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ABSTRACT

Strongrate-compatiblecodesis importantto achieve high
throughputn hybrid automatiaepeatrequestith forward
error correction(ARQ/FEC) systemsin paclet datatrans-
mission. This paperfocuseson the constructionof effi-
cientrate-compatibldow densityparity check(RC-LDPC)
codesoverawide raterange.The corventionalapproachof
puncturingis first studied. Analysison the codeensemble
and the asymptoticperformanceshaows that it works well
only at high ratesandonly whenthe amountof puncturing
is small. To extendthe dynamicrate range,a specialap-
proachof extendingis proposedandis shavn to produce
good RC-LDPC codesat low rates. Combiningboth ap-
proachesegfficient RC-LDPC codesare constructecand a
hybrid ARQ/FEC systemusing RC-LDPC codesis eval-
uated. The proposedLDPC-ARQ systemcan achieve in-
formationrateabout1 dB away from the theoreticallimit,
whichis comparabldo turbo ARQ systemd1][2], yetwith
lower decodingcomplexity.

KEY WORDS
rate compatible,low density parity check (LDPC) codes,
densityevolution, automatiaepeateques{ARQ)

1 Introduction

Flexible rateis alwaysdesiredn thedesignof practicalerror
control systems.Rate-compatibl¢RC) codesarea family
of nestedcodeswherethe codevord bits from the higher
ratecodesareembeddedh thelowerratecodesand,hence,
canbeencodedinddecodedisingasingleencoder/decoder
pair. They areof particularinterestin paclket datasystems
thatallow for retransmissiomequestsuchasautomaticre-
peatrequestvith forwarderror correction(ARQ/FEC)sys-
temsto achieve desiredthroughputefficiency with a high
degreeof flexibility .

Key elementsconcerningthe throughputefficiency
of an ARQ/FEC systeminclude a wise ARQ stratgy
and, perhapsmoreimportantly a powerful rate-compatible
code. Successfuhttemptsin creatingRC codeshave used
BCH codeq[3], corvolutionalcodeg4][5] andturbocodes

*Tiffary Li is currentlywith the Electricaland ComputerEngineering
Dept.in LehighUnversity BethlehemPA 18015.

KrishnaR. Narayanan
ElectricalEngineeringDept, TexasA&M University
College Station, TX 77843-3128
email:kri shna@e. t anu. edu

[1][2][6]-[8]- BCH codesandcorvolutional codesareeas-
ily implementablébut cannotprovide nearcapacityperfor
mance. Turbo codeshave demonstratedmpressve perfor
mance put the decodingcomplex is pretty high.

This paper focuses on low density parity check
(LDPC) codes[9][10] which have beenshawn to provide
performancecomparableto turbo codes, yet with lower
decodingcompleity. Two approachesre investigatedn
this work to constructsimple and efficient rate-compatible
LDPC (RC-LDPC) codes: the corventional techniqueof
puncturingand a specialapproachof extending. Analysis
on codeensembleand asymptoticperformanceusing den-
sity evolution (DE) revealsthatthe efficiency of puncturing
is limited to high rate rangewherethe amountof punctur
ing is small. To extendthe dynamiccoderange,we pro-
poseanddiscussa specialcodestructurenvhich usesextend-
ing to constructgood RC-LDPC codesat low rates. Com-
bining both techniquesa systematianodelis presentedo
constructefficientRC-LDPCcodeswhich offer strongerror
correctioncapabilityat a wide rangeof coderates.

Theencouragingerformancef RC-LDPCcodeshas
openedhepossibilityfor capacity-approachindproughput.
A typell hybrid ARQ/FECsystenusingRC-LDPCcodess
investigatecindsystenthroughpuis analyzed TheLDPC-
ARQ systemcan achieve information rate at about1 dB
from the capacity which is comparabléo turbo-ARQsys-
temsin [1][2], yetwith less(decoding)omplexity.

The paperis organizedasfollows. Sectionll analyzes
a hybrid ARQ/FECsystemandpinpointstheimportanceof
a strongFEC code. Sectionlll discusseshe construction
of efficient RC-LDPC codesusingboth puncturingandex-
tending. Simulationsare provided along with the discus-
sion. SectionlV providesconcludingremarks.

