10

15

20

25

-1- COVMUNI CATI ON CHANNEL W TH REED- SOLOMON ENCODI NG
AND SI NGLE PARI TY CHECK FIELD OF THE I NVENTI ON 5 The
present invention relates generally to comuni cation
channel s that include Reed-Sol onon encodi ng, and nore
particularly but not by limtation to read/wite
channel s in data storage devi ces that include

Reed- Sol onobn encodi ng. BACKGROUND OF THE | NVENTI ON

Reed- Sol onon AGIMENIRSA RIONCCHEXMNEIYTIYY Cl ass of
err D { f
encSERERSOLOMONIAEDDIG END SYRTLEE Pty eIk
performance of RS codes represents one of the key

determ nants of Sy§ SOFEEINVENYIONth i ncreased
areal density on one hand, and increased requirenents

f Fhd present dnventies refatedgeobtadly barmdmrmbeidation ehannels that
demand for encodi ng and decoding circuits and, net

hod

includgaReedsrolomern gecadignisndamoss Rerticdarlyy Puk nphﬂvéfsl,im?taf’ion to
. . . ey |

read Pl SRERILT A RS R U HATU W Sl aron sncoting

the system noBROKGRAWND OPRIEINVENTIONeased
overhead due to redundancy reduces storage capacity

arReadeShlonwrsR dodFparchivesjepbeetiat class pheirbr cgtre@®n codes
ode | th. and .synbo). size, can be 1|ncyeased, but .
ECGtetih Mt sbERRIcHIng 2, GREeng i JpFQtgpse devices. The
S X Y
per LGRS 107 R epEOBTRLE Ape PGB of sytem

reliabihivye Vi dninerensed earsall dénsitysort ont esel, and iokcheased requirements
robl enms, and _offer other_ advantages over the prior

for lgw&rros,wwmw e other hangnherens B denane éon enceding Ad decoding
. d ' ' | i Reed-, 2
c1rcu%g|agﬁbrﬁgwdé: tglgéicia?rlln Pi&i‘lﬁg % co%%%até?ﬂ%ﬁ.?]o:ﬁ%égoa r%?e%, hlg% speed

eéck enco

and 2RPRIRA §isitgth @eRaility, [AAREKINg TCO derh@EiedRedlSRbT rates and
wor ds and gener ates "an encoded bl ock. The encoded

makés dbk systetnudeeresimetjhblepahdowgverhdbk ououeasedd overhead due to
ed- Sol onobn code words th treceiach coHpri se nore than

reduga%n%@p%§ sforage capacity an uces spee
To achieve better reliability, RS code length and symbol size can be

increased, but this increased reliability comes at a price of increased decoding
complexity, which can limit speed unacceptably.

Embodiments of the present invention provide solutions to these and other
problems, and offer other advantages over the prior art.

SUMMARY OF THE INVENTION

Disclosed is a method and a communication channel that comprises a Reed-
Solomon/single parity check encoder. The Reed Solomon/single parity check
encoder receives user words and generates an encoded block. The encoded block
includes single parity check code and Reed-Solomon code words that each

comprise more than one user word.
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-2- The communi cati on channel conprises a soft input

soft out put detector receiving the encoded bl ock. The

soft input soft output detector provides a detector

hard output and a detector soft |levels. The

conmuni cati on channel conprises a Reed- Sol onon/ singl e

parity check 5 (RS/ SPC) decoder. The

ReEte Sohtnunication! chapael tcynipierk deefdBiputesst \wrptiheletector

hard output and the soft |evels. The detector
receiyingether ensoded bledke dhg seft inputisoft output dedectar provides a detector

benefits,th har erjze enbodi nents of the present
hardi‘?ﬂr}gﬂt ?%‘f]]a\ﬂ%&?&%reéogg é(Fknt upon reading the follow ng

defid L SANABRE N HPrR domipRisks W I@cedtmoﬁﬁﬁl%‘éis@l@ ?arity check

draw ngs. 10 BRI EF DESCRI PTI ON OF THE DRAW FI' G
(RS/$SR(C) | datptient Else Reeddlomeny siglopasityicheckirdecoder-trézeives the

1B illustrates an exenplary enbodi nent of a nagnetic
hardapprbiang thesaft avelsFilhe detqctor ganezates regeveseshpses werds.

tr\éﬁghdeigﬁgag%] %l(r)\g(el\%%eéﬁ‘g "Ralt églgrgctgis 8?%8831%1% gcg i’?_fat%e present

_ ords” ds” col'ums ng a
invers@b® Rl Bé rd¥@ o q@@&hﬁ(ﬁ%/ feIviRE Qlisled M8eription and
FIG 3 illustrates ‘an exanpl'e of an RS/'SPC 2D arr ay,

revian phthemssooatedfdramiings. a RS codeword using a row w se

cor ams. - 205R1e DR OR O e SHERINGES o e spc

5%1@. R A1 s T e Q& r?’o%?c Elﬁv‘épdewor d using a

um-w se expansi on of m sy ts, and SPC

c adelor Blsillastra ek U sexelplary drhbodiniaaitesf a hameticatdcording
of the proposed iterative decoding for an RS/ SPC
systegpray. 25 FIG 6 illustrates a decoder for an RS/ SPC

0B 0EeE S sFurbl L £ R eagted PFDA) i s
codewords as rows and SPC codewords as columns forming a Reed-
Solomon/single parity check (RS/SPC) product code.

FIG. 3 illustrates an example of an RS/SPC 2D array, with two rows forming
a RS codeword using a row-wise expansion of symbol bits, and SPC codeword as
columns.

