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MVETHODS AND DEVI CES FOR DECODI NG AND ENCODI NG DATA The
present application clains the benefit of United

wereai7#s31a6 ovi si onal appl i cations 60/ 734, 054 (f PC®SGROV6/000337

Novenber, 2005) and 60/734 080 (filed on 7 Novenber,
1q1ed
mef3R5be AB BEUICES TR BECOBINIOARD EXR DR PR
|nvent|on refers to nethods of decodlng and encodi ng

T Bressel eoRiqatiet ol g ek atURed Saten peavoonsl
apfIREHBRL BOY734 ozs@p@é& &n 7 NovBrhBer, 08P an@BOF/IAUE0 i bn

occurred’ dur data transm ssi 0 be corrected
7 I\hwemtterr %@%)vthq:;ematnd .CORtards bf whidBeanedocqrpersaiad derein ihyw
; ? nlg schene called turbo codes (TC) [1], which
re q:rgngg“ér@ PUPRPEYe performance | evels close to the
theoretical Iimt on an additive white Gaussi an noi se
(AWGN) channel predicted by Shannon's Theorem using a
The pfesant mnerrtiontre@m fumett®ids)f daceding ard écertieg datrhias
weP . %ﬁ'v gerreeconm sts of two recursive systematic
gﬁ\;%l%ﬁfﬁ &0&EC toncat enat ed i n parallel, and as
such, is comonly known as convol uti onal turbo codes
(CTC). Subsequent | Pyndi ah presented the turbo
Fory\ra;dmor@@a@gtwrr Cp CHIBQ is Hgeqvis) coramuicadion;tecknplogy,

o SERREIROBERELARY Sl AR BLAEL e

trarﬁshmssmmlbd cmf@dted at tma n@@é&mg enai Recerilyl Bemuwe@@’itéd
her codi ng rates. advant ages,
a ns gF

Ercadnkschaie CBU%HL{E%% &Oﬁﬁs ?ﬁ@) B‘Hy‘é(h'&ﬁl's ﬁé&?ép of

acﬁlé\?e hgﬁgrrﬁ&?cel@vgﬁtdﬂﬁgé‘bo tf\% th8bletiesl Iinﬁ‘xt DA %&lﬁve white
nications and digital storage systens. ese

Gauwanmo@@lw&wmndehmmted bytsmmoeim'ﬁmmerranemma

f research jn.th fort to ,obtain
sorb el SOl Sip O hitsGkE Aeparteh Mo Bg i Eréme
con%i%?ls iof @ redsRarsyBteMdtRY do ﬂ\@lLﬂioﬁonﬁﬁ%rﬁo neatdraestFinng
parallel and as such, is commonly known as convolutional turbo codes
(CTC).

Subsequently, Pyndiah presented the turbo product codes (TPC) [2][3], as
well as an efficient decoding algorithm for the turbo product codes. The turbo
produét codes show a performance comparable to the convolutional turbo

codes, and are able to support higher coding rates. Due to these advantages,

turbo product codes have been used in the physical layer of the IEEE 802.16

network, as well as in satellite communications and digital storage systems.

These two recent developments demonstrate the tremendous amount of
research work in the ongoing effort to obtain coding schemes with higher
performance levels. Additional research effort is also spent on reducing the
decbding complexity of these new coding schemes. For exampile, in order to
further reduce the complexity of decoding turbo product codes, the Chase
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decodi ng conplexity of these new coding schenes. For
exanple, in order to further reduce the conplexity of

wdecerdissuiget ur bo product codes, the Chaseal gori pamisG4406/000337

is used to obtain extrinsic informati on on each bit

algo&lﬂw iﬁé]gg utg% é% %)S{eﬁrt\ eYd?m% ﬂﬂjrﬁﬁtloﬁ% saihsie positien for

I'ned in t e respective i ndependent
iteraivéideBodihgt he present application, make further
contributions towards this effort to obtain coding
schenes with higher performance levels. In a first

TheiBRGHs ShdldiRidday 88ldeRRed in TR feegectivetindegbnderareiaimsiaf

a sequence 1S provi de d, conpri sing gener atin
the praseat apmwat:onemakeéqnmleefmtrMétO@ﬁrWWﬁHbS this e QngO pbfain

the plurali t est. seque such that each test
COdE‘Qcﬁ%‘ﬁE@Sdﬁ‘"wg eﬁp&ﬁﬂormgn%%ﬁglgent test sequences by a
respective predefined nunber of bits, and carrying out

a maxi mum | i kel i hood process with the orderea est

In asergtiespees obine intentionp@ mathod Gatege ﬁw A BRI
gener atin

LR B R g s

det&fnﬂmng% or‘éi‘émﬁtﬁé%r%hweéﬁtswugaoes aauchghat each test
of test sequences a first unit

seqdenee mfﬁelrmg'oanltsbad@ceﬂb’ﬁest ﬁ@qLﬁng,‘eg yt@rqﬁpepﬁgq predefined
num?%ucg(rhctgiglﬁ(? ﬁg%@%ut%gxﬁﬁ%{) iIREFHETESrobbS Qith theom

sequences a respective predefined

ord BHHREt SdqUiirices amidctha insutaiada seqmeriaﬁtheaebwgg@ereulﬂg 8
ﬁHXIﬁUﬁ1|Ike|IhOOd process with the ordered test

maxmqmeh@é&Q&@ﬁQﬂM@nPﬁput dat a sequence t hereby
generating a maxi mum | i kel i hood sequence. In a third
aspect of the invention, a conputer program product

In av\becgdmd adpest eﬁmdeupeelnm a dengdind:deviae kerrovigeds samprising
performa me
a cbab e el et RRbeg SRR E e
dettéﬁﬂh‘\?rggc&ﬁ ordiii8F m@pIU%IWoD@ESedwncbbesmmm eagzh tesst
est sequences, such that each test se nc
seduameldlfﬁerad[m dntadjacant i seAURRCARD 3éa ;b%cgwp\péege’rsned
nur{%EgS{ lﬂgsg Br%gééoan urktt ot caftfhg Tt o/ instintiuth IRkelifoddTUm

process with the ordered test sequences and the input data sequence thereby

generating a maximum likelihood sequence.

In a third aspect of the invention, a computer program product which, when
executed by a computer, makes the computer perform a method for decoding
an input data sequence is provided, comprising generating a plurality of test
sequences, determining an order for the plurality of test sequences, such that
each test sequence differs from its adjacent test sequences by a respective
predefined number of bits, and carrying out a maximum likelihood process
with the ordered test sequences and the input data sequence thereby

generating a maximum likelihood sequence.

One embodiment described below can be seen as a modification of the

Chase algorithm. A reduction of the complexity with respect to the original
2
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with the ordered test sequences and the input data
sequence thereby generating a maxi mum | ikeli hood

weequaiskrs One enbodi ment descri bed bel ow can PeTs62006/000337

as a nodification of the Chase algorithm A reduction
: . i
Chére BEErRATL T Aol pFERRE thn 1 actfofid. SRR AN
ma;mmbmde atrangingrthy téstclegdenees andi thgt eheh tesitsegaguesces
B OB ARG S SHEFS PP GBI r TP SO B
andBb@&inlhg @ rfeweauﬂwafdr%rﬁwtmgm%udwlw lrRlicRbE RIpi 11ty

I ndi cat or maxi mum |'i kel 1 hood sequence, conprising
mazinuerefliketiant sequsingai agmptisingis ¢aafticiest ibeludingnthene

ditrEFation hgged Bie, AR i and nd Wit B I naximu
nkeﬂh%@%éqweﬁ&e trivg dﬂh%léklgdoﬂh@%rﬂhwmbbgés @ith the

ficantly reduced nbodi nents of the invention
modﬁ@dgéhasa)aﬂgon@nuaﬁgméﬂanw gidwsed] n one enbodi ment, a
reliability indicator for the maxi mumli kel i hood
sequence generated may be determ ned. |n another

Empadpeeneif thd heeahieh femarg@tfrohofhet depdrrienabialirsy
i ndi cator for maxinumlikelihood sequence obtained

corrpri ses the difference between the nmaxi num wei ght

h .he - ' [ i J e.
in G GrBGAHTATS (ot Bl Br & FAat RERHE0ES
seqwéﬁcélgdnetafted rmtay:bé detdrarinaghranotheriephbddiodns,gheence
aobtai ned furth ri ses the, nunber .of | east

cogfi¢ipnhiog thy 'fe“a%m indleatonior maximumikelinoac Fedkenge

obtéfﬁ% D eth@to‘ﬁ%reﬁé? Be %?f | Raxiilin Wil ﬁbéﬁd ﬂ%
ndi cat or or naxXIi mum 004 sequence g ner ate

welgdat of ’Ehet roasinwith mleelqunuse;wemenb*estu#amqtm@' erebadimant, the

odffeiaftion e rap Y deetdh ot maseavgReUod S idknoe

obt'alrks%i' fuRpefcsRpHSSs hedRiRbat 6leadiatligiamn sositits inahdut
is not limted to, the extrinsic informati on of the

maximikelinoed semisncecannar@ied. | n one enbodi ment, when
an error is encountered, the test sequences nay

As used herein, the reliability indicator for maximum likelihood sequence

generated refers to a value computed to measure the relative reliability of the
maximum likelihood sequence obtained. The reliability indicator for maximum
likelihood sequence generated, for example, may be but is not limited to, vthe

extrinsic information of the maximum likelihood sequence.