2 Hybrid ARQ/FEC Using RC-LDPC Codes
2.1 ARQ System Using RC-LDPC Codes

A typical ARQ/FECsystenuseshotherrorcorrectioncodes
(ECC)anderrordetectioncodes(EDC, suchasa cyclic re-
dundang check(CRC)). After the transmittedcodevord is
decodedby ECC, it is examinedby EDC. If the decoding
is deemedn error, a negative acknavledgment(NACK) is



sentas a retransmissionmequest. When LDPC codesare
usetin an ARQ protocol, their strongerror detectionabil-

ity enablegshemto actasbothECCandEDC. This obviates
theneedfor anothelEDC,andtherebyreducesheoverhead.
Whetherthe error detectioncapability of LDPC codescan

matchthat of a CRC is not fully discussedn this paper

Neverthelessve assumethat the error detectioncapability
providedby the LDPC codeis sufficient for the application
athand.

Thetype-Il hybrid ARQ/FECsystemunderinvestiga-
tion usesratecompatiblecodesalongwith code-combining
andpaclket-combiningto ensurethe transmissioneliability
andto maximizethethroughput.A pacletis first transmit-
tedusingthehighestratecode.lIf it is notdeemedorrectly
decodedan NACK is fed-backanda new setof parity bits

is provided by the transmitter(incrementaretransmission).

Thisnew setof parity bits,combinedwith all previoustrans-
missions,is treatedas a codevord of a lower rate codein
the family (code combining) which provides strongerer-
ror correctioncapability This procedurecontinuesuntil all
supplementaparity bits are usedup, and then the proce-
dure restartswith another“initial transmission”. When a
new copy of the samecodedbits (either dataor parities)
arereceved,old copiesarenot discardedbut arecombined
with thenew onegto facilitatedecoding packetcombining).
In general paclet combiningis doneby averagingthe soft
decisionvaluesfrom the multiple copies,and on AWGN
channels this is equivalentto maximume-likelihood (ML)
diversity combining.Specificallyfor LDPC codeswith soft
message-passirdecoderthe input messagéo the decoder
(in log-likelihoodratio (LLR) form) of a bit s; is obtained

by Y5, 2:;52]), wherer(") r® ... +*) arethe multiple
copiesrecevedfor thesamebit s;. Theabovestratgyis op-
timal for achieving high throughputeitherin stop-and-vait
ARQ or selectve-repeatARQ systemsunderthe assump-
tion that the feedbackchannelis noiselessthat the buffer
sizeis infinite, andthat the transmissiorlatengy, the feed-
backchanneltraffic andthe decodingcomplexity arenota

concern.
2.2 Throughput Analysis

A standardmeasurdor the efficiency of an ARQ scheme
is throughput,which is definedas the averagenumberof

codedand modulatedsymbolsthat needto be transmitted
for asingledatabit to reachthe destinatiorerrorfree. De-

finep;, i=0,1,---, astheprobabilitythatthe decodersuc-
ceedsafter the iy, retransmissiorbut fails at all previous

attempts(the initial transmissioris considered,;, retrans-
mission).We havep; = (1 — F}) Z;—;E F;, whereF; isthe

word/frameerror rate ( WER/FER)afterthe i, retransmis-
sion. Thesystenthroughputy, is givenby:

n = Ko/(No+ Y piM), 1)
=1
i—1

- R0/<1+Foi%(1Fi)ZFj>a (2)
i=1

Jj=1

Where Kg, Ny, and M; denotethe numberof databits in
a frame/cod®vord, the paclet size of the initial transmis-
sion,andthe paclet sizeof the i, retransmissionggespec-
tively. It is apparenfrom (2) thatthe errorrateof theinitial
transmissionFj, playsanimportantrole in throughputef-
ficiengy, sincesubsequentransmissionoccuronly when
theinitial transmissiorfails. If F is small,in particular if
Fy — 0, thenthethroughput; — Ry, the highestpossible
ratein the system. Further the granularity of the retrans-
mission,]‘Nf;, alsohasanimpactonn. Smallerretransmis-
sion size M; meansfiner adjustmentwhich will improve
throughputefficiengy, but mayincur moredelayanddecod-
ing compleity in practicalsystems.

Sincethe word error rate, F;, playsthe key role in
achieving high ARQ/FECthroughputjt is crucialto choose
a strongcode.Below we focuson the constructiorof good
RC-LDPCcodes.