FIG. 4 illustrates an example of an RS/SPC 2D array, with m rows forming
an RS codeword using a column-wise expansion of m symbol bits, and SPC
codewords as columns.

FIG. 5 illustrates a flow chart of the proposed iterative decoding for an
RS/SPC array.

FIG. 6 illustrates a decoder for an RS/SPC product code.

FIG. 7 illustrates a block diagram of a Berlekamp-Massey hard decision RS
decoder.

FIG. 8 illustrates a block diagram of a reduced complexity maximum a

posteriori (MAP) decoder for an (n, n-1) SPC code.
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FIG 8 illustrates a bl ock diagram of a reduced
conplexity maximuma posteriori (MAP) decoder for an
(n, n-1) SPC code. -3- FIG 9 illustrates a flow chart
of the algorithmthat perfopms error/erasure RS
decodi ngs in steps, with the nunber of erasures
increasing in each step. The decoding m mcs

geFiel. & {1nstratésna Mo dhaitasfade ithdeahgi perfoirhb @uior /erasure
sorting log likelihood ratios (LLR s). e cl oseness

RS degodingsaet sfaps, avithddeonimyer op ensires inmeasieg dheaeh step. The
| ue of LLR i tude. t hreshol d LT FIG .10 .

decclffng PEs NP UZ P BB B Ve Y (B REEv i Oyt sorting

log BRI ratioR 'TELR‘%)nghg%l&gﬂgé’@f(ﬂ&ea&tﬁ%mdde%ggin% depends

codewords as colums (RS/ SPC product code) wth t

on thar dpserdaluesfal LR enapgdndiethréshiol ¢ evepemiircul ar
recordi ng.. channel, electronics noise only. 10 FIG 11
i | FlGst $Qubustyprs japrd fadnee rafe WIB) aperdgrragngs o§iggD array
cod I r d d [ s_col
comfs RO iy o TSP B R £ s

prodiRe RAHBPWIfH tIRe HPEHEHe! Uit&aﬁww&anqge‘@aﬁge@endwlap recording
medi a/ el ectronic  noise mxture. Fl 12 illustrates
charvViER epeetfomigsamdse alya 2D array conpri sing RS codewor ds

15 raQ and SPC codewor ds a | ums ( RS/ SPC
pr%@i dd lﬁﬁﬂ&wmﬁ‘m OFTMBRES ok 2Pt array F%P&lé}%?% godewords
i j b/
as rogfY aRPSPENIdE s ECORMAERIAIREbrodiR EBIBFAIdA the proposed
itera¥ivk derod@ig don pegpardieiar recseling rcbdhadl, \80/20fhediat/pléctronic

~Viterbi algorithm (PDNP-SOVA). FIG 13 illustrates WR
noispEEKBAance of a 2D array conprising RS codewords 20

S, TR L A P o

as radvey fedgPCUodlew 269 Y cOnERA(RB/SPBPtFidieddé) with the proposed
electronic noise mxture. The detection is performed

iteratiive hd e gSEWA parperdbicwdr mgcarsling whanveld 80/ 20 reediay electronic
oSS SETS, 75 o AL SATELE 00,8 BBerent oo
predngfﬁ?lﬁput Viterbi algorithm (PDNP-SOVA).

FIG. 13 illustrates WFR performance of a 2D array comprising RS codewords
as rows and SPC codewords as columns (RS/SPC product code) with the proposed
iterative decoding for perpendicular recording channel, 80/20 media/electronic
noise mixture. The detection is performed with PDNP-SOVA and decoding is
enhanced with erasure decoding.

FIG. 14 illustrates an example of a 3D RS/SPC array: 3-dimensional product

code RSxSPCxSPC.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
In the embodiments described below, a channel is disclosed in which
RS decoder failure, or word failure rate is improved, without increasing RS code

length or symbol size. The magnetic recording read/write system is modeled as a
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DETAI LED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS | n
t he enbodi ments descri bed bel ow, a channel is

di scl osed in which RS decoder failure, or word
failure rate is inproved, wythout increasing RS code
30 length or synbol size. The magnetic recordi ng
read/ wite systemis nodeled as a -4- conmmuni cation

comghi@iciion deinel, daliérel dats i0dteebddon @ dlsSendbehd €@datQiater time.
at a later tine. An array and a decodlng al gori thm

An arrayuaed) F sleceding algamithen iasn. uskide forr reaipr eamrpetiaresThe array

RS/ SPC t | t h
compiiecs an RE/SHCUBRS Sfifing r\ﬁ? Pty g SPRUEES Reed: Spjpmon code
word Wi fYaif BREK r&@P&)sng%lg g} rf @E&W@I’@ﬁfﬂl% fB%@HTbn &etd) column.

Iterative decoding m can conprise hard

An ig&atise atecddirgghiggritbm Beedenipeisenimardcdeldsianddeaadimg) for Reed-
posteriori (MAP) decoding for an SPC code.

Solomenmy €nee raa¥igiutpng yPeteded oYIAE) cdecosing dfer e $PC code.

