
Rate-Compatible Low Density Parity Check Codes for
Capacity-Approaching ARQ Schemes in Packet Data

Communications
JingLi (Tif fany)

�
ElectricalEngineeringDept,TexasA&M University

CollegeStation,TX 77843-3128
email:jingli@ee.tamu.edu

KrishnaR. Narayanan
ElectricalEngineeringDept,TexasA&M University

CollegeStation,TX 77843-3128
email:krishna@ee.tamu.edu

ABSTRACT
Strongrate-compatiblecodesis importantto achieve high
throughputin hybrid automaticrepeatrequestwith forward
error correction(ARQ/FEC)systemsin packet datatrans-
mission. This paperfocuseson the constructionof effi-
cient rate-compatiblelow densityparity check(RC-LDPC)
codesovera wide raterange.Theconventionalapproachof
puncturingis first studied. Analysison the codeensemble
and the asymptoticperformanceshows that it works well
only at high ratesandonly whentheamountof puncturing
is small. To extend the dynamicrate range,a specialap-
proachof extendingis proposedand is shown to produce
good RC-LDPC codesat low rates. Combiningboth ap-
proaches,efficient RC-LDPCcodesareconstructedanda
hybrid ARQ/FEC systemusing RC-LDPC codesis eval-
uated. The proposedLDPC-ARQ systemcan achieve in-
formationrateabout1 dB away from the theoreticallimit,
which is comparableto turboARQ systems[1][2], yetwith
lowerdecodingcomplexity.

KEY WORDS
rate compatible,low densityparity check(LDPC) codes,
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1 Introduction

Flexible rateisalwaysdesiredin thedesignof practicalerror
control systems.Rate-compatible(RC) codesarea family
of nestedcodeswherethe codeword bits from the higher-
ratecodesareembeddedin thelower-ratecodesand,hence,
canbeencodedanddecodedusingasingleencoder/decoder
pair. They areof particularinterestin packet datasystems
that allow for retransmissionrequestsuchasautomaticre-
peatrequestwith forwarderrorcorrection(ARQ/FEC)sys-
temsto achieve desiredthroughputefficiency with a high
degreeof flexibility .

Key elementsconcerningthe throughputefficiency
of an ARQ/FEC system include a wise ARQ strategy
and,perhapsmoreimportantly, a powerful rate-compatible
code. Successfulattemptsin creatingRC codeshave used
BCH codes[3], convolutionalcodes[4][5] andturbocodes�
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[1][2][6]-[8]. BCH codesandconvolutionalcodesareeas-
ily implementablebut cannotprovide nearcapacityperfor-
mance.Turbocodeshave demonstratedimpressive perfor-
mance,but thedecodingcomplex is prettyhigh.

This paper focuses on low density parity check
(LDPC) codes[9][10] which have beenshown to provide
performancecomparableto turbo codes,yet with lower
decodingcomplexity. Two approachesare investigatedin
this work to constructsimpleandefficient rate-compatible
LDPC (RC-LDPC) codes: the conventional techniqueof
puncturinganda specialapproachof extending. Analysis
on codeensembleandasymptoticperformanceusingden-
sity evolution (DE) revealsthat theefficiency of puncturing
is limited to high raterangewherethe amountof punctur-
ing is small. To extend the dynamiccoderange,we pro-
poseanddiscussaspecialcodestructurewhichusesextend-
ing to constructgoodRC-LDPCcodesat low rates.Com-
bining both techniques,a systematicmodelis presentedto
constructefficientRC-LDPCcodeswhichoffer strongerror
correctioncapabilityata wide rangeof coderates.

Theencouragingperformanceof RC-LDPCcodeshas
openedthepossibilityfor capacity-approachingthroughput.
A typeII hybridARQ/FECsystemusingRC-LDPCcodesis
investigatedandsystemthroughputis analyzed.TheLDPC-
ARQ systemcan achieve information rate at about1 dB
from thecapacity, which is comparableto turbo-ARQsys-
temsin [1][2], yetwith less(decoding)complexity.