3 Constructing RC-LDPC Codes

Dueto the spacdimitation, we skip backgroundntroduc-
tion of LDPC codes. Interestedreaderspleaserefer to
[9][10] andthereferencesherein.A regularLDPC codehas
parameters N, K, ¢, s), which denotethe codevord length,
datablock size,columnweightandrow weightof the parity
checkmatrix, respectiely. We usea sequentiatiesign,the
bit filling method,to obtaint=3 regular LDPC codesasthe
mothercodefor the RC-LDPC codefamily. To ensurede-
centperformancef the mothercode,we have enforcedthe
constraintthat the girth (the length of the shortestcycle in
thecodegraph)beatleast6 in the construction.

We would like to mentionthatirregular LDPC codes
(with nonuniformcolumnweights)have beenshown to out-
performregular LDPC codesin bit error rate (BER) [10],
but the differenceis very mamginal for short codelengths
(a few hundredto a few thousandbits). Further whether
they arealsobetterin word error rate (which is the deter
mining factor of ARQ throughputas shavn in (2)) is less
known andneedsto be benchmarked. We note that word
error rate and error detectioncapabilityis much relatedto
the minimum distanced,,,, of the code. For regularLDPC
codeswith ¢ > 3, the ensembleverageminimumdistance
increasedinearly with codelength[9]. However, this may
not betrue for irregular LDPC codes.Sincewe would like
LDPC codegto assumehedualrole of errorcorrectionand
error detection,it is thus desirableto startwith a regular
codethattypically hasalarge minimumdistance.

3.1 Puncturing

Puncturinghasbeenwidely usedin BCH, convolutionaland
turbo codesto achieve rate compatibility [1]-[8]. It is also
applicableto LDPC codes. Through properpuncturing,a
seriesof higher rate codesare obtainedfrom the low rate
mothercode. The encodergenerateshe full setof parity
bits, but somearenot transmittedpunctured). Thedecoder
insertserasure$o whereparitiesarepuncturecandperforms



thedecodingalgorithmasin a non-puncturedase.

An LDPC codecanbe viewed as a parallel concate-
nation whereeachrow in the parity checkmatrix H acts
asa simplecomponentode(a parity check). Consideran
(N, K) LDPC codewhereL (parity) bits/columnsarepunc-
tured. Thoserows/checkshat happento have “1”s in the
positionsof the puncturedbits aretreatedasbeingerased.
To seehow puncturingimpairsthe code performancewe
examine the effect of puncturingon the ensembleof the
LDPC codesand study the asymptoticperformanceof the
puncturedcodes.

(1) Code Ensemble;

Considerthe ensembleof (V, K, t,s) LDPC codes.
Randomlypick aparity checkmatrixfrom theensembleand
punctureL =pN columnswherep=L/N is definedasthe
puncturingrate. Assumingall rows areindependentthe av-
erageportionof rows beingaffectedby atleastoneerasure,
A1(p), andby multiple (two or more) erasures)z(p), are
givenby:

)
M) = (3)
S
N+ DY
()
S

We obsene that large value of \2(p) hasa destructve af-
fect on the decodemperformance.To seethis, lets getback
to themessage-passimpcodingalgorithmof LDPC codes.
Suppos#its j1, o, - - -, js participatein checky, theextrin-
sic LLR information of bit j;, denotedas L. ;, (z), to be
obtainedfrom checkj is givenby:

S

Le:jk(l‘): E L]'i(x)’ k=1,2---s, )

i=1,i#k

Aa(p) = 1-

(4)

where L;, (x) denotesthe LLR messageontentof bit j;,
and operationt is definedasy = a H 5 = log((1 +
e“eP)/(e® + €7)). An erasurdn positionj; meansts ini-
tial messageontentis 0, i.e. L;,(z) = 0. When multi-
ple erasuregpresentin onecheck,at leastoneterm on the
right handsideof (5) is 0. Sincea H 0 = 0, this leadsto
Le . () = 0,Yke{1,2,---,w}. In otherwords,no infor-
mationis exchanged/obtainefiom this row/check. When
the percentag®f suchrows is large, messagexchangebe-
comesquite inefficient and ineffective. Simulationsshowv
that,in suchcasesthedecodingalgorithmmay getstuckin
a‘“zero-trapping’state leadingto poorperformance.

Solid lines anddashedinesin Fig. 1 plot A;(p) and
X2(p) vs p for coderatesof R=2, 2, 1, 1 and1, respec-
tively. It canbe clearly seenthat puncturinghasa larger
adwerseimpactwhen the mothercodeis of low rate than
whenthe mothercodeis of high rate (the puncturedcode
having the samecoderate),which matchesour simulations
(seeFig. 3 andFig. 5).