Com%ﬁt?%r}e 1 gfora&% ?éragdﬁ% cSe6e % nl%ceg v‘ﬁ? th 22rdrSafty erasure RS

¢ Vi eWo rscedrive
decodkedi nents of the 10 present |nvent| on are useful .
Di sCc drive 100 includes a housing with a base 102 and
a Kl6p 1doisem isnotetrihviamy of Didise dhives F001@Ovhichtémebodiments of the

pres'%r?mcllﬁgfglgtsfﬂﬁﬁgé ﬁ%qﬁf‘ %ﬁ%aﬁye\@@b énsa{@_es %%%%o‘gﬂha ‘gse 102 and
a top&ﬁ flglr t shB\%l %I‘?J]é’”i@d Fih&f 1ncﬁﬂie\§'adaﬁlc tﬁé& FC% which is

e nDun or co-rotation a cen axi s

mouia%‘l ohas hspindle ﬁrwtéxaa;@om@lsomﬁ) dysacdist ethrip stO8n@Ride pack 106
slider 110 which is 15 nounted to disc drive 100 for
includesrauplwatito pf individurd disese Whieh age moynterfos cargtation about

centf gt (B Fech g, FifieLas 1R BB RRE i Vicer 1igwhich is

mouﬁ?é‘deﬁ)sdiﬁg d@f\ﬂ@lob]fﬂr @&n@iﬂ‘uﬁﬁﬁt&’&{ Wltﬁlﬁ@ didO8udaéd) 3 e example
shown in I's of the type known as a rotary

showmn dFGc d; Ishdm's Lﬂdﬂcareaauqbponteﬂulmﬁsuqaammns Lo} Whldoam in turn
A AT R e
1is g gryef rt{(g’!;vpr agitroﬁ’ggg grﬁgxﬁlﬂ f’dgglg?&ugt%?da%éé\%%)&%’e%ra @'ome coil

motéH gﬂCM')nglﬁoxdh 411yl 34 138 dVoﬁ:eddo‘ﬂCrr{Mbﬁ u1@llrafméseactuator 116
Voice coil nmotor 118 is driven by serv

W1theﬂtseettadmdc beado11habeut arpizptpaats 138 rtermsefdow\ehéadéo over a
desue%i dath Qr akha grtlg s cua%e pg&oizzsbe?rwe)en a disc inner diameter 124 and

a disc outer diameter 126. Voice coil motor 118 is driven by servo electronics 130
based on signals generated by heads 110 and a host computer (not shown).

A typical magnetic recording system model is depicted in FIG. 1B. User data
bits 140 are encoded using RS/SPC encoder 142. The RS/SPC encoder 142 provides
an 2-dimensional (or N-dimensional) array (RS/SPC code bits 144) that includes RS
codewords combined with SPC codewords. After that, RS/SPC code bits 144 are
encoded using Run-Length Limited (RLL) encoder 146. An obtained sequence {ax}
at 148 is recorded on the storage medium 150 by magnetizing bits of the storage
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A typical magnetic recording system nodel is depicted
in FIG 1B. User data 25 bits 140 are encoded using
RS/ SPC encoder 142. The RS/ SPC encoder 142 provides
an 2-di nensional (or N-dinegsional) array (RS/ SPC code
bits 144) that includes RS codewords conbined with
SPC codewords. After that, RS/ SPC code bits 144 are
med@edde dntestwd oPpdsiteedtigbdtidrisibh€ teprBbdntirp& Lspe¢al Dhd N other
obt ai ned sequence {ak} at 148 is recorded on the
represeptingea legitlaliln 150 by magnetizing bits of the storage
-5- nmedi um 150 i pto two .0 site djrections, on
- SBPHTER PR PRGNS 6t hEraGy ite heagh RiOsticrs gn putput
. r v .
P e b oo Ranafon (ARt sLARHal qfized bits.
The iomitpuic palsgepiodurad ey ithatchangd éh e amgetjiuetivn flux caused by a
magnetized bits. 5 The output pul se produced by the
positiviadtansition ineigpet i bihseawerideukadalizam @ytoal)pissialiage transition
transition_in input bit sequence { ak I. (fromO to 1)
resppasechit] WY Gongegrenidy, a pegasyiedeansition i) thedspss hitssegugnee {a, }
a negative transition in the input bit sequence | a, j.
prodijcsy Qe ). Af(Ppegied, Me Brpadioadesperse h bhis 3 figiction of
. re se Jeis a function of ti t, but it Jjs_ also
timelf, BRARF 81RO frHRn it it IV ey e the whdlFof the
trandtitth 23&5%593_}{53% bf ﬁﬁzietak%lﬁé!! Bife ¥ideh gaMm&fer b $5 BEAbted as
value. The width paranmeter wis denoted as PWho. The
PWsgi gnal read by the read/wite head is corrupted by
different types of noise. Media noise is due to the
i s pigdel &erd by thegivedy writediead isreorruRtse din gliffereny types of
. her. parts o e. r di . £ h .
nois el BbLB% e la NG uBROECIAE, Y Bl thédiachs popording

head, | drice btitert Baidé of tReairdoidifg Piistan DHR2E ek NBe@ial R6ise Anodel is
VW at 154. Due to nedia noisSe, the transition

charagerivedd by dhe tpositiont jittér A ti att Ed/and tlse phlse broadéningwffect A wy
. Al'so present in the systemis electronics.. . .
at 1%@? o ediz noige i RSP THIBPBEE AL RAGHTR yat interval is
i1 . . . : ‘ . L .
h(t N L8y k? Shad : gx‘?ttl é}ﬁ@g%seteﬁ {é@léchorﬁgﬁex.\&%_ﬁ,gg?) dt986, which

reSponse “l'ast’s ne interv there
is miosleR Q¥ N A&@RivRf Wi TaR88hh 119Bis O ARRRINSE ally, the transition
correspondi ng to adj acent transitions. is type of

respondeslastssnomd thed orlerbiieintSpniboThun tlesrkbds enoseflhflof the transition
responses corresponding to adjacent transitions. This type of noise is called
Inter-Symbol Interference (ISI).