In one embodiment, when an error is encountered, the test sequences may
be perturbed. In another embodiment, the test sequences may be perturbed

by inverting predetermined bits of the test sequences.

In one embodiment, the respective predefined number of bits is 1. This means
that two adjacent test sequences differ only in 1 bit.
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be perturbed. In another enbodi nent, the test
sequences nmay be perturbed by inverting predeterm ned

woibw/088126 he t est sequences. I n one enbodi ment PCTS€2006/000337

rﬁzpeftive predefined nunber of bits is 1. This nmeans
"o . ,
Ina %‘?‘{&%aﬂ&ﬁfg% %f‘?im&ebﬁcm’tim%s pec?p%r?dd;dri]@ ?ﬁ\%pr?tt :dc? E]al a,
seqlgag{nc{)egie méviegcfcﬁmgriang detarminiag at ieast eneencedivadiaiiq,
( sing determ ning at_ | t | |

oscamipoas o s sssabt iR SRR Pt o

n ) I % . . f !
SeQ'ﬁ%{(% @?&gﬂgﬁ@grﬁ#maﬁ@aogg at i onsn("tc])ﬁbtg F}agminﬁpmgtu hgaai?gtﬁ
datdREtixusiag e bhieast oheascoding neaisis @MnIRELREEYr r anged

t hereby generatin n.encoded data block. In a fifth
gena@é@gtarbﬁn@qféeﬁ%‘gr@?% an encodi ng device is

provided, conprising a first unit for determning at
| east one encoding matrix, a second unit for orderin
In atilfé @$peotas theoinvertinr, @NrRNOPEINg ceies i poNied, SOW‘HT'F'H‘B a

~unit_for arrangi t ' i

frstuficior SataiS ) ashana e TR R HEgn Pk AT

ord&*ﬂgd fitd é’géa%ﬁ@snéddwg naiaderinmined) =i thirdtunit far | east
one” encodi ng matrix arranged t hereby r%en,erati ng_an .

arreenpraglte: idpubdatacssiquenge inte iaﬁtlﬁpg’rsq,q;@t afirix; dad 2908t unit

i nyention, a conputgr. . i
for getA B SRy Al BT Fle P AR FRES (Elnd et oaithe
enc%?r@fn‘?'\afrﬁ( al?a6gst tHeray gemeratidgioa erepded ciata block.

provi ded, conprising determning at |east one encoding
matri x, ordering the at | east one encoding matrix.

det er mi ned, g - :
n S o S, 5000 i aron L e
exéncg:ﬁtii 29’ gﬁc?;grgmtgr,mamsmatdmmmter pexiorne agnethegddphgncoding

! : ed there L
an ot kAt e aashcs: e oo st g g Rl EEfeekPore
en@ift) RRfiRYorEBARG ARDNBatitneonesting nattix detesmired; hat

e val ue of each columm of the original encqodin

arramgingthe input date sequengednigean IRy dal BREbHEAdRe Prming
opera oA o%etﬂgrir%u%%a‘{\é HhtifLSin&HE at least one encoding matrix
arranged thereby generating an encoded data block.

lllustratively, a new encoding matrix is obtained by rearranging the encoding
matrix such that the value of each column of the original encoding matrix is in
ascending order. For an encoded data vector generated with this new
encoding matrix, when an error occurs, at the decoder side, this error may be
corrected directly using the error syndrome generated, simply by inverting the
bit value in the position indicated by the error syndrome. However, for an
encoded data vector generated with the original encoding matrix, further
processing on the error syndrome generated is still needed in order to be able
determine the position of the error bit. Accordingly, the decoding of an
encoded data vector generated with this new encoding matrix is simplified.
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encodi ng matrix, when an error occurs, at the decoder
side, this error may be corrected directly using the

wenrowrosspendr ome generated, sinply by inverti ngPClSGRINK/000337

Xglue in ;he position indicated by the error syndrone.
wever . ; ; | th
in ofp g a et 587 25 RS Be SR IR T A XIRAGEARES e ' e
ord @Yy Syaingenaeolanaisear the abtdast oneededding roatdésuch

b ble d ' iti ;
thatdbe rapaggics Fepraseual ey P ikt futpdiraliiarg n an
ascgﬁﬁgbﬁﬁgﬁwm&e%qhé bREW LS (AR cORESPOndsSto the least

_ ~one enbodi nent, the at |east one
sigrifierdibitofrssichicolurber i ned may be ordered by arranging
the columms of the at |east one encoding matrix such
that the integer values represented by the bit val ues

i . . . A
In ofgR, TGS o frl & EABRAENTAL delBbo Rty e appeiache
aftesitigarightracet doiumnfof tecat leastane encoding maibe dpipERined,

N TR W e

the 'E?Hébs’f eﬂ@&&’l’hg rSEix cEAnE@VHeTbredthedtleastiomedsncaldings
nmay be appended bel ow the bottom row of th? at | east
matixcietemginettis drdated dnranedieer erabesimanicthgicolwnaof one

ncodi. n trix det i [
pregRsaTHER A UEn e Aeur R L gl eI apt TP RN O e
pre\@/gﬁﬂh%’@ﬂ gdluas maeheasowastalltdres: ow of predet er mi ned

es may be a row of all ones. In one embodinent,
predeterm ned rows of the encoded data bl ock or

redet erjg ned t I b
In Qe BRI, R Tne g o RO el St Rk Tt o
predefriimedisolbiirs affthe leacededdath black Nk reagvesk In

ancthor AEPOSIBBRl AETBICIEEMSR SR oL R s D8 ghEbded
da\t‘?ﬂﬁ%lo%zIr g?glt be flrfoved Se@plddedstith pretieeémeined datadilmpet |,

erm ned data may be cyclic redund heck
an¢tBRCEMibmdiment, theaprasieteravned data MRy besd ﬁ@HOf?ﬁqF%%g (th?@»

In gﬁl alrQﬁH(tar g% 8d|sr’1$&%?{ﬁ%epr358’féirrql%d data may be cyclic
redundancy check (CRC) data.

It can be seen from the method of decoding an input data sequence provided
by the invention give the following advantage, namely, a decoding process
using the method of decoding an input data sequence provided by the
invention has lower complexity compared to a decoding process using the

original Chase algorithm.

In addition, it can also be seen from the method of encoding an input data
sequence provided by the invention, give the following advantage. For the
encoded data vector or block generated using the method of encoding an
input data sequence provided by the invention, when an error occurs, the bit

position of the error may be directly obtained from the syndrome computed.

5
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by the invention give the foll ow ng advantage, nanely,
a decodi ng process using the nethod of decoding an

wonpurossiab a sequence provi ded by the inventi onPOaSG2006/000337

| ower conplexity conpared to a decodi ng process using
Adgb&ii@glygﬁheaieoﬁﬁa@eofad;]rggnd:ddw data vedttirtar diocki gerwaateal wsing
e seen fromthe nethod of encodi ng an, i nput data .. ,
the gratlor QF pheRdiaR andypytifiata ﬁ@%H‘Eﬁ‘%‘% oy IC@W&]@‘% BV eHA
siifiwfit age. For the encoded data vector or bl ock
generated using the nethod of encoding an input data
sequence provided by the invention, when an error

TR PR A9TEA 2y ARACORES 0o i SR T e Fiipe 8 e
deB88RE dHPinBlit @ata Ade GRHANY ACdtR6A OF chtodikg 2RNApal &ta

usi ng the nethod of encoding an i nput data Sequence
sepuencelpbvided, lage analogously, valid fei theldevieas. archihe computer
enbodi ment s whi ch are described in the context of the
ProgeAbAr S Cecodi ng an i nput data sequence and the
nmet hod of encodi ng an input data sequence provided,
are anal ogously valid for the devices and the conputer
Figuredh shows adoesmsunicpiion systeghaseerdingdeneng eabpdiment of the
systen%ggéording to one enbodi nent of the invention.
Figﬂﬁ%? “Yhows the syndronme and the internedi ate steps
during by the encodi ng and decodi ng processes
according to one enbodi nent, of the invention. Figure 3

Figweva shows hanpindremeand ihsdnisragdiate strprs qurmg) by fegur e
4 shows Rl a??&a&@&eo?(i)@%f)?oée‘%@?a%&g toctﬂﬂeeeﬁfﬂg&%ent of the

accordrngTto an nent o e I nvention. Figure
showsvemtioanpari son of the decodi ng conpl exity of
square turbo product code (TPC) encoded data bl ock
wth n+t 1 colums and n+ \ rows between the original

FiGhaS£siRb e bihtxahig of BeurFedbbbiagk SRRSEPC).

