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Outline

•TheturboprincipleapproachesShannon’slimits

•MIMOsystemsallowhighdataratesinmobilesystems

•AnalogVLSIchipsallowhigherspeedandlowpowerconsumption
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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
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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
turboMIMOFECen-/decoderMapper&MIMOdetector

turbomultiuserFECen-/decoderSISOmultiuserdetector
turbosource-channelsourceencoderFECen-/decoder
LDPCcode/decoderchecknodesvariablenodes
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PrincipleofTurboDecodingforaparallelconcatenatedscheme.

Exchangeofextrinsicinformationbetweenhorizontalandvertical
decoding
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PerformanceofDecoderofaPCCTurboCode

Rate1/2,constituentcode:rate2/3,memory2,interleaversize1024
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InfluenceoftheInterleaverSizeforaPCCTurboCode
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LowDensityParityCheck(LDPC)codesandtheirTurbodecoder

Alowdensityparitycheckcodeofratek/ncanbedescribedasaserial
concatenationofnvariablenodesasinnerrepetitioncodeswithn−k
checknodesasoutersingleparitychecknodes.
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SystemwithMultipathChannelandReceiverwithTurboFeedback
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Turboapplications:QAMwithchannelcodes
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MIMOsystemsallowhighdataratesinmobilesystems

ClassicalMultiplexandDiversitySystems:

Anewdimensionisopenedbyspace
(multipletransmitandreceiveantennas:MIMO)

Methodyieldscosts

TimeDiv.andrategainbandwidth
FrequencyDiv.andrategainbandwidth

CodeDiv.andrategainbandwidth,complexityandinterference
SpaceDiv.andrategaincomplexityandinterference
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Beamformingantennascenario

Beamcanbemadeadaptive
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Multipleantennascenarioaimingforrategain

Multipleantennasneededattransmitterandreceiver
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Systemsaimingforrategain

TheBellLabLayeredSpaceTimearchitecture(Foschini1996BLAST):

ExampleofV-BLASTforNT=4andrategain4ifNR≥4.
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Multipleantennascenarioaimingfordiversitygain

TransmitDiversity:
Receiver(i.e.cellphone)needsonlyoneandsimpleantenna
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Themultiple-antenna(MIMO)channelmodel

egfihhj k
efilm lnj k

ofihj k
ofpj k
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t fihj k
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ChannelcapacitiesofSISOandMIMOsystems(Telatar1995)

Thechannelcapacityforasingle-input/single-output(SISO)fadingchan-
nelwithcomplexsignalingandperfectchannelknowledgeatthereceiver

C=log2(1+|h
(11)

|
2Es

N0
)

andforthemultiple-input/multiple-outputMIMOchannel

C=log2det






INR+
Es

NTN0
HH

H






.

Bothcapacitiesmeasuredinbits/channelusearerandomvariables.
Thereforetheaverage(ergodic)capacity

C̄=EH{C}

andtheoutagecapacity

P(C<Cx)=
x

100
,0<x<100,

areofinterest.
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10%outagecapacityofdifferentMIMOchannels

Gaussianchannelinput
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10%outagecapacityofdifferentMIMOchannels

Discrete(QPSK,16-QAM)andGaussianchannelinput
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FEC-MIMOSchemewithTurbodetector/decoder
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MIMOTurboDetector

InnerMIMOchannelwithSequentialdetector(LISS)

Simulationresults:outerPCCcoder=1/2,QPSK,NT=NR=4,
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Introductiontoanalogdecodersandreceivers

•Receiversanddecoders(especiallyturbodecoders)usesoft(realand
notbinary)values(probabilities,log-likelihoodvalues)

•Theystilloperateindiscretetimeandwithdiscreteoperations

•Canwedodecodingincontinuoustimeandvalues:analog?

•ArereceiversinanalogVLSIpossible?

•FirstProposals:JH(ITW98,ISIT98),Loeliger(ISIT98)

•HighspeedreceiversindigitalVLSIimplementationareareaandpower
consuming

•FECdecodersforhighspeedcommunicationsshouldworkintheGbit/s
range

•AnalogVLSIImplementationsoffunctionslikeViterbi,APP,Turbo
algorithmshouldbefastersmallerandlesspowerconsuming
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Realizationofan8-statetrellissection
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Memoryonetailbitingconvolutionalcode
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BuildingaTurbocodefrommemorytwotailbitingconvolutionalcode

Simulationmeasurementresults
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HighSpeedImplementationofthe
(16,8,3)TailbitingCode(2001)byTUM/Lucent
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ComparisonofSeveralImplementations

TUMETHUniversityUniversities
LucentEndoraofUtahPadova,Torino

code(16,8,3),m=1(18,9,5),m=2(8,4,4)ext.HammingUMTS,1/3,mem.3

process0.25µmBiCMOSIBM6HP0.8µmBiCMOS0.5µmCMOS0.35mumCMOS

chiparea1.68mm
2

1.64mm
2

7.28mm
2

2.25mm
2

9mm
2

transistor
#bipolar441940--
#nMOS356-n.a.n.a.
#pMOS-650n.a.n.a.
total#per
inf.bit&state49.854.444.17n.a.n.a.

supply3.3V3.3V5Vn.a.3.3V

bias80µA(nMOS)
perblock200µA(bipolar)400µA200µAor50µA10µA10µA

power20mW150mW98mW@200µAest.3.8mW5.6mW
consumption50mW@50µA

powerper2.72mW@200µA
inf.bit&state1.25mW9.4mW1.38mW@50µA0.32mW0.028mW

measurements

channelAWGNAWGNBSCAWGN

speed160Mbit/s10Gbit/s100Mbit/s10Mbit/s2Mbit/s
BERyestbd.n.a.n.a.n.a.

yearchip
worked?

1999Yes2002Yes2001?20012003?
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Conclusions

•TheTurboPrincipleisaverygeneralprinciple

•Approachingthecapacitylimitsofmobilesystemsispossible

•AnalogFECDecodersarepossibleandhavemanyadvantagesespe-
ciallyfortailbitingconvolutionalcodes(TBCC)andturbodecoding

•ProofofconceptprototypeanalogVLSIofTUM/LucentwithTBCC
worksatupto10Gbit/s.

•Worldwideninegroupscurrentlyworkingonanalogdecoderdesign

•TherearemanymoreapplicationsfortheTurboPrinciple:

–Turbosourcecompression

–Jointsourcechannelcoding

–Interferencecancellation

PaperscanbedownloadedfromWWW.LNT.EI.TUM.DE