Noisy readback signal r(t) at 158 is passed through a Low-Pass Filter (LPF) at
160, and sampled at a baud-rate by sampling switch 162. Sampling instances
kT + 7, of the sampling switch 162 are determined by a timing recovery block 164.

The timing recovery block 164 compensates for any frequency and phase offsets
between the read and the write clocking rates. To remove ISI, Partial Response
Maximum Likelihood (PRML) detection is performed, preferably using a Viterbi
algorithm, which is the optimal algorithm for sequence detection in systems with

memory. However, memory of the magnetic recording channel is commonly very
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Noi sy readback signal r(t) at 158 is passed through a
Low Pass Filter (LPF) at 160, and sanpled at a
baud-rate by sanpling switch 162. Sanpling instances
KT +Zk of the sanpling smntg_ 162 are determned by a
timng recovery block 164 5 The timng recovery

bl ock 164 conpensates for any frequency and phase

larg®fsiset 6ne BehvRRM fé:w,?ohg@d AdstdiRr Whahp rei@iorig bit intervals,
rates. To renove |S Par i al Response Maxi mum

and |dppdyingote (Mirawb) adgaorthnn owoikd ber ff@lrmemgiexsf Epmithis reason,

bi hm h
equalgn ih er Grmed JHLFaeAliet d6b B Hie el Besgiie is shaped to
somy H¥Eerllf|§’1’{@i’ %%eif%ﬁhysrﬁﬁuéﬂ* endFRGNL WG LH %gﬁﬁﬁiﬁfbn sequence

ctannel is cormvhly very -6- large,” since

detettiemsf rélativelgsimald eoﬁtp‘lea@S cav be pmmtrrmei ohhihe ieqgaliddd signal
intervals, ., and ap the Viterbi 8or|thmwould

168. e ggtimateoltpl |eaatx170pafrglttm a} tsepryided bwa ptegtarof2j $he detector

172 Reftiatoqtt e 6P umht I el edp 10 Ren 13 R Bmprise a
soft Hﬁfputyvlté%ﬁ ngaﬂa{rhqsbm) BUGRUSTGEAP il reitinh %naﬁts, alone or

relatively s conpl exity can be performed on th
in cembilatiedwsihgeiher 2680VAn destderave ahaltgrativeldérodier. bE$t$mated

ak s provid a detec 2.. T det ec 2
sequ{sas%&‘ﬁk%%@l’/& ig qeos%% HSNgAR k&&%ﬁﬁod@a kb (5P Gecoder

176 %%l?t%i S %gg@a?seg%gﬁﬁ (%klg &rllteg%étk%r\?%{rdsgf LBEts) at 178. The

RS/SIPCQ RecOder 176 clesdddradn msmmaﬁhy haat Wa@%ﬂ@ﬂ?%@heﬂ;{ted by
an iterative decoder. Estimated 10 sequence {ak

RS/SFQ ¢rsoder dé%d but M@lcanceRL unfdedg deansxmaSIQndelaﬂrSFzg}@PBS/ SPC

e 10 BRS39S coe

The R87P€T Tléc%@leg qu%ﬁ @J‘aﬁ%rii?rcbﬁfvr@ééoﬁgﬁt orMi%an also include an
origina generated by RS/ SPC encoder 142, but which

erroxy/anadure ddeoderran"ﬁ]m sReadrSelomors . dé'ctt&ieRS/irSi?ﬁHesj eCoidafs search
176 includes a Reed- Sol onon decoder and a MAP decoder
algorifimgpd Kaspey’s pioppiénRs/ SPC decoder 176 can be an

erHRL 8 @Lr%r S::%Sﬁgga{ti ln ‘:Fh ﬁg{; ec%' @ﬁnj fﬁl Hgf g scheme can also

error erasu onon

be ub&| WHBSRIDie@Rodér $Wbﬁblle@|ﬁwrl foh RS ASEC litﬁcaayr $42. There is a
al gorlthm Due to error propagation in the RLL decoder

desire7tp, pravidea lowes bit@mporoate af e inpat 0§ B8, dagodar FI4. An iterative
chaningf gt%rcto%éira?'oepdoelsla l%wperrl bit ertr%r Il?ast/esll?}cw:e ?tre]rcr:gtgj\?er délt%gtor -Elgmprlses a
Soft Input Soft Output (SISO) detector, e.g. BCJR detector or Soft Output Viterbi
Algorithm (SOVA), and iterative decoder, e.g. message passing decoder. The
iterative detector is commonly noise predictive. The best candidates for iterative
codes are Turbo Product Code/Single Parity Check (TPC/SPC) codes and Low
Density Parity Check (LDPC) codes. The introduction of SISO detectors and
iterative codes into the read channel architecture provides availability of soft bit
level information L(ck) 180 to the outer RS decoder 176.