Figure 4 shows an example of a turbo product code (TPC) according to an

embodiment of the invention.

Figure 5 shows a comparison of the decoding complexity of square turbo
product code (TPC) encoded data block with n+1 columns and n+1
rows between the original Chase algorithm and the modified Chase
algorithm according to an embodiment of the invention.

Figure 6 shows a comparison of the decoding complexity of a (64, 57, 3)
Hamming code block between the original Chase algorithm and the

modified Chase algorithm according to an embodiment of the invention.

Figure 7 shows the performance results of the decoder according to an
embodiment of the invention.
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al gorithm according to an enbodi ment of the invention.
Figure 6 shows a conparison of the decoding conplexity

woho@/068¢ 57, 3) Hamm ng code bl ock between tRET/SG2006/000337

original Chase algorithmand the nodified Chase

F@'fleﬁawg@ %ﬂnmba@oﬁ e¥aamemabe@rafng% drftCemBYBMdRBf

ure ormance resul t's of the decoder
ﬂmﬁwwenwbmg to an enbodlnent of the invention.Fig. 1
shows a comuni cati on system 100 according to one
enbodi nent of the invention. On the transmt path, the

OrfF IEBEH St baih, %écﬂﬂhﬂ.@ﬁbaﬁi@%a/sf&ﬁ 180 doniptiseRtdrpn

source and |nput t ransducer a source encoder
infadBatian sdlzme e@nddnpwidanstoseahl! L aﬁllg‘lCEeﬂnCﬁﬁ@Dﬂ Q8.0

chanehencPHRE 30 SR8 AR MOsuBIER: alofg) tsiBralt
meHﬁé’t‘i’cﬁ’f sdte dndansiraraiiduese poewillos p@cméstsbd byi thietsalurce

ul ator 107 before it is transmtted.

encoderst3, tiee chagtellensadere$0% And diae dwl’f@hmﬁ)ﬁléla@@@l)bﬁ@@ it

o @hPk 28 3he ghRED KheE BBkl AESRYEE, DipRbre
an‘hﬁﬁ@bt fRsredeficfbhd) astHmisedicdrsiddsdl, a channel decoder
a source decoder 115 and an out put transducer

117 The received signal is then processed through the

Orgﬁ?’r%:&g \)\;ﬁspagﬂ t‘\gec Ehl\é?t@%?ﬂehm(% gﬁfngh@eé %tcﬁ%@eﬁe a

R |ca e signa ener at e
deh’(fjﬁd?{ét@t 1o, @Ohamfel ﬁi@dodepvw ta sowdedecode115 and am

i deal scenari o, _Each conponent op the trans p
oued tE?r@QPP@SanJ EoaE0 At i iheneprpee syt theo,

hes ot Fec'eﬁl SRAPNGHeFRF RAREvel A SigPal Whtth is identical
ransmt pat I'ts corresponding conmponent on the

to thee signal g;mtdrated mfwmmn rseurctegnd nput ransducer tQipirtan
|d¢ql%cal transm ssion in the conmunication system 100,

ENF%sible that errors may occur in the signal.
Errors usually occur during the

Each component on the transmit path has a corresponding component on the
receive path. For example, there'is a channel decoder 105 on the transmit
path, and its corresponding component on the receive path is the channel
decoder 113.

In a typical signal transmission in the communication system 100, it is
possible that errors may occur in the signal. Errors usually occur during the
transmission of the signal over the channel 109. Accordingly, a channel
encoder 105 and its corresponding channel decoder 113 are provided in a
typical communication system 100, to reduce and if possible, to eliminate

errors which occur during signal transmission over the channel 109.

In this case, the channel encoder 105 may be a turbo product code (TPC)
encoder, which may be implemented by the method of encoding data
provided by this invention. Correspondingly, the channel decoder 113 may be

7
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transm ssion of the signal over the channel 109.
Accordi ngly, a channel encoder 105 and its

woani7@spiandi ng channel decoder 113 are provi de#CTSSGan06/000337

typi cal communi cation system 100, to reduce and if

a G et hEF LG B e RhR AR Be T plm St TRing the
métase of tbeodingizeh providiteby #0S inventibr. a turbo product

code (TPC) encoder, which may be inplenented by the
nmet hod of encodi ng data provided by this invention.

T G e B e o e
using the method of decoding data provided by this
In et Snhaseiond dpaprriRg, HenoliinGiRuinglig ISUSar  Ehks 1 2
£ al . . . ® : .
R g B iR oty B R R LPie® P iy Ridtk X TRl

redadl LXrefers tothb ! sldmea@aral x’ X Ho®fetes, if X AR/ hds eheramtthen
of xr’ . However, if X only has one row, then XJ refers

x 1 1R1dr386 the ¢ 88RRENt@F X< . C denotes a Hanming code
‘encoded data vector (n,k, d) with a generator matrix G
and a parity check matrix H, where the code length, n
=2m | , the nunber of information bits, k = n~m

C 888of8%: HhﬁinﬁriHﬁ‘dd@@Erﬂ:@dgd b 08ctof (7. 135) WA £g8hérator
I nteger value. I n addition, the code |éngth, n; and

matiR Ganrber parityichbok weadtfi B, bilese the code Erajtis,or +12f"eglethe
values ms a settable value, with a condjtiopn that m3

numbenadynipeEmation bief s@ 1 aNding ERImYM 9 G= (I kK

Bkt hs LRk 568 o ' | fheR th, n, and

cisgEodisi 131 Whefs, 42 o ibgBPafu, - 3adHRbh, theGode tongth. gy an

thenmvmber iof fifeseatiartbits; &, ard &lso|intege) valuds. eiaamseiiable
each of the matrjces Hand Pwith nF 3 is shown in

Vaﬁéﬁaé(‘f'&b%§°(@)“9n(”2§t,m " (3), respectively. It can be
seen that when m= 3, n=7and k ~4. 00011001
00101

G may be represented in a systematic form as G = (I . | P) with the & x (n—k)
parity sub-matrix P. Accordingly, the corresponding parity check matrix H may
be represented by H = (PT |Ik) . An example of each of the matrices G, H and

P with m = 3 is shown in Equations (1), (2), and (3), respectively. It can be
seenthatwhenm =3, n=7and k= 4.

1000110
010010 1
G= (1)
0010011
00017111
110
10 1
P=lo 11 (2)
111
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G=0010011(1) 000111 1The encoding
process for Hamm ng codes is typically denoted as c(c

WO0-2007/083129 = cv ---,ck)G using the generator RarASGO0&E000337

The information bits may al so be encoded using the
parity check matrl é E s when k > (n -Kk)
t he encodi ng proc s us he’ pafity check matrix H
requires a | esgkes| hurgber d)f Ocdnpo@tations. In these (3)
cases, the encodi g qr0fe§sousd ng|the parity check
matrix His inplenented based onnftH T = 0 , such that
the n - k parity check b' sck+l ,---,c n are obtained
as follows: G =cl j + CP 2J + - + ckPkj k <j n

Thshop g, @%ﬁ%ﬂﬁﬁéﬁﬁﬁ TR B Ao o
@' L. bl)& (%Ol UG, Eﬁha@%@@@h@rat@ﬂnﬁﬂb@@l The ([Fbrméatieh bits
par ity 8ck fatrix has values of (3, 5, 6, 7, 1, 2,

maY) alb@beddricodbd usingiesparit ehedt hratid Hs Irothet desesapherow
is the | east significant bit LSB? val ues. |f a si n%le
k trrok) d@@modmpr@ﬁaﬁ%u@ng.the pagM gheekjmatrixd requie
d f th t h
les3br e A6 SopbREeRT It e fasr the P 58@@5@?9@%8"8"1%%‘5
theeggﬁg%eeck Rfathk rI-Pirs |Tf1%?érﬂénte'3‘5§éé@d% % t- ﬁe#‘uéﬂz tHat e

nents are to zero except
n—lqujmweﬁéck blts?akjrl,e« g Jarefolbtﬁiné@esﬁtyllwvsme of the
recei ved vector s is given by s = rHT = eHT = hJ (5)
where hj = 1 denotes they-th colum of H . For
exanpl e, thec|p st b, pesstb|ms, syndijcves for a single (4)
bit error in the Hanm ng code encoded data vector
generated using the parity check matrix H given in
Equation (3) is shown on the left section of Fig.
Hal‘nlﬁrrtgmcﬁmsd’uam 6pcial propeetysolchrifnat théir Iﬁaﬂt&ecl'mqkrmatrb(d-l

naBRteTeRV AP BT el DReoal! LR BT 1) Redprty

chb&k AEex M maes \t/é]aeQ bt (PSSi6! 70N, 2f4)tfBEaR [t§ @blunhils, WIRE the
to achieve th

bits-on the top row |s the least significant bit (LSB) values.