Thepaperis organizedasfollows. SectionII analyzes
a hybrid ARQ/FECsystemandpinpointstheimportanceof
a strongFEC code. SectionIII discussesthe construction
of efficient RC-LDPCcodesusingbothpuncturingandex-
tending. Simulationsare provided along with the discus-
sion.SectionIV providesconcludingremarks.

2 Hybrid ARQ/FEC Using RC-LDPC Codes

2.1 ARQ System Using RC-LDPC Codes

A typicalARQ/FECsystemusesbotherrorcorrectioncodes
(ECC)anderrordetectioncodes(EDC,suchasa cyclic re-
dundancy check(CRC)).After thetransmittedcodeword is
decodedby ECC, it is examinedby EDC. If the decoding
is deemedin error, a negative acknowledgment(NACK) is



sentas a retransmissionrequest. When LDPC codesare
used

�
in an ARQ protocol,their strongerror detectionabil-

ity enablesthemto actasbothECCandEDC.Thisobviates
theneedfor anotherEDC,andtherebyreducestheoverhead.
Whetherthe error detectioncapabilityof LDPC codescan
match that of a CRC is not fully discussedin this paper.
Neverthelesswe assumethat the error detectioncapability
providedby theLDPC codeis sufficient for theapplication
at hand.

Thetype-II hybrid ARQ/FECsystemunderinvestiga-
tion usesratecompatiblecodesalongwith code-combining
andpacket-combiningto ensurethetransmissionreliability
andto maximizethethroughput.A packet is first transmit-
tedusingthehighestratecode.If it is not deemedcorrectly
decoded,anNACK is fed-backanda new setof parity bits
is providedby thetransmitter(incrementalretransmission).
Thisnew setof paritybits,combinedwith all previoustrans-
missions,is treatedasa codeword of a lower ratecodein
the family (code combining) which provides strongerer-
ror correctioncapability.This procedurecontinuesuntil all
supplementalparity bits are usedup, and then the proce-
dure restartswith another“initial transmission”. When a
new copy of the samecodedbits (either dataor parities)
arereceived,old copiesarenotdiscarded,but arecombined
with thenew onesto facilitatedecoding(packetcombining).
In general,packet combiningis doneby averagingthesoft
decisionvaluesfrom the multiple copies,and on AWGN
channels,this is equivalent to maximum-likelihood (ML)
diversitycombining.Specificallyfor LDPC codeswith soft
message-passingdecoder, theinput messageto thedecoder
(in log-likelihoodratio (LLR) form) of a bit ��� is obtained

by
�� �
	 �
��� ������� , where � � 	����� � � � �������� � � � � � �� are the multiple

copiesreceivedfor thesamebit � � . Theabovestrategy is op-
timal for achieving high throughputeitherin stop-and-wait
ARQ or selective-repeatARQ systems,underthe assump-
tion that the feedbackchannelis noiseless,that the buffer
sizeis infinite, andthat the transmissionlatency, the feed-
backchanneltraffic andthedecodingcomplexity arenot a
concern.

2.2 Throughput Analysis

A standardmeasurefor the efficiency of an ARQ scheme
is throughput,which is definedas the averagenumberof
codedandmodulatedsymbolsthat needto be transmitted
for a singledatabit to reachthedestinationerror-free. De-
fine !"� , #%$'& ��()��� � �*� astheprobabilitythat thedecodersuc-
ceedsafter the #,+.- retransmissionbut fails at all previous
attempts(the initial transmissionis considered& +.- retrans-
mission).We have ! � $0/ (2143 �65 �87 	� �:9 3 � , where 3 � is the
word/frameerror rate(WER/FER)after the # +.- retransmis-
sion.Thesystemthroughput,; , is givenby:

; $ < 9>= /@? 9BA C
� �D	 ! �FEG�,5 � (1)

$ H 9 ( A 3 9
C
� �
	

EG�? 9 / (I143 �65
�87 	� �D	 3

� � (2)