Computer simulation indicates that if more RS codewords are somehow

related to one another, knowledge about RS codewords that are correctly decoded
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20 desire to provide a lower bit error rate at the

i nput of RS decoder 176. An iterative channel detector
provides a |ower bit error rate. The iterative
detector conprises a Soft Lnput Soft Qutput (SISO
detector, e.g. BCIR detector or Soft Qutput Viterbi

Al gorithm (SOYA), and iterative decoder, e.g. nessage

can Hids $h Bgrotregiagdeither TR codéwoidd that Hat Bl ght tSbée aRaBaddable. The
noi se predictive. The best candi dates iterative 25

prob@b@éx %fr &STaedewPrd dlgsodig) daibivrey| Wordr Faijuren8ake (WEFR), can

P AOTe NG e STALET BhEaUTe G160 QYEDEEr Bl SEraes, at o very low
SNR! 8featdi¥BoksHl S1r{f8flﬁaﬁgfr‘ foedthet h@,nﬂl\el r@\rzﬁf'h% efddilable soft in-

provides avaitability of soOft bit vel ormati on
formh{iok)18030 thoR6iecodérel7dReadisdo di@fay&lﬁm;ﬁﬁingmcodewords and
sinmul ation indicates that if nore RS codewords are

SingleohenbivChegk (@D deits, PToRS/ 8R6t AERys-kodpeasjagamsthodéor an

RS/ st BeRE HieBiikyely tRRRNAE, bl SRGHPR Boogling o o
powémleng @!@@é 8nd 5BR 1nf25rﬁ%ﬁir{ u%aa@fof@@mw AlesodimBnber of

lure, Word Failure Rate can inprove nore
convehb«m:dbe uddecantiablé RSs opdevgasisswitham tbeweragl catebadesovered in
at a very | ow gj The rel ationship.information

only é‘aéetrﬁle R ‘W‘Pﬁnspr IieRgoRs airAgBInad oipprovemenys naf i e WER

perfo&%% evvor deR§ g\?&g?{negr%é alrl&?%ﬁ %ﬁgﬁf%%qm%a'lﬂgtead of

errorRSAISHG decadifg. TheleoR dhfigniRionoIBf clstaiied ROASERC ditsagan help
descri bed below, iteratively perforns hard deci sion
in detrrenigingwhichaRS gede ﬁYI@bORS@}@@E@ baregardeed asgrasuies-i on

updat e of SPC code 3#%@@ igg n;n‘oer of
conventional |y unde rds within the
arwayle 4A8 cQﬁc%ﬁQﬂ‘l@/@i’G aD1Gr n%n%sﬁl\éﬁalab sgte&h%te'xﬁﬂfple of an

Furt hernore ddi ti onal inprove
RS/4R¢ RO aerageiscaovbe inciiCevEdRows €045 @0 2081 B0y @l2 RS this two
decodi ngl is used instead of error-only RS deco
i

dimengiongbpit arrmbricetY.dn KBgodevardewity Hkplcizg frsglég?find every
l. ' -
conl G EHTLNTE MRS BB TR0 gy

denot@iBeft asdin RS/ SRC pbdatt @de. The §61aLbAN,, RS $9@eWbids constitute
exanple of an RS/SPC 2D array is showmn in FIG 2.

Nw rRpws and one2additipogl row @ 142is Xormed sosthapwgach of the Nm columns
satisfies the overall parity check. The data arrangement shown in FIG. 2 relates to

encoding in a Reed-Solomon encoder such as RS/SPC encoder 142 in FIG. 1B.

General RS/SPC 2D arrays

A general 2D array consisting of RS codewords and SPC bits is formed by
removing the constraint that every row is an RS codeword. In other words, code
bits of Nw RS codewords are arranged in an n, xn_ 2D array in a certain way.
Again, one extra row is formed so that each column of an array is an SPC

codeword. The parameters n: and n. have to satisfy n,-n,=N_-N-m , where N

is an RS code length and m is the symbol size in bits.
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di mensional bit array are (N, K) RS codewords with
synbol size mbits, and every columm is a codeword in
an SPC code. The array is, in fact, a product code,
and it is denoted here as gn RS/ SPC product code. The
total of Nw RS codewords constitute 20 Nw rows, and
one additional row 214 is forned so that each of the

NNRS QbdETHits & béTpl&cedt HeaRVENas larRB) id Ynaﬁ'lgeaiffergﬂﬁways. For
data arrangenent shown in FIG Z rellates t6 encoding

exanhplep cBde bifsobp MRS N&RIéNFordl Glie agrriivg el in SeRAL fwéf;é :t[’)hat each

w

in FIG 1B. General RS/ SPC 2D arrays 25 A general

codeavardyfornBsiestral goatedifiveadewwsds 2EndrrakPCThist 8 dodivenient when
formed by renoving the constraint that every rowis

RS cade Relaggarawb there iha sterise touaveaid exesde overhegdofit addifienal Nm

odewords are arranged in an n, X D arr in a

SPC ERET ETRGeRORe R 956 iodsRerd pibe BorE i elefgpws of an

arraF AFQifFRbMWaPE 1) THS Adirh §}[Jﬁfba§ﬁ>gs cdiPBeWRthguidied:
paraneters n; and nc have to satisfy n, n, = Nw N m
, (hdies Witllif bae asyritsolc bellonige g tthe asmnenriosv t(hewsyiskosymbol
size in bits. -8- RS code bits can be placed in an n,

expapsiofyray in many different ways. For exanple, code

bi 65 5L \Nenin B SAIENEASAZLE Al LAROEGIehe S5 i WY symbol

everal consecutive r
expa@lsg)la)array. This is convenient when RS code is |ong
and there is a desire to avoid excess overhead with
addintéxanaple \rh dp8pactbi(t)sis showmén ddee 3. B tthiso¢xasnple, each RS

cod d e placed.into several r a arr
codepiprgh e plh0Rds SragEec KdSwR T opr bt e dhaCfhedls fbm each
o . _ . o | .
Sy s ok An ke, ALY Doty R RSP Eprdct code s
a spetiidl tase ofhisyphioachelbithallt@defdtssfiomeaodeword forming one row.
(colum-w se synbol 10 _expansi on) An exanpl e of