If a single error occurs, for example, in position j, then the syndrome s of the
received vector r denotes the column of H in the position in which the error

occurred. Let e denote the error vector. Assuming that all of its components

are equal to zero except for the /" component, i.e., e; =1, then the syndrome

of the received vector s is given by
s=rH" =eH" =h’ (5)

where h’ =1 denotes the j-th column of H . For example, the list of possible
syndromes for a single bit error in the Hamming code encoded data vector
generated using the parity check matrix H given in Equation (3) is shown on
the left section of Fig. 2. |
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the columms of the parity check matrix H may be

rearranged such that the values of the colums are in
wanoadsendi ng order. For exanple, in Equation e8Y/SGa®e6/000337

shown earlier, the parity check matrix H has val ues of
Fr()ﬁw Eéuaﬁbn &), #th@colé%n%%f I-%Fe éiﬁre%@éd’ﬁ‘é‘%he Nh@hﬁ‘ the

bit at etop rowis the least significant bit (LSB).
resgﬁae@mrtmr@ﬁthg erios Iomltloestheorthel\raluetcsf thelsyndeome Smay be

difegty yssp 1 et tri it bSO G thel &30 04 Bt Bkfievt'his,

the®@bntngof fiieqiaritn eh&ei marixcHefisy BBtrehahbdyudiethat the
expressed as The Hamm ng code encoded data vector

valigsepihecolisnng atehie amaseending PEIEL. r ear r anged ver si on
of the original Hanm ng code encoded data vector wth
parity check matrix H 1In general, for a (n, k)

' . » = I K.= vl
FafERE e B Eouibl &) asown 8fer the PRl siiacKmAtE /1 has
values?of (8, 5; 6, 2M, 21 49fortl utsT&tﬂumt whbrd i tﬁﬂgtqﬁ@doplréw is
are arran ed startln%at col utm nunber 3, witht

thg éﬁﬁ:st@ ifrgang b LGRS B}t rearigmging theneduesior ailﬁswa@nns as

oo b 6 b RS el RG R ROGERMT ' & e,

for t he Hamm ng code encoded data vector generated

usi ng the parityjcleck pgatyrig the syndrone s is

first conputed ing Equatio ) fromthe received
vector. The ‘sym Soﬁe ]coﬁ‘p@te § then usedto obtain (6)
the correspondi hg @&rr@ripdttern/froma | ook up table.
The corrected received vector i's then obtai ned by an
excl usi ve-OR (XOR) operation on the received vector

Altmoativedy,dhe genpettioarai th&ontatax) bk frohy thet parity checloatation H
s can be recovered fromthe corrected received

bi
m%)lébg(ﬂxpgﬁs(sgp Fenovi ng the parity check bits. However,

for the Hanmm ng code encoded data vector generated
usi.ng the matrix Hn a hard deci si opydegodi n S @as
to lrrﬂl efredt ki Acd} he syndrone s, %o%u?ed@bl ®

HEQuat ipn1 (3) .0 diir ¢ Iy—grvvs—'th@ﬂ:) 0 posiltion (f 1t hk
erfor. The blt (7)
0" 1 0 1 0001111

The Hamming code encoded data vector generated using the matrix H, is a
rearranged version of the original Hamming code encoded data vector with
parity check matrix H. In general, for a (n, ¥) Hamming code with n = 2" -1
and k= 2" — 1 — m, the parity check bits are located in the columns numbered
1,2,4 ... 2" - 1 of H,. The rest of the encoded bits are arranged starting at
column number 3, with the same ordering as when the parity check matrix H
is used. This will be further described subsequently, with the illustration of Fig.
2.

At the decoder side, for the Hamming code encoded data vector generated
using the parity check matrix H, the syndrome s is first computed using
Equation (5) from the received vector. The syndrome computed is then used

10
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in error is then inverted in the received vector, in

order to obtain the corrected recei ved vector.
wOohe@bsize, there is no need for the step of reCesGRVg000337

to a look up table to obtain a correspondi ng error

adr Cdi .
LA e BioRBoRUiny R SRR KB a AN L I Borfaoted
redeivedyvelstorus dbrt obtadthdtiey aih exclusiyle@Rt(inE) dbﬂs?rlatign ba the
duct d PC) d [ ce ich will be,
rebEr bl et b rniators SGECRBHy e foEmation bits can
b& RelieRst RBA mémiewednr&%ﬁfea%cwa@?qg%@irg;%@ﬁarirty
vectors generated using the parity check natrix and
chepk bitgt rix Hr are illustrated, as shown in Fig. 2. In

this illustration, the information bits are taken
as(e,,-,c ) =(1, 0, 1, 0)201 . For the parity check

HEWEVEX fdt tHe i Hem PR EH @8 ehdddddPdaBhaickort e?élbbtuéir?d‘g\“ek

bits, the Hamm ng code encoded data vector generate
magixghy erhasgl decisiorsdecoding s easy(to,implennentgince tE yyrebame

. o . i bi t -

s el b EARLE. oty s b i ity o g eregr, T it

ink®trdriis therr inveried i {He redeivel vebtorlin drilePRPobtalifthe corrected
syndrone s of received vector is conmputed as follows s

receivegt veciars harstere, these ys ao needdon the stegpf wfering teea look
ury KK B 3irP 3 o8y Bondiha dior bhrtefto b Rfns HBetiert
AcdordihglyOthid prajistty ofdiaminting thdés jbreted asipgribe ntatrix H,
e bgi 48 1o dedurs thiramblensgT e ikd nEde! opeg (RS)
d@%{r@%@%e@@ Viieh VAf Bb\ﬁ%%ﬁﬁﬁé‘d Qgtgé%y&%ﬁgef ror pattern,

506150 1) , which is s the encoded
data vector 203. For the parity check matrix Hn from

Lon (6 it can be seen that the parity check Nhi
ATA IR Telnte) e Bieding S51 dirsing efises forencpdsd data
vedtors Yeuerated@ising the parity check matrix H and the matrix H. are
illustrated, as shown in Fig. 2. In this illustration, the information bits are taken
as(c,+,¢,)=(1,0,1,0)201.

For the parity check matrix H, using Equation (4) to obtain the parity check

bits, then Hamming code encoded data vector generated is given by

(c,++5¢,)=(1,0,1,0,1,0,1) 203. During transmission, say, an error occurs in

bit position 2. Therefore, the received vector r is given by
(7"1,"',1",1) = (1: 1: ]-9 O: 1: 09 1) 205.

The syndrome s of received vector is computed as follows

s=rH" =(1,1,1,0,1,0,DHT =(1, 0, 1)” . (8)

Using the syndrome s obtained, (1, 0, 1) 207, from the look up table, the row
209 corresponding to the syndrome value of (1, 0, 1) 207 indicates that the
corresponding error pattern is (0, 1, 0, 0, 0, 0, 0) 211. The corrected received

vector, obtained by an exclusive-OR (XOR) operation on the received vector
11
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transpose of the parity check sub-matrix Pt , may be
obt ai ned by deleting the colums nunbered 1, 2 and 4.

weénramoskize matri x and Equation (4), the 3 parleTBh£mkmmB37
bits are obtained as (1, 051) . Accordingly, the

e FRERfor M. )94 oL 0L ETHE QA tBRARs I phctes

dé?%VéctbPZOQ' umm nurrbers 1,2 and 4, and then |nsert| ng
e information bits (I 506 150) 201 into the

remai ni ng columms, starting fromcolum 3. Assum ng

that an error had occurred in bit position 2, the
Fardbe |paaty M’e&d(onaﬁnxﬁsb frbm Bfaation (63.1i6¢an be S@enltbay the parity

chegkgﬁ?e nglrag.% ed for _t[?I sgrﬁgdr(&qi)? tortﬁﬁ
tréri%'p%séb'ﬂﬂf@ﬁ@htﬁ/%heék sOb- rﬂét?ixdﬂf afh) YeBbiginet iy délétmg the

position of error bit, the ‘corrected received word
codwnasnemhea;em 2@5@5&506150) 221 by inverting the bit

at bit position 2. It can be seen that the corrected

received word is the sane as the encoded data vector.

Al di f hi
FroRaS metacend EaGafod (S B 3 pat ik i e i bRl ae
(1 O@"E}B‘ A((%Hreifngﬂ/eﬂ% éﬁ@éﬁéb%élﬂoﬁ GetheBaminitd cb@e obtained is

fied, "since the syndronme conputed directly gives
(110)e, 1b0t1 O)d&riﬂ iafter bisettirgy thermaritp checlébitslwscolumchumbers 1,2
earlier, the matrix H is generated froma parity
ammmﬂsﬁnllmswng tm@mfcprm@? itsnd, 8.0l @hﬁewmtoﬂh@ remaining

coEa E rmtr X H.such that the val ues of the
l’HT'U g T &R Lﬁ@%gndl ng order. An alternative

matrix H E may al so be generated in a simlar manner
as the matrix Hr, and the Hamm ng codes gener at ed

Adsinfifg tha APl KNl o&wéwumsgﬁgﬁom hetrRAameei@idareetor ris
properties asthe Hanmi ng codes generated using the

thﬁﬁfwex(l}-lr,l 1,0, Or&bF. s eiricremer péieined for this received

vector is
s=rH" =(1,1,1,1,0,1, ) H” =(0,1,0)" (=2) ' (9)

As this syndrome (0, 1, 0) 219 directly gives the bit position of the error bit, the
corrected received word obtained is (1,0,1,1,0,1,0) 221 by inverting the bit at

bit position 2. It can be seen that the corrected received word is the same as
the encoded data vector. Accordingly, it can be seen from this illustration that
the decoding process for the Hamming code encoded data vector generated
using the matrix H, is simplified, since the syndrome computed directly gives

the bit position of the error bit.