Where < 9 , ? 9 , and EG� denotethe numberof databits in
a frame/codeword, the packet size of the initial transmis-
sion,andthepacket sizeof the #,+.- retransmissions,respec-
tively. It is apparentfrom (2) thattheerrorrateof theinitial
transmission,3 9 , playsan importantrole in throughputef-
ficiency, sincesubsequenttransmissionsoccur only when
the initial transmissionfails. If 3 9 is small, in particular, if3 9KJ & , thenthethroughput; J H 9 , thehighestpossible
rate in the system. Further, the granularityof the retrans-
mission, L �MON , alsohasan impacton ; . Smallerretransmis-
sion size EG� meansfiner adjustment,which will improve
throughputefficiency, but mayincurmoredelayanddecod-
ing complexity in practicalsystems.

Since the word error rate, 3 � , plays the key role in
achieving highARQ/FECthroughput,it is crucialto choose
a strongcode.Below we focuson theconstructionof good
RC-LDPCcodes.

3 Constructing RC-LDPC Codes

Due to the spacelimitation, we skip backgroundintroduc-
tion of LDPC codes. Interestedreaderspleaserefer to
[9][10] andthereferencestherein.A regularLDPCcodehas
parameters/F? � < �@P � � 5 , which denotethecodeword length,
datablocksize,columnweightandrow weightof theparity
checkmatrix, respectively. We usea sequentialdesign,the
bit filling method,to obtain P =3 regularLDPC codesasthe
mothercodefor the RC-LDPCcodefamily. To ensurede-
centperformanceof themothercode,we haveenforcedthe
constraintthat the girth (the lengthof the shortestcycle in
thecodegraph)beat least6 in theconstruction.

We would like to mentionthat irregular LDPC codes
(with nonuniformcolumnweights)havebeenshown to out-
performregular LDPC codesin bit error rate (BER) [10],
but the differenceis very marginal for short codelengths
(a few hundredto a few thousandbits). Further, whether
they arealsobetterin word error rate (which is the deter-
mining factorof ARQ throughputasshown in (2)) is less
known andneedsto be benchmarked. We notethat word
error rateanderror detectioncapability is muchrelatedto
theminimumdistance,Q)R , of thecode.For regularLDPC
codeswith PTSVU , theensembleaverageminimumdistance
increaseslinearly with codelength[9]. However, this may
not betrue for irregularLDPC codes.Sincewe would like
LDPC codesto assumethedualrole of errorcorrectionand
error detection,it is thus desirableto start with a regular
codethattypically hasa largeminimumdistance.

3.1 Puncturing

Puncturinghasbeenwidely usedin BCH, convolutionaland
turbo codesto achieve ratecompatibility [1]-[8]. It is also
applicableto LDPC codes. Throughproperpuncturing,a
seriesof higher ratecodesare obtainedfrom the low rate
mothercode. The encodergeneratesthe full setof parity
bits,but somearenot transmitted(punctured).Thedecoder
insertserasuresto whereparitiesarepuncturedandperforms



thedecodingalgorithmasin a non-puncturedcase.
An LDPC codecanbe viewed asa parallel concate-

nation whereeachrow in the parity checkmatrix W acts
asa simplecomponentcode(a parity check). Consideran/@? � < 5 LDPCcodewhereX (parity)bits/columnsarepunc-
tured. Thoserows/checksthat happento have “1”s in the
positionsof the puncturedbits aretreatedasbeingerased.
To seehow puncturingimpairs the codeperformance,we
examine the effect of puncturingon the ensembleof the
LDPC codesandstudythe asymptoticperformanceof the
puncturedcodes.