The slopr gaemgement éhgnmvm itAGr3crelates| to epgogding dppr Keedazgiomon
encoplgr NGRSy Sondii SR Al B *Symbol el ong 1o

t e BRITEYL TVeRimple & &roabh 39) isdHwvh TRt tHShPPBEoach, each RS

product code is a special case of this approach, wth
codeatdrdcis derrhirigsmofoven402; diéiied ahdravideditsieelonging to one symbol
are placed in m different consecutive rows. The data arrangement shown in FIG. 4
relates to encoding in a Reed-Solomon encoder such as RS/SPC encoder 142 in FIG.
1B. In partial response channels, this approach may incur some loss. For approach
(2), channels bursts of errors are more likely to occur than random errors. With
approach (2), single parities are formed on bits belonging to the same symbol. This
means that bursts of errors are likely to be present in a single SPC codeword.

RS code bits can be arranged in a 2D array in many other ways (including a

random arrangement). An RS/SPC array can be viewed as a concatenated code,
where RS code is the outer code, and SPC code is the inner code. The encoding can

be performed as follows:

1. User data bits are divided into N, segments and each segment is encoded

using RS encoder.
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15 The data arrangenent shown in FIG 3 relates to
encodi ng i n a Reed-Sol onon encoder such as RS/ SPC
encoder 142 in FIG 1B. In FIG 4, an exanple of
approach (2) is shown. In this approach, each RS
codeword is formng mrows 402, 404, 406, and code
bits belonging to one synbol are placed in m
diZ.f ©bkithed ONSERBL t3RWENES.- arbhgrraled an’ 2nge Ry $HQ@Mertain
in FIG 4 20 relates to encoding in a Reed- Sol orron
(predefired@wasuch as RS/ SPC encoder 142 in FIG 113. In
partial response channels, this approach may incur
sohd hedd biparefppmedamn eqdh colemarmfanansay-st s of

errors are nore Iikelt,s to.gccur tO an randomerrors.
Wth approach (2), sv—?%%%—g s are fornmed on bits
betdp@, AHrbPosdieds@M®ns YRRl thm B GescHBaA Fof PRRSDUPEIED
of errorgJ a?e 1 kely t% {)géﬂpré%ent Sicn a s(i)ngl tgszPC array
defireddboyed. 25 RS code bits can be arranged in a 2D

array in many other ways (including a random

arlf dhdepwm fhatprirspapitengted cadenwhd gppenenls cedes that have
simpge(n)g%%%gg%&ﬂgpgl%t%ﬁiéh%ega% RR aggﬁégs £NG0M egn C&f%géiteraﬁve

i .
code®i i Nner code. encodlng an

decoBfd, 0sdTe biSnfemaAis id . updfed dizt @abh t@mpEnditybeds in every
into N. segnents and each segnent is encoded 30 using
iterafion eared gbtained soft, owdpuiimiegmitiorSs cydeanrgags belveeen component

decoersT e Qepodfeas ol Ykt SRRt RaE L s S Sr Rk Ryl In
fact, RRpRALit) ga,gﬁdaeﬁin% BREQWnaA P8PSRy 456 0¢FoRJark! ]KE’ISFdlZ‘ ?&rray,

i s described for an RS/ SPC 2D array defined above.
howéerk noencdrhponentycaenisaae Rt edde gael Wi dbes oopdraeatsimple soft

oSl e RS 324057 S TS IR 58, o e
L L

| r'Hodt b IrDat b1s fXaayabige ts Hiotnae itsdogPikeRRbod e86® (ErR) is:
The decoding is called turbo decoding and it is shown

to performwell. In

P(c=1)
L(c) = log —/——.
X P(e=0) Equation 1

The proposed iterative decoding can be described as follows:

Step 1. Every RS codeword in an array is decoded using conventional
Berlekamp-Massey decoding algorithm. If the decoding is successful, the LLRs for
decoded code bits are set to some fixed value of appropriate sign (positive for a
decoded 1, negative for a decoded 0) and large magnitude. This process is called
the pinning of the bit LLR. Otherwise, bit LLRs remain unchanged.

Step 2. If all RS codewords in an array have been decoded successfully, stop
the decoding.

Step 3. Based on the SPC column code, new LLRs are obtained for each bit in

an array.



10

15

20

25

30

fact, capacity approaching performance is achi evabl e.
For an RS/ SPC array, however, one conponent code is
an RS code and it does not have sinple soft decoding
al gorithm Neverthel ess, asygan be seen fromthe
description of the 15 proposed algorithm the
decoding can still be perforned iteratively. Soft

[ rﬁt@{amﬁt The KIORs afiythei bit< ih SRYiceEBwaRds tthat are not successfully
i kel ihood ratio (LLR) is: L(c) =1log P(c = 1)

|l o
decord@g aze pgplacehwath rew L I'@o)btmeérm sbe &tepi 3-er at | ve

de an _be. descri b ows: Ste RS
o oaRRer 3 R KRR M B 88 eeu et hasailhagiin fAghed, B back
toth@@tég%m&/aﬁs%em didagdplggori thm If the decoding
uccessf ul LLRs for © decoded code bits are set

t oTlsoftewf dheetloldleysropbsapdeantingbbgaithm {sptepitted én FOG. 5. The
a decoded_1, negative for a decoded 0). and | arge

procaugioMRiEn Fithi Srelates g dﬁ@OQ%n Jugh as ke fiﬂ@ctﬂrmsergbfeﬁ below in

th L n
Com§f: ﬁo;t? 2\5 1t aI I ‘E&’é{ g‘v\%ellr% qsi n 4 Mg‘rﬁg?%é)}oﬁal\cle jEfeje'n
dePleé@éi;u%%l §&@@&MI@ 5 &tseftt 500 andeeadinigs an@lire 502 to action
Based on the SPC col um code, new LLRs are obtai ned

block 604.esicartisint blopk 584 raisrs;ajz to zg1®- A@teemompllﬂien bf metiqyf block 504,
the bits in RS cod t hat are not cessf ul