As described earlier, the matrix H, is generated from a parity check matrix H
by rearranging the columns of the parity check matrix H such that the values
of the columns are in an ascending order. An alternative matrix HE may also
be generated in a similar manner as the matrix H,, and the Hamming codes

generated using the matrix HE also possess the same unique properties as
12



10

15

20

25

30

fromthe Hamm ng codes generated using the matrix Hr |,

t he Hamm ng codes generated using the matrix H E are
woemr@bsinth referred to as extended Hanm ng co#€es/SGIH06/000337

matrix H E may be generated as follows. Firstly, a
thEBIaINE] odics SRR MATRRRENI 0 Roibhl RGlentiate
frazotherhlaniming cotesasserated psinglie matrbie, rthgldamming codes

col of the paritygcheck matrix H The internediate
oeresiel iaing e PRl o sar et eterad o oS SKICRY
HaMh¥ng thGedmtrix H B is generated froma parity check
matrig( HE by rearrangi ng the colunms of the parity
check matrix HE so that values of the colums are in
an ascendi ng order, as shown Next, the procedure of
Thgemetrat Hifg neayt be jengnatetlias fallows. FIFBtY), acalomdi of@litzeraes is
enbadi t af the inventi i s desgribed.  For .examal e
anperdrdb o fabimess aBlbes el cherFisiug PhBERREN. o
oo B o e S Ao S et oSl SPUg Parity ook
mataixl f.efhe ﬁﬁemmdi@mgesul)aMMﬁﬂgiFhEgis(st@Wag fallawer mat i on
bits in an array of k2 rows and Arl columms, 2)
encodi ng the k2 rows using code Cl, 3) encoding the
g golgms uspngycode C2 , arfd 4)ocalicw atiohg and
tlhen i nserting the paritx chec¢k biis; acqordigngly for
H=the 0 cbriedhohdithy Tows™akd <¢gl ynms, The, gogewor d (10)
llegath, 1 t he qugber| of informa ognEi{sl alng the m ni mum
mm ng di stance df the turbo E)r duct ‘code (TPQC
generated according to the procedure described earlier
are. n cn2 Jc Jc2apd 1 x 2 respectively. This ne a
FallgminG s he SoRiTkih 'saeqrsﬁrat@drfrcﬁmﬂmrﬁxrﬁbpﬁg it Gy
regﬁ%nﬁﬁ%‘%fié%ﬂﬁﬁné BPl'WeﬁP’éPity? BREEK RIBBKHE R88RatdIles BRiHe
m ni nmm ng di st ances.
columns are in an ascending order, as shown

11011000 01000101

HE - 1 0110100 y HE=O 0110011 (11)
01110010 " J/0o0011111
11111111 11111111

Next, the procedure of generating a turbo product code (TPC) according to an
embodiment of the invention is described. For example, a turbo product code

(TPC) may be generated based on two Hamming codes C'(n,,%,,5,) and
C*(n,,k,,5,) , which are generated by using the matrix H, described earlier, as
follows:

1) arranging (k, k) information bits in an array of k, rows and %, columns,
2) encoding the %, rows using code C’,

3) encoding the %, columns using code C*, and

4) calculating and then inserting the parity check bits accordingly for the -

corresponding rows and columns.

13
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Fig. 3 shows a turbo product code (TPC) encoded data
bl ock 300 generated using the parity check matrix H,

wohbd7@sk2g. 4 shows a turbo product code (TPC) pemsad@d/ 000337

data bl ock 400 generated using the parity check matrix

' I
o R g gy B mlon Bt AL Rund)
Hammindeistaricerofahée durbbi nrsdﬁﬁbode((jﬁ PQ)genemted rawgoiding to

the bits (k +l 7 /-1)are th y check bjt
the groGegiyre dg@@lb%@arﬂiﬁ ar@wm’gﬂ e % §c2§ lédﬁaﬁswcfé

b o i P e e, oy
bel GEthn@Etfrcﬂﬁ t\bbts;ﬁo&%ock E8dddaith SaTEH rARIMORT Hakiheingi t s

are the parity check bits on col um/

dlsiarzcesand blt n2 may be a single parity check bit for

the columm/ 305. Finally, the bits (k +1,..., 1-1) on
arowi where Jc2 i n2 - 1, are the parity check

F |g ] %h@WS RetUribey petiek colé %TBO?end’dded dataliocku3e0 yeaerated
its , Jcl) on a row.z

using th@anarttwbﬁ%maéﬂw Mweféuu‘?erﬁés?w @ﬁw%emddi%@@e
(TR erEB4Ra SR BRCRUBp o Uelicftheitrep Bk ABL A, |

accesling toén ehtbatimedt oftherioeerd®nar e parity check bits
on parity check bits. On the other hand, in Fig. 4 ,
it can be seen that the parity check bits are | ocated

In 'ant‘gethé %‘ﬂ@ (8. agﬁi én eroﬁ{lﬁnéﬁ%? ;ﬁ‘?cs\?\h E%fﬂﬁéhﬁ%r%atl%n Hits 301.

tion ere the row and t

O thatBanty ﬁbv@@tthe mitgiered.. as;-0uredhe bari; cHeck bitsXor ro’lw i
are the al‘lti; check bits on parity check bits 401 .
B

30%: eod ditrgIay bra sipale rarity Pbﬁ@? it 81{ the whede W r4309-- / ¢
and of the encoded vectorgenerated using the matrix Hr
described earlier are also in the turbo product code

SimNBRY, theamdad,. datRohlaasdiumhgwhere ;i &, afe tHe iafortrfation bits
il lustration of Fig. 2, it can be seen that the
3cueamtmg safet Mumamh@ltsddwle ne ooddatathe pardy gheck bits on

dener gpgt 2 b, Wi, BB Q@ﬁgﬁé@ﬁ{% f#thé Bofbimn j 305.

correspondl ng to the syndrorre conmputed fromthe
recei ved vector, thereby reducing the decodi ng
Finally, the bits (k1+1,..., n;-1) on arow i wherek, <i<n, —1, are the parity

check bits on parity check bits 309. This is because the bits (1,..., k;) on a row
i wherek, <i<n, -1, are all parity check bits (on columns) 307. Accordingly,
when an encoding process is carried out on a row of parity check bits, the

parity check bits obtained as a result of the encoding process are parity check
bits on parity check bits.

On the other hand, in Fig. 4, it can be seen that the parity check bits are
located in the rows as well as the columns numbered 1, 2,4 ... 2" - 1. In
addition, the bits where the row and the column are both numbered as one of
1,2,4...2"— 1, are the parity check bits on parity check bits 401.
Accordingly, the special properties of the matrix H, and of the encoded vector

14
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conpl exity. Accordingly, the decoding conplexity for
the TPC encoded data bl ock shown in Fig. 4 will be

woedurmasizeven further conpared to the TPC enco#ed/Sdatoa/ 000337

bl ock shown in Fig. 3. This is because the decoding

geflb 0567 Bahlind Araidk R, REgaRssh dafie; Bloslo S0 Bo bidhuct

|nvo vVes e row | X and

coti&€TRG) entodetidatafidoclesteswyn irt Eigad.on i n t he decodi ng

process. Next, a description is given on how the
encoding rate of the turbo product code (TPC) may be
i v
P e g R e et L Y e
Hammirey cazfe émdonledetata rvebiotrgeherated sisingrthe maina Hrhi@es not

nb f dd bi .2
re ARk B 10 PEGU e eden RAttesh SoaERgondibg 1 4
syrﬁ’cﬂr‘é éorﬁggfeﬁcfrdrﬁ 6t ed %&oﬂ%@ﬂéb?%tﬂ@dn@%e decodlng

after t e encodi ng procesS, in order
comnﬂm«hy Abeordingily, dloe elac@dingg:onml@sntnyor theh'éPCLﬁnmded da’ta

iy rag- B Uhe e Biey ThtneT eomprfed et Cne

en&@éé&%i&%léél@@ﬁewﬁ)n FR). 3. 1Tk @ Hdcaded @Iﬁéﬂié@@dlﬁg MpeEeseffor
rows fromthe encoded data bl ock, b) deleting a

thepT BEeenaadiedattta biaskrshowrisl Fign3 invalves meltiplesekieqpduct

of By fer e he RUBn I FER B Bkt ik ecbint ™

prodeddet er mi ned nunber of bits froma rowin the encoded
data block with a predeterm ned set of val ues.
Typically, for step (d), the predeterm ned set of

| ) ;
NGB S SO 0 S 58 e Aot
codé 4TPCy e‘ray v moeiifiedT Typjmady everynénuades bas @ emiadmg rate,

used for acin edet erm ned nunher. of Dit
whidl Gwstialy BB e A s bbeivasrle TiyPer e ihpdnai Bis (s
mﬂuﬁ?é(a’)l?@naﬂ'{é%wﬁhléféf éridddedddts LIS NEH s VPR AMencoder does
not have a desired encoding rate, a process called (encoding) rate matching
may be implemented after the encoding process, in order to obtain the

desired encoding rate.