(1) Code Ensemble:

Considerthe ensembleof ( ? � < �FP � � ) LDPC codes.
Randomlypick aparitycheckmatrixfrom theensembleand
punctureXY$[Z\? columns,whereZ2$]X = ? is definedasthe
puncturingrate.Assumingall rowsareindependent,theav-
erageportionof rowsbeingaffectedby at leastoneerasure,^ 	 /_Z 5 , andby multiple (two or more)erasures,̂ � /�Z 5 , are
givenby:

^ 	 /�Z 5 $ (I1
M 7a` MbM b � (3)

^ � /�Z 5 $ (I1
M 7a` Mb A ` M 	 M 7a` Mb 7 	M b c (4)

We observe that large valueof
^ � /�Z 5 hasa destructive af-

fect on thedecoderperformance.To seethis, letsgetback
to themessage-passingdecodingalgorithmof LDPCcodes.
Supposebits d 	 � d � ����� �
� d b participatein checkd , theextrin-
sic LLR informationof bit d � , denotedas Xfe�g �ih /_j 5 , to be
obtainedfrom checkd is givenby:

Xke�g � h /�j 5 $
b

� �
	 g �ml� �
n X � � /�j 5 �po $ (q�ira��� ���*� � � (5)

where X � � /�j 5 denotesthe LLR messagecontentof bit d�� ,
and operation

n
is definedas st$vu nxw $zym{6|}/,/ ( A~��\~�� 5 = / ~�� A ~
� 5,5 . An erasurein position d�� meansits ini-

tial messagecontentis & , i.e. X � � /�j 5 $�& . When multi-
ple erasurespresentin onecheck,at leastoneterm on the
right handsideof (5) is 0. Since u n &�$x& , this leadstoX e�g � h /_j 5 $�& �i�:oI����(q�ir���� ���
�@�'� . In otherwords,no infor-
mation is exchanged/obtainedfrom this row/check. When
thepercentageof suchrows is large,messageexchangebe-
comesquite inefficient and ineffective. Simulationsshow
that,in suchcases,thedecodingalgorithmmaygetstuckin
a “zero-trapping”state,leadingto poorperformance.

Solid lines anddashedlines in Fig. 1 plot
^ 	 /�Z 5 and^ � /_Z 5 vs Z for coderatesof H4$��� ,

�
� ,

	� ,
	� and

	� , respec-
tively. It can be clearly seenthat puncturinghasa larger
adverseimpact when the mothercodeis of low rate than
when the mothercodeis of high rate (the puncturedcode
having thesamecoderate),which matchesour simulations
(seeFig. 3 andFig. 5).

(2) Asymptotic Performance:

To furtherinsightsinto theeffectof puncturing,weuse
densityevolutionto examinetheasymptoticperformanceof

puncturedLDPCcodesandto quantifytheperformanceloss
causedby puncturing.Hereasymptoticrefersto an infinite
codelengthandan infinite numberof iterationsin decod-
ing. Theideaof densityevolution is to trackthedistribution
of the messagespassedalongthe codegraphin eachstep,
and to examinethe portion of the incorrectmessages(i.e.
messagesleadingto thewrongdecision).Detailsof density
evolution on (non-punctured)LDPC codescanbefound in
[10]. Herewe focuson the differencein the computation
betweenthepuncturedandnon-puncturedcases.

AssumingAWGNchannelswith noisevariance� � and
antipodalsignalingwith unit energy ( � ( ), the densityof
the initial messages(from the channel)of a non-punctured
LDPC codeis givenby a Gaussiandistribution:��� g � � �q�*���q��/�j 5 $ �

r%� rq� ~ 7 ���@���*�@� � � �  �@� � $¢¡0/ r� � �
£
� � 5 c (6)

In the puncturedcase,the decoderinsertserasures(&
messagecontent)to where the bits are punctured. With
puncturingrate Z , thedensityof themessagesobservedby
the decoderis a mixture of GaussianandKronecker delta
function:� � g �6���q� /_j 5 $¤/ (I1 Z 5 � ¡0/ r� � �

£
� � 5 A Z �)¥ /�j 5 c (7)