(2) Asymptotic Performance:

To furtherinsightsinto theeffectof puncturingwe use
densityevolutionto examinetheasymptotigperformancef

punctured_DPC codesandto quantifytheperformancdoss
causedy puncturing.Hereasymptoticrefersto aninfinite
codelengthand an infinite numberof iterationsin decod-
ing. Theideaof densityevolutionis to trackthedistribution
of the messagepassedlongthe codegraphin eachstep,
andto examinethe portion of the incorrectmessagesi.e.
messagekeadingto thewrongdecision).Detailsof density
evolution on (non-punctured). DPC codescanbe foundin
[10]. Herewe focuson the differencein the computation
betweerthe puncturedandnon-punctureaases.

AssumingAWGN channelsvith noisevariancer? and
antipodalsignalingwith unit enegy (%1), the density of
theinitial message¢from the channel)of a non-punctured
LDPC codeis givenby a Gaussiardistribution:

o _(@=2/0%)% 2 4

fo,nonpunc(x) = 2\/% € 8/o% = N( 2’ ;) (6)

In the puncturedcase the decodeiinsertserasureg0
messagecontent)to where the bits are punctured. With
puncturingrate p, the densityof the messagesbsened by
the decoderis a mixture of Gaussiarand Kronecler delta
function:

2 4
Joune(@) = (1= p) - N5, =) +p- (). (7)

The restof the procedureis the samefor both cases
andcanbefoundin [10]. Fig. 2 compareghe thresholds
computedusingDE of non-puncture@ndpunctured.DPC
codeswith puncturingrate p = 10%, 20%, 30% (regular
t=3). Apparently puncturedcodessuffer performancdoss,
andthe effect is moreevidentasp increasesHence,for a
fixeddesiredrate(afterpuncturing),t is desirablego choose
the mothercode suchthat the percentagef puncturingis
assmall aspossible. However, this will resultin a limited
rangeof achievablecoderates.It canbe seenfrom the plot
thatif thedesiredcoderate(afterpuncturing)is high (which
is typically thecase)the performancdosssufferedby pick-
ing alower ratemothercodeis very large andincrease®s
the desiredcoderateincreases.Sincefor an ARQ system,
thereliability of thefirst transmissioris veryimportant,cre-
ating high-ratecodesusing low-rate mothercodesis not a
goodchoice.

Fromthe analysisof codeensembleand computation
of theasymptotigperformancewe concludethatpuncturing
providesa viable solutionto produceRC-LDPC codeshut
theefficiengy is limited athigh raterangewheretheamount
of puncturingis not large. This is alsoconfirmedby com-
putersimulationg(seeFig. 3 andFig. 5).

3.2 Extending

A strongmotivationfor usingextendingcomedrom the ob-
senationthatthe quality of the initial transmissioris most
importantto achieve high ARQ throughput. Oppositeto
puncturing,extendingbuilds RC codesfrom high ratesto
low ratesby adding more parities. For RC-LDPC codes
built from extending, the initial transmissioncorresponds
to an non-punctured LDPC code,which hasa good WER



in the first transmission(Fy in (2)). Then,additionalpar
ity bits areaddedto reducethe ratein sucha way thatthe
extendedcodeprovidessufficiently goodperformancatthe
lowerrate. Anothermotivationfor usingextendingconcerns
the decodingcompleity. Unlike puncturingwhereall par
ity bits aregenerateatthe encoderegardlessvhetherthey
will be used,extendingallows bits to be generateanly as
neededthusavoiding unnecessargomputationsat the en-
coderandthedecoder

Whereasthis obsenation is not particularly new, it
is not apparenthow extendingcan be usedto realizerate
compatibility for mostof the block codesandtrellis codes.
Previous researchedhave usedrepetition, which may be
deemedhsthe simplesttype of extending,to constructrate-
compatibleconvolutionalcoded5]. In thiswork, we exploit
the intrinsic randomnes$n an LDPC code and proposea
novel structurefor building RC-LDPCcodesusingextend-
ing. Fig. 4(a)presentshe proposedodestructure. Thepar
ity checkmatrix of the highestratecodehas My = Ny — K
rows and Ny columnswith columnweightt > 3 (upper
left partin Fig. 4(a)). The parity check matrix of each
lower rate codeis constructedby padding M; rows and
M; columns,until finally reachinga (Np + Zle M;, K)
code after L levels of padding. A family of RC-LDPC
codesof ratesRq > Ry > --- > R thusresults,where
R = K/(No+Y_;_, M;),1<i< L. To embechigherrate
codevordsin lower rate codavords,the upperright part of
eachpaddingmustbe “0”"s asshavn. The squaresn the
bottom-rightpart (seeFig. 4(a)) have columnweight 3 to
ensurethe resulting parity check matrix also has column
weight of at least3. The bottom-leftareais madereason-
ably sparseo easethe constructionandto save the decod-
ing compleity, but atleastone“1” is neededor eachrow
in orderto build suficient dependenciebetweenthe code
bits of themothercodeandthe newly addedparity bits.