For the turbo product code (TPC) described earlier, the rate matching may be
carried out with a combination of the following steps:
a) deleting a predetermined number of rows from the encoded data block,
b) deleting a predetermined number of columns from the encoded data
block,
c) deleting a predetermined number of bits from a row in the encoded
data block,
d) replacing a predetermined number of bits from a row in the encoded

data block with a predetermined set of values.

Typically, for step (d), the predetermined set of values used for replacing a

predetermined number of bits from a row in the encoded data block is a set of
15
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The use of the cyclic redundancy check (CRC) here
allows a quick check to be perfornmed in order to

wdeb@rsine whet her there are errors in the i nf eCISGR@X/000337

bits at the receiver _si de. If it is determ ned that
; . . . . '
all R B o e i 586 of VAIGESBLeP RortbbBoiros
pr?jmgﬁﬁidedgnmg&émglbiwllf_‘tgg@ atroh/aigith@ ehooded tatackigek triay also
urbo product code ecodin . t, Ih
bercFi el ueEy Ebask (GRE) IS Sanertel HoRt Tsdatar btiah Bgs.
follows. As nentioned earlier, in order to further

reduce the conplexity of decoding turbo product codes,
Thehese@fihe cytiioraduncandy cieck (§2RE) heredaltoovsod gaick check to

extrinsic information .on bi t It f . .
beimeoRedn RSP S RUAB VTS her hEE S e R T forption
bit%?ﬁfe Al Rdr B, i1Sit Blddtbrminkath¥iah¥rdWwake hd ehefdh e

conplexity. It was observed that a nunber of steps in
infolmeat@rabits,ahgdnfotrhaticrr bits ynaiyde sinplyrpkieaciad dwmihen a

I o A di ngl ' '
enpagbh Bl hioek et Bvna b gfelhdie sBeTraiictiRge ¥
(TFG?Beé&&iH@tﬁ#bé‘ess.Accor9” ng to one enbodi nent of the

i nvention, the reduction of decoding conplexity is

consi dered fromboth the decodi ng aspect as well as

Neod B At ARORER G TR ARERHET LR o8 aERBRL B8 ol
been described earlier, and now, the reduction of

decodi ng conplexity will be considered fromthe )
Asdpeptiongd aapiestin tpdditlaen reAuse the e@@pwt&@rﬁ]ﬁ?m'ﬂg
e .0 b ied
b ibffiECebdeo e Cfiad aRGHAN BARER ndB uoly REStRAIPed
extrinshoinforathtion @pdash bit BEkitidador itdrativedecoding. However, it

nodi fi ed I ith , | . . enbqdi f
WA RSN 120 o 08 G GOR Ul e G I PerTor
co?r@léﬂw.”g steps:1) Froma received signal, for

eXanpl'e, a binary phase shift keying (BPSK) nodul ated

signal {I - 1,0 - >-1} with phase correction, denoted
as r = (n, .
It was observed that a number of steps in the Chase algorithm are typically

implemented with a loop structure. Accordingly, a reduction of complexity may
be achieved by optimizing the steps within the loop structure. According to
one embodiment of the invention, the reduction of decoding complexity is
considered from both the decoding aspect as well as the encoding aspect.
The reduction of decoding complexity considered from the encoding aspect
has been described earlier, and now, the reduction of decoding complexity will

be considered from the decoding aspect.

The reduction of decoding complexity considered from the decoding aspect
may be described as follows. Using the procedure of generating the turbo
product codes (TPC) described earlier, the modified Chase algorithm
according to an embodiment of the invention may be implemented according

to the following steps:

16



, ,» I'n+i), a) generate a reliability sequence rabs = (
I 1151 2 ,..., Irn+l ') , b) generate a binary sequence

W@ 2007(0521241+1 ) , where y, is equal to 1 if h pCO/Sera6/000337
to O if h O, and c) determine the p least reliable

1)2g=}or§?9| ol 1989%2%&{?,&@ Eﬁgmﬂé bdinary- ptﬁs&)e 55tk RAyi ng‘BE’SK)

est "pattern, anal og
t hﬁbd%llérﬂ&ﬂ @l@hal fﬂd) I,be» eg}wm pHade torrablicH) c@n@téiféie peds,
as foll 1 +1) , wt =0 where p
[}y 0] il dex of non zero bit |n t ' =1t i+l b) reorder
the test patterns such that a test pattern differs
fromits adjacent test patterns nly 1 b|t 3)
Per fa)igenarateianrediabittty seqpense ldéFe(}( Tiale Ahe) ext ended
bit, perturb the test patterns (if an error occurs),
and cal cul ate the anal og weight, as follows: tJ (n +l)

=eb,b),gehesate@ binary sequancet ¥ EXy), (5.)J¥,t B(N, wherety) (sequal

)(r)! , and where tJ(n + ) is the (n+l)th elenent of t
! and ®&v1ifsnpthe amd kpeif y&loyeandf the syndrone s, and +
1)] . b) generate t he next test sequence, conpute the

syndrone, cal culate the extended bit and conpute the
analggetandhe thay fezdst oslmble bit position Efisequénde P, 7,...,»,)
i nverted),

using r**

2) a) initialize the test pattern, the analog weight, the syndrome, and the
extended bit, which are defined as follows:

t' = (0,.1,0,04,0) ey »

wtt=0,

8= (ypyza---ayn)HrT ’

n+l

eb= mod(z V152)

I=1
where p, €[1,#] index of non-zero bit in t' =t™

b) reorder the test patterns such that a test pattern differs from its

adjacent test patterns by only 1 bit.

3) Perform within a 27 loop,

a) determine the extended bit, perturb the test patterns (if an error

occurs), and calculate the analog weight, as follows:
t'(n+1)=eb,

w; = Wit ,
17



S=872 , ebeb(r)\ , and wt . 4) Estimate the

maxi mum | i kel i hood codeword d fromvalid codeword set
wd 2007%05§026J where ( /) = aremnw j f ,2p ] BCBHBG2006/000337

Conmput e the extrinsic information for the received

signal _a).faor p least reliable bit positions and error

cor n@%?ﬁ%dthsgsiti ons where wd and wc are the anal og
wei ghts of the maxi num Ilikelihood decoded sequence d
and the go _}f@ )@qgoded sequence ex respectively. b)
for all othér positionsgi = (2di -\)(w - wd)lp (13)
where wrax , the nmaxi mum anal og weight. Wth regard to
Step 5(a)y ;ﬁi!)izlza(nif)@ﬂealﬁfi gi nal Chase algorithm if
a bit of the maximum’li kel i hood decoded sequence d has
nore than one conpeting decoded sequence, wc is the
| owest vm;ww.mtt(ggigﬁgb‘qg wei ght anobng the conpeti ng
decoded se€quehces. 'Here, the conpeting decoded
sequence is searched fromall test sequences instead

5 of Jw’r%reatﬂzﬁﬁlgm eq guednsat Rt angel igﬁ;éjﬁﬁ@géﬁvalue

t he ori gi nal ase algorithm By doing so,

conjrepid byndrophiecs i amd i n t he decoded sequence search
process is achieved. For the P |least reliable bit

positions and the error corrected position of test
sequepeey,vitl (vt Dil-emal)|.est anal og wei ght, the decoding
conmput ation conplexity is same as the original Chase

al gqpi ' I I, geot-Ts I '
each )bé%rgsl hlggqné)&%)g\}\es\% Péﬁ?%r t he t?é@(?@@?dﬂjtohg?g:ra Edgﬂate
cor r ecthedexiesddd bib andtdoenmderhe anglogomgigkly asfollavs:
greatly reduced because the wei ghts of conpeting

10  decoged SeFURBRES iAUSédE same as the
s=sDp,,
eb=eb®1, and
wit =wit + (2% (p,) ~D|r(p,)| -
4) Estimate the maximum likelihood codeword d from valid codeword set
15 d=y®t’ where (j)=argjreﬁi2r}]wj

5) Compute the extrinsic information for the received signal

a) for p least reliable bit positions and error corrected positions
g =(2d, -1)(w,-w,) -1, (12)

where w, andw, are the analog weights of the maximum
20 likelihood decoded sequence d and the competing decoded

sequence ¢” respectively.