Procgsig &Qniipges ) P%% %@ﬁ RefrtioRDlgH: A0Rod ﬁcttq% block 508,
U%H f erati ons

tent n%fi ‘%%gsﬁo%e%ljgh e%@@OH%E&mE fo t ﬁﬁ St y:g '
QA&éﬂvc@mplatcﬁpot mlcdebl@dk 1598, protbssifg ovhithaed alohgtliie 510 to

E)ésed decodi ng algorithmis depicted in FIG 5. The
actwp\rb ksS%G%hactperb@d%ﬂ%l eHesy qasleawipsd oiean s&%/i«SPé% array is

decoli FERRT BatERP s bakDumer i pEPiiohof atforl block

512, r8€&§§ﬂgn&rﬁlrﬁ{és5albﬂ% e 58 &) datidioh HIOCk 1d. AQ rHéc{S% block
long Ii'ne 502 to action block 504. At action

516, mdemgm ofsalk evdewwords i thef areay cotgstast topeeit adbt@d'ﬁwords have
si ng conti.nues al line 50

beeng%?q%gs,? %ggcg@%i Olzta?]a%q qyﬁoﬂsm%@%t ‘gge% success ﬁytdoecoded,

then processing continues along line 518 to action block 520. On the other hand, if
testing at decision block 516 finds no remaining errors in the decoding process,
then processing continues along line 522 and 524 to End 526.

At action block 520, LLRs corresponding to successfully decoded codewords
in the array are pinned. After completion of action block 520, processing continues
along line 528 to action block 530. At action block 530, soft MAP decoding is
performed for every SPC codeword in the array, and a new LLR is obtained for
each bit.

After completion of action block 530, processing continues along line 532 to
action block 534. At action block 534, LLRs of undecoded RS codewords are
replaced with new LLRs. After completion of action block 534, processing
continues along line 536 to action block 538. At action block 538, n; is incremented,

in other words n; is set to n; + 1.
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tentative hard decisions are made on each bit based on
its LLR After conpletion of action block 508,
processi ng continues along line 510 to action block
512. At action block 512, eygry code word in an RS/ SPC
array is decoded using a Berl ekanp- Massey al gorithm
After conpletion of action block 15 512, processing

C OAtten desptisifof AdteorbBlbck B38epiceddinglBaikinhd$alotlg line 540 to
deci sion_block 516, decoding of all codewords in'the

decigipn Hoiks542% dytedpcisionr blodks 549, If it énitwerthiat hiay Niebiben processing

toop H3GE L 1P CRRGREP0 OB Te S g LOrETHOBLoG By € it s
not @R 19 <10 A BroBbte 5328 A RhSD4 Bl 536

testing at decisi-on 516 finds ho renal ni ng
erirottee $teptHehelsendi ngwpLloRe sobtaied hsinghhagi@ssmg posteriori
continues along |line 522 and 524 to End 526. At action
(MAR) clerodg, foF S cosesaisbimtipah (ausus 4oty KP gdewerdroare used
codewords in the array are pinned. After conpletion
to fosm agt AEAY beaskk colpom spBessseihd’.cort PHesatisiing @ pamly check
528 to action block 530. At _action. block 530 SOfi" MAP
equagiotlodingthes WeEds oV B CAyRYY JshE) s ifp i thak column:
array, and_.a new LLR is obtained for 25 each bit.
€1, Bfit et eotBHREDT on of action bl ock 530, processing
continues along line 532 to action block 534. At
action block 534, LLRs of undecoded RS codewords are
replaced with new LLRg,+After conpl etion of action
bl ock 534, processing nfines along line 536 to
action block 538. At aefion block 538, n; is ,
incremented, 30 in other words n; is set to n; + Equation2
-11- After conpletion of action block 538, processing
continues along line 540 to decision block 542. At
dewheio® dtndeds KABtiohfmbauloR. ThéeexabeM AP decdldreoriddpbnding
processing |oops back along |ines 544 and 506 to
to thag-th goluphm pkod@&@s the falboyigigoutplibbkRF6R jtsiifthibit ¢,5: not
true that ni < Nit, then processing continues al ong

line 524 to end 526. 5 In AMha1Step fi,(clt, set of new
Loutld:J35= ILgc;9pt-a@ -{ed) s nanhmefi ﬂmtanlpés—t—g—tlf i (VAP)

decodi ng for SPC codeword \ia2ach col /1t Nep&RRtion 3

codewords are used to forman array, each colu

cOfsisSt squaftiod +had bihies &dtdveiingi ngpprgamiatipnc heakvenient  for

implementation:
Ny+1
Low(ess) ~ Lieg) + (D)™ - ] signZ(eg)) - min, {IL(as)l}
iFul=1 o Equation 4

An example of the proposed decoder for RS/SPC product code can be
depicted as in FIG. 6. In FIG. 6, there are N+ 1 Berlekamp-Massey decoders 602,
604, 606, 608, 610, 612 and Nm MAP-SPC decoders 614, 616, 618. However, the
decoding can be performed with only one Berlekamp-Massey and only one