The rest of the procedureis the samefor both cases
andcanbe found in [10]. Fig. 2 comparesthe thresholds
computedusingDE of non-puncturedandpuncturedLDPC
codeswith puncturingrate Z¦$ ( &%§ �ir &%§ �iU &%§ (regularP =3). Apparently, puncturedcodessuffer performanceloss,
andthe effect is moreevidentas Z increases.Hence,for a
fixeddesiredrate(afterpuncturing),it is desirableto choose
the mothercodesuchthat the percentageof puncturingis
assmall aspossible.However, this will result in a limited
rangeof achievablecoderates.It canbeseenfrom theplot
thatif thedesiredcoderate(afterpuncturing)is high(which
is typically thecase),theperformancelosssufferedby pick-
ing a lower ratemothercodeis very largeandincreasesas
the desiredcoderateincreases.Sincefor an ARQ system,
thereliability of thefirst transmissionis veryimportant,cre-
ating high-ratecodesusinglow-ratemothercodesis not a
goodchoice.

Fromthe analysisof codeensembleandcomputation
of theasymptoticperformance,weconcludethatpuncturing
providesa viable solutionto produceRC-LDPCcodesbut
theefficiency is limited athighraterangewheretheamount
of puncturingis not large. This is alsoconfirmedby com-
putersimulations(seeFig. 3 andFig. 5).

3.2 Extending

A strongmotivationfor usingextendingcomesfrom theob-
servation that thequality of the initial transmissionis most
important to achieve high ARQ throughput. Oppositeto
puncturing,extendingbuilds RC codesfrom high ratesto
low ratesby addingmore parities. For RC-LDPC codes
built from extending, the initial transmissioncorresponds
to an non-punctured LDPC code,which hasa goodWER



in the first transmission( 3 9 in (2)). Then,additionalpar-
ity bits

¨
areaddedto reducethe ratein sucha way that the

extendedcodeprovidessufficiently goodperformanceat the
lowerrate.Anothermotivationfor usingextendingconcerns
thedecodingcomplexity. Unlike puncturingwhereall par-
ity bitsaregeneratedat theencoderregardlesswhetherthey
will be used,extendingallows bits to be generatedonly as
needed,thusavoiding unnecessarycomputationsat the en-
coderandthedecoder.

Whereasthis observation is not particularly new, it
is not apparenthow extendingcan be usedto realizerate
compatibility for mostof theblock codesandtrellis codes.
Previous researcheshave usedrepetition, which may be
deemedasthesimplesttypeof extending,to constructrate-
compatibleconvolutionalcodes[5]. In thiswork,weexploit
the intrinsic randomnessin an LDPC codeandproposea
novel structurefor building RC-LDPCcodesusingextend-
ing. Fig. 4(a)presentstheproposedcodestructure.Thepar-
ity checkmatrix of thehighestratecodehas E 9 $©? 9 1 <
rows and ? 9 columnswith columnweight PGSªU (upper-
left part in Fig. 4(a)). The parity check matrix of each
lower rate code is constructedby padding EG� rows andEG� columns,until finally reachinga /F? 9«A ¬� �
	 EG� � < 5
code after X levels of padding. A family of RC-LDPC
codesof rates H 9®­ H 	�­ � ��� ­ H ¬ thus results,whereH � $¯< = /F? 9%A �� �
	 E � 5 ��(:° # ° X . To embedhigherrate
codewordsin lower ratecodewords,the upper-right partof
eachpaddingmustbe “0”s as shown. The squaresin the
bottom-rightpart (seeFig. 4(a)) have columnweight 3 to
ensurethe resultingparity checkmatrix also hascolumn
weight of at least U . The bottom-leftareais madereason-
ably sparseto easethe constructionandto save the decod-
ing complexity, but at leastone“1” is neededfor eachrow
in orderto build sufficient dependenciesbetweenthe code
bits of themothercodeandthenewly addedparitybits.