The encoderstructureis shawvn in Fig. 4(b)(c). Like
acornventionalLDPC code,Gaussiareliminationis usedto
derive generatomatrix from the parity checkmatrix. It is
easyto seethatthe generatomatricescorrespondingo the
initial andsubsequertransmissionsake theform:

[I|G0}, {I|G0\G1},---,[I|G0|G1\---|GL].

wherel is theidentity matrix of size K, andG; hasdimen-
sionality K x M;. Thisis importantsincethis meansthat
groupsof parity bits can be generatedndependentlyand
parity bits from the ith groupis not requiredto decodethe
ary jin < i transmission.

As mentionedabove, oneadvantageof extendingis its
low compleity. Tah 1 comparesheencodinganddecoding
compl«ity of RC-LDPC codesconstructedising punctur
ing and extending. As canbe seen,puncturingrequiresa
fixed compleity regardlesof channelconditions,whereas
the compleity of extendingreducesas channelconditions
improve. Most of thetime extendinginvolveslessdecoding
compleity thanpuncturing.

Fig. 5 presentghe performanceof a setof RC-LDPC

4 4

codesof rates 2\3\+5\+5\15 constructedby extending.

As can be seen, extending producesefficient RC-LDPC
codesatlow rates,but doesnot work nearlyaswell at high

rates. In Fig. 3, a family of 33\19\ 15\ 6\ J¢ RC-LDPC
codesconstructedisingpuncturingdemonstrategoodper

formancebut thoseusingextendingfail to offerincremental
improvementn performanceWe obsene thatthe extended
H matrix thereinhasfairly large weightsin the first M

rows (correspondingo the mothercode),whereasrery low

weightsin the paddedrows and, hence,the paddedrows
have little influenceon the overall code. It is shovn that
therow weightprofile of anLDPC codeshouldbe“concen-
trated”,i.e. all rowshave similarweights,in orderto achieve
goodperformancg10]. This hugediscrepang amongrow

weightsmaybetheexplanationwhy the performancef the
extendedH matrixis prettybadin Fig. 3.

3.3 Overall System Mode

With the above discussionand simulations,it follows that
efficient RC-LDPC codescould take advantageof both ap-
proaches.Fig. 6 presentghe overall systemstructure. As
anexample,we constructa family of K =1024 RC-LDPC
codeswith ratesranging from £ to 2 (Fig. 7). The
mothercodeis a rate-ﬁ4 regular LDPC code. Puncturing
is usedto to getrates 2\ £\ £ andextendingto getrates
2\ 3\ 2\ 2\ 5\ & As canbeseengachindividual code
providesgood error correctioncapability andthey collec-
tively offer a steadyimprovementin performanceavith code
compatibility.

Throughputof the proposedARQ/FEC systemusing
RC-LDPCcodesasdefinedin (2) is evaluatedin Fig. 8 for
the exampleconsideredabove. Also shown is the through-
put of ARQ systemsusing rate-compatiblgurbo codesin
[1][2]. We seethatthe proposed.DPC-ARQ systemcan
achieve errorfreeinformationratearoundl dB away from
thecapacitylimit, whichis on parwith turbo-ARQsystems.
Yet, LDPC codeshave lessdecodingcomplexity thanturbo
codes. In our example, the retransmissiorpaclet size is
pretty small (128 bits), hencethe reductionin raterequired
for adaptatioris more gradualthan mostof the incremen-
tal redundang ARQ systemsin literature,and the capac-
ity curve is smoothratherthan“staircase-lile”. Thisis de-
siredfor maximizingthroughput.However, in realapplica-
tions, the retransmissiorsizesneedto be balancedagainst
the overheadof decodingcomplexity, the volume of traffic
onthefeedbaclkchannebndthedelaycausedy subsequent
retransmissionsin caseof need,several small retransmis-

sionpaclketsmaybe combinedasoneto speedheprocess.