b) for all other positions
18
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wei ghts of the test sequences where error corrected
operations occur in a correspondi ng position, and

woemr®s3ne additional conputation is required. POISE2006/000337

regard to Step 5(b), the paraneter b used in the

original Chase algosit requi,f a normalization of
the extrinsic iff o:&rf%t hganwmawmu éﬁlsl nturn requires a (13)

| ar ge am)unt of conputation. As Equation (13) does not

have the apeter/? ., .as us n th ori gi nal Chase
al gorith fehe‘l“‘é’ the m%X'W@@aaﬁg'OgeW?'g tha normalization

of the extrinsic information. Accordingly, the
decodi ng conplexity is reduced significantly Fig. 5

Wlt?ﬂ%ﬁ%ﬂf‘t&@[)@i%@i%m%r Rl enc rﬁé b6rihky, |105 bR of the

re tur ct code (TPO dat a bl ock
mawmthmrH(ehhmdi dausd@slequﬁnce@éwalsenmhhanfmeomorgpeimg
Chase al gorithm and the nodjfied Chase al gorithm
de @pﬁﬁ@#@ﬁwm@ an isdlowashvalye in e anal@stwaht ameng the

ool IR RRIS TPt (5% EOTRAUIRG Broted SPBUFR &
seasr‘&Héﬂ gow éﬁ‘?eé%%‘é%éhcéé’ﬂ@te@&ﬁ@huﬁ@ Qé‘ﬁd]ld SRt dedodeak.

According to the 'encodi ng process of the square turbo
sequantecset @sdioneTRthe enigindd Chase @Ignrdshrm, Bytooimg s@ka

coBERaH irat N the ABrefnr e R SRk PRpeaiip FRLRSe.
of one iteration in both directions (along the r ow
direction and along the columm direction) may sinply

Pﬁet PelcasERMEBR: apﬁﬁélﬁaﬂlé dn@fhé)éﬁoﬁééﬂ?@étéatpo‘éﬁi@hflf test
tiplied by 2(" ) . A conparison on the nunber

seaujerm@ewm thmfaBesttar@lqg wglgh@,l thergiesedimggzam Wiﬁ’flO%md

Rleati) T st ae e RO &1 41 BUARE R PodeellP oo o
P Ebr% aratof SFe@ﬁ’bhy%weacmt b@ém@m PdweeeAtfbpie rEEolipied
Peta es shown in Fiag. Réthe nunber of real

errﬁUﬂ@'é@C’faddiQSitlﬂt?@ the mmtm wn Xity is Greaty reducesk

eal
el PP EEo R P LI Bs0 SRDRhEEE Dl B S B8 e
weights of the test sequences where error corrected operations occur in a

corresponding position, and hence, no additional computation is required.

With regard to Step 5(b), the parameter B used in the original Chase

algorithm requires a normalization of the extrinsic information, which in turn
requires a large amount of computation. As Equation (13) does not have the
parameter 3, as used in the original Chase algorithm, there is no need to

perform a normalization of the extrinsic information. Accordingly, the decoding

complexity is reduced significantly.

Fig. 5 shows a comparison of the decoding complexity of a square turbo
product code (TPC) encoded data block with n+1 columns and n+1 rows
between the original Chase algorithm and the modified Chase algorithm

according to an embodiment of the invention. The comparison only considers
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d) the nunmber of GF(2) additions is denoted by Ng To
facilitate the conparison of the conplexity of the

wonrbgioaai2ze Chase al gorithm and the nodi fi ed ChaBeT/SG2006/000337
al gorithm according to one enbodi ment of the

the Wtﬁ@@ﬂaﬂanalﬁaﬁfﬁleﬁy é\lxéléﬁm%néﬁt%d&}émﬂ (8the @bfuf‘rﬂi ght

operations bot orithnms for the turbo

ong rrmduxf B stpidee (t]ll"B@)prgémtrcmdedTBgi) giceded datablogkcode
(64,57,3) is provided in the formof a ratio in Fig.
6. For exanple, for the nunber of GF(2) additions, Ng

Accor*ﬁhrﬁd“toothe éncotiftfy predits efthemparagboigroducaodedTRE)

to an enbodi nent of the |nvent|on uses 19.7 tinmes | ess

enaper) datadhleckorike blnalaosapansnt sede in ferzontaland vertical

dirgp it 4R Sl REhRuY thk RbodRLRBIekFof e °F
iteFARIBNTih BBtH Hiestionsqalong tht aswalidiction eadaiorgtiedcotamin of
the invention uses | ess operations c;ggaared to the

direetiaf)aay @ﬁﬁéébﬁltb@ﬁe@ﬁﬁmgfw@%‘tw@f 6PMBRRRRH SR,

nunber additions, real
mq{%gidrh{]? | cations, conparator operations or G-(2)

addi ti ons. Therefore t he decodi ng conplexity is
significantly reduced using the nodified Chase
A corgpaiscmomatieondnhgr oboperabanstartbe rignal kdasaaignritom,

7 sh rf I f
anf e PR S ReA AR 56 AL Ry rh B AR 8T ne
inVeRSith!is shB@InitRe ltles 6f Fig)B) respaptively. The follbwisged
perforrmnce results of the original Chase algorithm

nota’(ﬂ%@r@ uﬁﬁ%ﬂn theetablessstugn "bﬁsl & perfor manceh

i d
enFERRf PoaEbel PRGRRP I BendB iMoo one
b)?lg%ﬁgftnggﬁe fre dbg%(ye'?w{lbl tio %“ssdéw&}aa bﬁ{hﬁ{ the

I'hg conp eX| y using the fodified

o FeafBLest dohERas oS ot s cRabRgi TEnt of the

nven out a oss i n {&rfornmance.
I lications are
d)iﬁ? Egrlnﬁfzq??% %%d& E&'g %tdég]%éwbﬁlqugr opti mum error
correcting coding and decodlng Tur bo codes", |EEE

Trans. Conmmun., vol. 44, no. P 1261- 1271 , _
To facilitate the comparlson of the complexnty of the original Chase algorithm

and the modified Chase algorithm according to one embodiment of the
invention, numerical values of the number of different operations required by
both algorithms for the turbo product code (TPC) generated using the
Hamming code (64,57,3) is provided in the form of a ratio in Fig. 6. For
example, for the number of GF(2) additions, N, with p = 5, the modified

Chase algorithm according to an embodiment of the invention uses 19.7 times
less GF(2) additions compared to the original Chase algorithm. '

Since every numerical value of the ratios shown in Fig. 6 is greater than 1,
this means that the modified Chase algorithm according to an embodiment of
the invention uses less operations compared to the original Chase algorithm,

for all types of operations, including real number additions, real number
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Cct. 1996. [2] Pyndiah, R, "Near-optinum decodi ng of
product codes: block turbo codes", |EEE Trans.

wQ@ammeasizevol . 46, no. 8, pp. 1 003-1 010, Aug. P€9882006/000337
[3] Pyndiah, R, et al., "Near-optinmm decodi ng of

m@ﬂ&rﬂﬁ%ﬁ&ﬁ %%araﬂr%erétﬁﬁn ac?fﬁ%@g&ﬁﬂlﬂmsvvhere%r& tHep -

A cl ass of

dead:@nguopmmexuws @wman@ywe@mobweg the medifinch@base
f ti | nf Th ,
G SRl 85 P eeilmept e o 1 e 2"

clainmed is: 1. A nethod for decoding an input data
sequence, conprising generating. a pl urallt of test

an,ebab@wwe pefimanaengsais of the-decader ReCYdingia 89 of
h
er Rl R COEp MhsgRefl TS bedl vl PRATCARE okt o

publistirf perdsinanckaesolts bf the, orighekl Ghiase algorithm, andieatierthat

i kelihoaod process with the ordered test. sequ nces and
thergds ﬂﬁﬁm'b@aﬁ%'foi%n@ﬁé’éﬁQrﬁéP% %’5"9‘?{2‘3&9 93

e
thevhwiention.| THie kndmxsdha‘ethmnedac@;anm@&cmhng%ompbwwm the
eint ef fi CI nt,.for

2 \Nh
madiisd,bhase pIgGTITBAtSPaIBS (hane anidinant fbe inweniians
gafRReN Rt Gt Ed fnl Shiearfef f erence between the

maxi mum wel ght an he wel ght of the maxi num
l'i kel i hood sequence generated. 4. The nethod of claim

i P HREUEEN 58 e bl BlkatoRb e Eitbfence obi i ned

further conprising the

[1] Berrou, C., et al., “Near optimum error correcting coding and decoding:
Turbo codes”, IEEE Trans. Commun., vol. 44, no. 10, pp.1261-1271,
Oct. 1996.

2] Pyndiah, R., “Near-optimum decoding of product codes: block turbo
codes”, IEEE Trans. Commun., vol. 46, no. 8, pp.1003-1010, Aug.
1998.