The encoderstructureis shown in Fig. 4(b)(c). Like
a conventionalLDPC code,Gaussianeliminationis usedto
derive generatormatrix from the parity checkmatrix. It is
easyto seethat thegeneratormatricescorrespondingto the
initial andsubsequenttransmissionstake theform:

±k²
³©´ � ±O²*³©´«²
³©µ �:� ����� ±O²
³©´¶²*³©µ«² � ��� ²*³©·
c

where
±

is theidentity matrixof size < , and
³ � hasdimen-

sionality <¹¸ EG� . This is importantsincethis meansthat
groupsof parity bits can be generatedindependentlyand
parity bits from the # th groupis not requiredto decodethe
any d +.-»º # +.- transmission.

As mentionedabove,oneadvantageof extendingis its
low complexity. Tab. 1 comparestheencodinganddecoding
complexity of RC-LDPCcodesconstructedusingpunctur-
ing andextending. As canbe seen,puncturingrequiresa
fixedcomplexity regardlessof channelconditions,whereas
the complexity of extendingreducesaschannelconditions
improve.Mostof thetimeextendinginvolveslessdecoding
complexity thanpuncturing.

Fig. 5 presentstheperformanceof a setof RC-LDPC
codesof rates

�¼¾½"�¿ ½À�	�9 ½B�	,	 ½À�	 � constructedby extending.

As can be seen,extending producesefficient RC-LDPC
codesat low rates,but doesnot work nearlyaswell at high
rates. In Fig. 3, a family of

	�Á� 9 ½ 	�Á� 	 ½ 	ÂÁ�,� ½ 	�Á� � ½ 	ÂÁ� � RC-LDPC
codesconstructedusingpuncturingdemonstratesgoodper-
formance,but thoseusingextendingfail to offer incremental
improvementin performance.We observethattheextendedW matrix thereinhasfairly large weights in the first E 9
rows (correspondingto themothercode),whereasvery low
weights in the paddedrows and, hence,the paddedrows
have little influenceon the overall code. It is shown that
therow weightprofileof anLDPCcodeshouldbe“concen-
trated”,i.e. all rowshavesimilarweights,in orderto achieve
goodperformance[10]. This hugediscrepancy amongrow
weightsmaybetheexplanationwhy theperformanceof the
extendedW matrix is prettybadin Fig. 3.

3.3 Overall System Model

With the above discussionandsimulations,it follows that
efficient RC-LDPCcodescould take advantageof bothap-
proaches.Fig. 6 presentsthe overall systemstructure.As
anexample,we constructa family of <Ã$ ( & r £ RC-LDPC
codeswith rates ranging from

¼
	,	 to

¼� 9 (Fig. 7). The
mothercodeis a rate-

¼
	 � regular LDPC code. Puncturing

is usedto to get rates

¼
	 � ½

¼
	 � ½

¼
	6	 andextendingto get rates¼

	 � ½
¼
	ÂÁ ½

¼
	�Ä ½

¼
	 ¼ ½

¼
	 ¿ ½

¼� 9 . As canbeseen,eachindividualcode
providesgooderror correctioncapability, andthey collec-
tively offer asteadyimprovementin performancewith code
compatibility.

Throughputof the proposedARQ/FECsystemusing
RC-LDPCcodesasdefinedin (2) is evaluatedin Fig. 8 for
theexampleconsideredabove. Also shown is the through-
put of ARQ systemsusing rate-compatibleturbo codesin
[1][2]. We seethat the proposedLDPC-ARQ systemcan
achieve error-free informationratearound1 dB away from
thecapacitylimit, whichis onparwith turbo-ARQsystems.
Yet,LDPC codeshave lessdecodingcomplexity thanturbo
codes. In our example, the retransmissionpacket size is
prettysmall (128bits), hencethereductionin raterequired
for adaptationis moregradualthanmostof the incremen-
tal redundancy ARQ systemsin literature,and the capac-
ity curve is smoothratherthan“staircase-like”. This is de-
siredfor maximizingthroughput.However, in realapplica-
tions, the retransmissionsizesneedto be balancedagainst
theoverheadof decodingcomplexity, thevolumeof traffic
onthefeedbackchannelandthedelaycausedby subsequent
retransmissions.In caseof need,several small retransmis-
sionpacketsmaybecombinedasoneto speedtheprocess.