4 Conclusion

Efficient rate compatibility and adaptvity canbe achieved
from LDPC codesif the family of codesis carefully de-
signed. The main resultin this paperis thatin orderto
obtaina good RC-LDPC code with a wide rangeof rates
Ry < Ry < ...Ry, it is not a wise stratgyy to usea
mothercodewith rate R; andpunctureto obtainthe other
rates(the corventionalpractice).A specialconstructiorfor



LDPC codeshasbeenproposedvhichusesamothercodeof
rate R; (closerto Ryy); higherratesareobtainedvia punc-
turing andlower ratesthrougha novel extendingtechnique
thathasbeendiscussedThe proposed_ DPC-ARQ system
can achieve nearcapacitythroughput,andis appealingto
a wide variety of packet dataapplicationswherepowerful
codesarerequired,feedbackchannelsareavailableandla-
teng/ dueto retransmissiomverheads acceptable.

References

[1] D. N. Rowitch, andL. B. Milstein, “Rate compatible
puncturedurbo (RCPT)codesin a hybrid FER/ARQ
systent, Proc. GLOBECOM, Phoenix, AZ, USA,
1997,55-59.

[2] R. Mantha, and F. R. Kschischang,“A capacity-
approachindybrid ARQ schemausingTurbocodes,
Proc. GLOBECOM, 1999,2341-2345.

[3] S.Lin, andP. S.Yu, “Hybrid ARQ Schemewith parity
retransmissiorfor error control of satellitechannels,
|EEE Trans. Commun., July, 1982,1701-1719.

[4] J. Hagenauer“Rate-compatiblepuncturedconvolu-
tional codes(RCPC codes)and their applications,
|EEE Trans. Commun., vol. Com-36,1988,389-400.

[5] Z.Lin, andA. Swvensson;New rate-compatibleepe-
tition corvolutionalcodes, |IEEE Trans. Info. Theory,

vol. 46,No. 7, Nov. 2000,2651-2657.
[6] A. S.Barhulescu,andS. S.Pietrobon;Rate compati-

bleturbocodes, Electron. Let., Mar., 1995,535-536.
[7]1 D. N. Rowitch, and L. B. Milstein, “On the perfor
manceof hybrid FEC/ARQ systemsusing rate com-
patible puncturedturbo (RCPT) codes, |IEEE Trans.

Commun., vol.48,No.6,June,2000,55-67.

[8] T.Ji,andW.E. Stark,"Turbo-codedARQ schemesor
DS-CDMA DataNetworksoverfadingandshadeving
channels: throughput,delay and enegy efficiency,”
IEEE J. Sele. Area. Commun., Aug.2000,1355-1364.

[9] R.G. Gallager,Low density parity check codes, (MIT
pressCambridgeMA, 1963).

[10] T. J. Richardson,A. Shokrollahi and R. Urbanle,
“Designof capacity-approachinigregularlow-density
parity-checkcodes, |EEE Trans. Inform. Theory, Feh
2001,619-637.

Tablel. Compleity comparisonpuncturingvs extending

Encoding
puncturing extending
XOR (KZ—K)(RLO—l) (KZ—K)(R%L—l)
OR KQ(RL0 —1) KQ(R% —1)
Decoding (periteration)
puncturing extending
addition 3tK/Rg 3t'K/R;
table-lookup 2tK/Rg 20 K/ R;

t=3, 3<t'<3.3, Ri=K/(No+>_;_, Mj).
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Figurel. Effectof puncturingon¢=3 LDPC codeensemble.
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affectedby atatleastoneerasureandby multiple erasures.
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(2560,2048, 15) mothercode(unextended/=3), 128,256,

384,and512paritiesextended.
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Figure6. Overall systemmodelfor RC-LDPC codesusing
both puncturingandextending
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Figure7. Performancef RC-LDPCcodesusingbothpunc-
turing andextending(/=1024). Dottedline: aregularrate
8/14 LDPC code(mothercode).Solid linesto theleft of the
dottedline arecodesconstructedby extending;fromright to
left: rate8/15,8/16, 8/17,8/18,8/19, 8/20. Solidlinesto
theright of the dottedline arecodesconstructedby punctur
ing; from left to right: rate8/13, 8/12, 8/11. Dashedines:
rate8/20 and8/11 regular(non-punctured) DPC codedor
comparisorpurposes.
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Figure 8. Throughputof the proposedARQ systemus-

ing RC-LDPCcodeswith K=1024andresultsof RC-turbo

ARQ from [1] [2].



