Time-continuousanalogcircuitsbetterthan
19iterationswithdigitalprocessors!!
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LowDensityParityCheck(LDPC)codesandtheirTurbodecoder

Alowdensityparitycheckcodeofratek/ncanbedescribedasaserial
concatenationofnvariablenodesasinnerrepetitioncodeswithn−k
checknodesasoutersingleparitychecknodes.
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IrregularLDPCcodesandtheirTurbodecoder(cnt’)

i-thvariablenode(i-thcodebit)withdv,iconnections.n−kchecknodes
wherethei-thchecksdc,ibits.
Morethanoneextrinsicmessage

L
(out)
i,j=Lc,i·yi+

dv,i ∑

j=1,j6=i
L

(in)
i,j(25)

percodebitxi,i=1...nissenttotheoutersingleparitycheck(SPC)
decoders.TheSCPCdecodersreturnfori=1...n−k

L
(c,out)
i,j=

dc,i ∑

j=1,j6=i
<=+L

(c,in)
i,j(26)

ThedecodingresultistheoverallLvalueoftheinnerbits.
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Problem:ShannonsLimit

Giventhethecapacityformula

C=
1

2
log2(1+

2Es

N0
)

CalculatetheminimalEb/N0indBforrates1/2and←zero
Howdothoselimitschangewhenyouhaveacomplexchannelwithin-
phaseansquadrature-phase?
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Problem:BoxplusCalculations

Calculatethefollowingexpressionsusingtheboxplusapproximation:

−0.2<=++5.5=

−0.8<=+−5.5=

−1.5<=+−1.5=

Inwhichcaseistheapproximationnotgood?
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Problem:APPDecodingofaparitycheckcode

A(3,4,2)paritycheckcode(u1,u2,u3,p)istransmittedoveranAWGN
channelatanSNRof3dB.

Thereceivedmatchedfiltervaluesyiare

+2.1,−1.3,−2.6,−4.5

.
Itisknownapriorithatthefirstbitiswithprobability0.75a+1.
GivetheextrinsicandtheAPPLLRofthethreeinformationbitswithAPP
decoding.
Whatistheprobabilitythethebitu1isinerror?
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Problem:MyfirstTurbodecoder

Aparallelconcatenatedturbocodeasusesatotalof4rate2/3SPCcodes
ascomponentcodes.
Ablockinterleaverisused.
ThefollowingLcyvaluesarereceived:

-0.5+1.5+2.0
+1.0-0.1+5.0
+1.5+3.0

Performoneverticalandonehorizontaliteration.

Whatisatthisstageofiterationsthesoft-outputLLRforthebitatposition
(1,1)?
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Problem:IrregularLDPCcodeanddecoder

AirregularLDPCcodehas4symbolnodeseachofdegree2and3check
equationswithdegreesvaryingbetween2and4.

Drawapossibletannergraph.

Usingthe4receivedvalues+1.0,+2.0,−1.0,+3.0atanAWGNchannel
with0dBandperformthefirststepsinmessagepassingwithyoutanner
graph.
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DecodingwiththesimplifiedBCJRalgorithm

•Useasystematicfeedforwardmemoryoneconvolutionalencoder

•UsethemetricwithLc=2:

log(yk|uk)=
1

2
Lc

2∑

n=1
yk,nxk,n=

2∑

n=1
yk,nxk,n

•Assumetrellisstartsatzero(+1)statefollowedby3sectionsandis
terminatedinthezerostate(+1).

•Thefollowing8yvaluesarereceivedduringthe4sections:
+1.0+2.0,+0.5+1.5,-1.01.5,-0.5+2.0

•Performtheαandβrecursionanddeterminethesoft-output
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Problem:Repeataccumulatecode

DescribetheRAcodeasaparalleldecodablesystemandexplainitsdecoder
functions.
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Problem:BSCastestchannelinEXITCharts

Provethattheergodicmutualinformationchartformulagivesthecapacity
oftheBSC.
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BalakirskyTrellisforTurboSourceChannelDecoding

•GivenasourcewithalphabetA,B,C,D,Eandtheassociatedprobabili-
ties

letterABCDE
probability1/21/41/81/161/16

•CalculateentropyandaveragewordlengthoftheHuffmancode.

•DrawtheBalakirskytrellis

•Isthistrellisagoodcomponentfortheiterativeturboscheme?