4 Conclusion

Efficient ratecompatibility andadaptivity canbe achieved
from LDPC codesif the family of codesis carefully de-
signed. The main result in this paperis that in order to
obtain a goodRC-LDPC codewith a wide rangeof ratesH 	 º H � º c c�c H L , it is not a wise strategy to usea
mothercodewith rate H 	 andpunctureto obtainthe other
rates(theconventionalpractice).A specialconstructionfor



LDPCcodeshasbeenproposedwhichusesamothercodeof
rate H �

(closerto H L ); higherratesareobtainedvia punc-
turing andlower ratesthrougha novel extendingtechnique
thathasbeendiscussed.TheproposedLDPC-ARQsystem
can achieve nearcapacitythroughput,and is appealingto
a wide varietyof packet dataapplications,wherepowerful
codesarerequired,feedbackchannelsareavailableandla-
tency dueto retransmissionoverheadis acceptable.
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Table1. Complexity comparison:puncturingvs extending

Encoding
puncturing extending

XOR /F< � 1 < 5 / 	Å¾N 1K( 5 /F< � 1 < 5 / 	Å � 1K( 5
OR < � / 	Å¾N 1�( 5 < � / 	Å � 1�( 5

Decoding (periteration)
puncturing extending

addition U)P < = H 9 U)PiÆ < = HI�
table-lookup r)P < = H 9 r)PiÆ < = H �P $ Ua�®U«°�P Æ °ÇU c Ua� H2�>$]< = /@? 9 A �� �
	 E � 5 .
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Figure1. Effectof puncturingon P =3LDPCcodeensemble.
Solid linesanddashedlinesdenotethe percentageof rows
affectedby atat leastoneerasureandby multipleerasures.
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Figure 3. Puncturingbuilds efficient RC-LDPC codesat
high rates. Solid lines: RC-LDPC by puncturing; left to
right: (3072,2048,

	�Á� � ) mothercode(non-punctured,P =3),
128, 256, 384, and512 paritiespunctured. Dashedlines:
RC-LDPC by extending (for comparison); right to left:
(2560,2048,

	ÂÁ� 9 ) mothercode(unextended,P =3), 128,256,
384,and512paritiesextended.
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Figure4. Illustrationof RC-LDPCcodesby extending.(a).
Structureof paritycheckmatrix. (b). Parity checkmatrix in
its systematicform. (c). Encoderstructure.
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Figure5. ExtendingbuildsefficientRC-LDPCcodesat low
rates. Solid lines: RC-LDPC by extending; from right to
left: (2048,1024,4/8) mothercode(unextended,P =3), 256,
512, 768, and 1024 paritiesextended,respectively (P =3.3
on average). Dashedlines: RC-LDPC codesby punctur-
ing (for comparison);from left to right: (3072,1024,4/12)
mothercode(non-punctured,P =3), (2048,1024,4/8) code
after1024paritiespunctured.
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Figure6. Overall systemmodelfor RC-LDPCcodesusing
bothpuncturingandextending
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Figure7. Performanceof RC-LDPCcodesusingbothpunc-
turing andextending( < =1024).Dottedline: a regularrateÑ = ( £ LDPCcode(mothercode).Solidlinesto theleft of the
dottedline arecodesconstructedby extending;from right to
left: rate

Ñ = (�Ò ,
Ñ = (�Ó ,

Ñ = (>Ô , Ñ = ( Ñ ,
Ñ = (�Õ ,

Ñ = r & . Solid linesto
theright of thedottedline arecodesconstructedby punctur-
ing; from left to right: rate

Ñ = (
U ,
Ñ = (
r ,

Ñ = (�( . Dashedlines:
rate

Ñ = r & and
Ñ = (>( regular(non-punctured)LDPCcodesfor

comparisonpurposes.
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Figure 8. Throughputof the proposedARQ systemus-
ing RC-LDPCcodeswith < =1024andresultsof RC-turbo
ARQ from [1] [2].