[3] Pyndiah, R., et al., “Near-optimum decoding of product codes”, Proc.
IEEE GLOBECOM’94, vol. 1/3, pp. 339-343, Nov. 1994.

[41 Chase, D., “A class of algorithms for decoding block codes with

channel measurement information”, IEEE Trans. Inform. Theory, vol.
IT-18, pp. 170-182, Jan. 1972.
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nunber of least reliable bit positions in the maxi mum
I'i kel i hood sequence generated. 5. The nethod of claim
wa 2067t05812€r conpri sing perturbing the test seqREMSE3006/000337
when an error is encountered. 6. The nmethod of claim
5, wherein perturbing the test sequences conprises
CH#H0@$ting predeterm ned bits of the test sequences. 7.
The nethod of claim 1, wherein the respective
predefined nunber of bits is 1 bit.8. A decoding
WhHalis ofgimednipr i si ng a generator generating a plurality
of test sequences; a first unit for determ ning an
order for the plurality of test sequences, such that

eac HRIe8ird -‘H& ' ' isih@st
1'sequmeh§a§go%;@a regg?cétlf %wgge%%i‘%gégtmﬁgpgbi ts;

and a seqamgraiing a pluralityiof jesi gequeneestaxi num

the i nput e ERbAEeiolan B Tl dEr S EaeRRES R
that dedn t%@@geél?éﬂtj%rﬂgﬁersﬁrorﬂ e Aadein t&dt selgabAtds by &r t her

conpri si ng a third unit for determning areliability
respetitvatppedefined nembakdhiitd; lankel | hood sequence

generated, 10. A C 0 ahy

cecut ed Sy G A MR LER0 AR BERSE Wt inpibrodfiihtes:
setBbRess hAd te fpii aatpseduapiet tHalchyRMeeAtiRy a araimusi ng
_generating a plurality of test sequences; determ ning
likekhandisequasicet he plural ity of test sequences, such

that each test sequence differs fromits adjacent test

sequences by a respective predefined nunber of bits;
2.and Ty mettngd ofutlain nadrimemcbimpeisingodetepnincesa reliabiiity he

KEAAEE i RN

3. The method of claim 2, wherein the coefficient for the reliability
indicator for maximum likelihood sequence generated comprising the
difference between the maximum weight and the weight of the maximum

likelihood sequence generated.

4, The method of claim 3, wherein the coefficient for the reliability
indicator for maximum likelihood sequence obtained further comprising the
number of least reliable bit positions in the maximum likelihood sequence

generated.

5. The method of claim 1, further comprising perturbing the test

sequences when an error is encountered.

6. The method of claim 5, wherein perturbing the test sequences

comprises inverting predetermined bits of the test sequences.

7. The method of claim 1, wherein the respective predefined number of

bits is 1 bit.
22
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i kel i hood sequence. 11. The conputer program product

of claim 10, when executed by a conputer, makes the
woanpuwseire per f orm a nmet hod for decodi ng an i npRCTESER@6/000337

sequence, further conprising determining a reliability

i ndi cator for the maxi mum i kelihood sequence

generated. 12. A nethod of encoding an input data

8.sequeaecodifgdevicel Bemaetiagm ni ng at | east one encodi ng
matri x; orderi ngﬁt he at |east one encoding matrix

det er ni néugengralaigangrating a npuiality 9f tesi sgaeapees:nt o an

. dat o S . . -
nput dachRppl o REARDIE ) Bl R BRI bt 3
satiibhtes, auchnbadeddretesbye@asreeaiffers from discljecbnd dést

bl ock. 13. The nmethod of claim 12, wherein ordering
SQAHENEES b)éagesaﬂ@tlvwsdﬁﬁ@e%v%bﬁr aEPEs:Ansed conpri si ng

arrangin I W

mat ri x s%c%éﬁna%?u@ﬂ@icﬁbgggsm@g @ggﬁrﬁ%@pggen edblg%ets ﬁe
with thevardess=] iest segliericalsutamd thednput data asqeadcetheveber

wherein the bit ﬁ)ﬁ ,E‘he top row corresponds to the
ganesalingsa MANIMUEhtKkelinpodSeguenc& ol unm. 14. The net hod

of claim 12, further conprising appending a colum of

predeterm ned val ues after the rightnost columm of the
9.at |Huwsdedoe of akadd i) funtherrdoxn aiisiney aithied] uni for deiprmidingga

r.ow.of, predetermnm ned val.u bel ow t he bottom row of
refie Y i Sor S 1B dne M ikSihagt sRuRBge SabeBad
ordering the at |east one encoding matrix determ ned.
15. The nethod of claim 12, wherein the colum of
1Qr edetemputardrogramne pradiah yhichs sthemexsicuigd by @resuaputes.

ik R.inder GeRbHh Snelib e} Batafing Al iBhutdats poaugpee.
commprigagg of claim 12, further conprising

generating a plurality of fest sequences;

determining an order for the plurality of test sequences, such
that each test sequence differs from its adjacent test sequences by a
respective predefined number of bits; and

carrying out a maximum likelihood process with the ordered test
sequences and the input data sequence thereby generating a maximum

likelihood sequence.

11.  The computer program product of claim 10, when executed by a
computer, makes the computer perform a method for decoding an input data
sequence, further comprising determining a reliability indicator for the

maximum likelihood sequence generated.

12. A method of encoding an input data sequence, comprising
determining at least one encoding matrix; ,
ordering the at least one encoding matrix determined;
arranging the input data sequence into an input data matrix; and
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renmovi ng predeterm ned rows of the encoded data bl ock.

18. The nmethod of claim 17, further conprising
woenssuge pr edet er mi ned col utms of t he encodedPdats&2006/000337

bl ock. 19. The nethod of claim 18, further conprising

encodeq’ drSETELBAraHENS AR g Ineif Aol PP b8 6 ot et
orfelgndeing main siraggepirresggendiatngtarerdoeddskita dfock.

continuous bits of the encoded data bl ock with
predeterm ned data. 2 1. The nethod of clai m 20,

hetad . : _
13 o AT S R bR By nRRL Keist e Ebling
m%)hriggm%nﬁhiﬁ dom@rigi_ri@amdmgihg theedoloaswf thb et leasCRAE t

at a. ;. ncoai n evice, conprisi a rrrst unit
encaringsnar %Hcﬁgﬁai thragatﬁge& Neluesds 'i%&“ﬂ%t by &‘te %ﬁ @EBRd
eagﬂ'éonﬁrﬁﬁ o8 fieaN ﬁgc%%ngb@&a%e%\ﬁ tﬁé‘%ﬁ%\‘%% fow

e a third unrt t

term ned; ol "arrangi ng e I hput data

_cosneqpendsatd tnedeast sigmificamtdtitofrestahi cgluand a fourth unit

for perform ng operations on the input data matrix
using the at | east one encoding matrix arranged

14L NErBRYmBEHRS GHdidlth #9 ﬁﬁﬁ%ﬂ?@ﬂﬂﬁﬁgb' ock. 24. A

comput er program product n executed by a
conput er ,appakdingtaheoloorpoit predptarinined walues Atidr fherrightmost

encodi ng ap,i hpyt data seguence, .co i si.ng,.

dot SPiTn AB e A Teadiord SRENENE ey SR PRI S 406 ng ¢ ne

at | east pengifgicvlolMpiddeterffthed Vanedbelow the bottom row
of the at least encoding matrix determined,

before ordering the at least one encoding matrix determined.

15. The method of claim 12, wherein the column of predetermined values

being a column of all zeroes.

16. The method'of claim 12, wherein the row of predetermined values

being a row of all ones.

17.  The method of claim 12, further comprising
removing predetermined rows of the encoded data block.

18.  The method of claim 17, further comprising

removing predetermined columns of the encoded data block.

19.  The method 6f claim 18, further comprising
removing a predetermined set of continuous bits of the encoded
data block.

20. The method of claim 18, further comprising
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arrangi ng the input data sequence into an input data
matri x; and perform ng operations on the input data
woRrbe7i083126i ng t he at | east one encodi ng natri xParsSe2gemons3?
t hereby generating an encoded data bl ock.

replacing a predetermined set of continuous bits of the encoded
data block with predetermined data.

21.  The method of claim 20, wherein the predetermined data is a set of all

zero values.

22.  The method of claim 20, wherein the predetermined data is cyclic
redundancy check (CRC) data.

23.  An encoding device, comprising

a first unit for determining at least one encoding matrix;

a second unit for ordering the at least one encoding matrix
determined;

a third unit for arranging the input data sequence into an input
data matrix; and

a fourth unit for performing operations on the input data matrix
using the at least one encoding matrix arranged thereby generating an
encoded data block.

24, A computer program product which, when executed by a computer,
makes the computer perform a method for encoding an input data sequence,
comprising

determining at least one encoding matrix;

ordering the at least one encoding matrix determined:

arranging the input data sequence into an input data matrix; and

performing operations on the input data matrix using the at least

one encoding matrix arranged thereby generating an encoded data block.
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