MAP-SPC decoder, at a cost of increased decoding delay. In that case, for all rows
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equation. In other words, for every colum j,15 j<_

Nm bits in that colum: ¢l c21 ...cN +11 satisfy: 10

Nw+1 ED ~a 0, i=1 Equation 2 wher e (c) denotes

addi ti on nodul o 2. The exaci{, MAP decoder correspondi ng

to the j-th colum produces %he foll owi ng output LLR

for its i-th bit cl11: ~)I Lo t(Gi) =L(Gj) +2-
(colL(mﬁé)NM'[el roankeoluldll up@at Kds( &8 bé g&fd@héd kediafifiuabie@d of in

Thi s equation has the follow ng approximtion
araB@hvEﬁtaelﬁd block dmgremmétBe@lekamnM&s&e)L decoder)and reduced

complgity MAEREY Fsrodé® 5 BRFLini 8 i Fie S FopbeRiely-

deg0qgE;, fﬁfre%éfv%BC MClor£ R 6B be cgEgle‘H &g Qs?irﬂirome

FIG 6. 1n FIG 6, ere are N. + 1 Berl

competadider HI6EK2, 7046 hd GI6, erbOB, cobilditiofl bladkd N(Sl VARt SBdrome
decoders 614, 616, 618. However, the decodi ng can be
Compvétaft@n clgi 104 @mvyd@ﬁnénséﬂpékéﬂmswaess@y #ntPSotn ¢ Berdekamp-

25, MVAR- SPC de cost L ncreased dec
Mas§/ et kR 210 it SR s, Freh 55 S RB GG 2ok 7a6. The
Berl&1Qhh-B24d4B7Y) T@Siﬁh%\ BRKA0 PRI AR oSIBA Rk bl 16X
ermst%ad o?y paraIPeI De?gﬁ | ed bloc%)dlagrahgynonua )
at 71Betol & Kdmign’ MSssmh lleclodé4 aaddtor é’@u&&deyscafgbnthm)block 716. The
MAP- SP%% der are |ven|nrb§ 7 and FlI G
Chiepess§saEe ii 716 provises ootk hOgdi 8y ﬁbf@lréo%ﬂ’fqushénﬂ@? 718 to

the Pg%lqee}? 9 ldpéo?ﬂhhlob][%cﬁ W% Fggﬁco .}%% 88‘5}? %ﬁ"é&t? o%ﬁ k08 oflh@ﬁgrney s

rorecorrection
algorithm block 716 provides error magnitudes on hne 720 to the error correction

block 706. The error correction block 706 provides decoded codewords on line 722.

FIG. 8 illustrates a reduced complexity MAP-SPC decoder for an (n, n-1) SPC
code. A hard decision block 802 receives LLRs at 804. The hard decision block
makes a preliminary decision on each bit based on the LLRs received at 804. The
hard decision block 802 generates bits 806 that couple to modulo 2 adder 808. The
modulo 2 adder provides an output 810 to sign calculation block 812. Sign
calculation block 812 receives the LLRs at 804. The sign calculation block 812
provides sign output bits si, sz, ... sn at 814.

The LLR’s at 804 are also coupled to absolute value block 816. Absolute
value block 816 provides absolute value outputs 818. Absolute values 818 couple to
function block 820. Function block 820 calculates i; and i, at 822 according to

Equations 5 and 6:
i, =argmin,g; (L |} Equation 5

[ = argmin ;, tsisall Li [} Equation 6
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conmput ation bl ock 704 provides an output sl1, s2, ..
s2t at 708 to a Berl ekanp- Massey's al gorithm bl ock
710 and to a Forney's al gorithmblock 716. The

Ber | ekanp- Massey' s al gorithm_bl ock 710 provi des an
error | ocator polynom al 4( at 712 to a Chien 's
Search block 714 and to the Forney's al gorithm bl ock

710utgine it endChi #1823 ceaplecto fahetkn Bldrks2ay OieputsBIUSréth block
4(X) (i error locations) on line 718 to the

i.e.,
812 %#I?ié&osfuaﬂc@@nihlhqfk BRé&ckLRe @t &4 alsp chwpler toofunction block 824.
orrectj bl ock 706. T Forney's orithmblo .
Fundin Bfich ARl Tyt fardes i HE D AFPB RO drqgtions 7

and §orrection block 706. The error correction block 706
provi des decoded codewords on line 722. FIG 8
illustrates a reduced conpl exity MAP-SPC decoder for
an (n, n-1) SPC 15 code. A hard decision block 802
receives LLRs ati®@fdldhard decision bl ock mek xjuation 7
prelimnary decision on each bit based on the LLRs
received at 804. The hard decision block 802
generates bits 8p_6a,t£1at=sq Epl e to nodulo 2 adder 808.
The nodul o 2 adder prbvides an output 810 to si gn Equation8
cal cul ation block 812. Sign calculation block 812
receives the LLRs at 804. The sign cal cul ation bl ock

813 RLOYides, Si gn, Qut BYY cBibIe t8iaddss at 828, $MRAtat 804 al
8149q%%g Lgé's at 804tgre al SO %oupf%d to absol ute e

couplaltoethiel slknd@hg. nddesoB28.eThe shuwenbrigh ood8d fprprviale dpslated LLR
absol ute val ue outPuts 818. Absol ute val ues 818 coupl e
outpps Lo deiton- bhocRE 83D, Function bl ock 820 cal cul at es

ii and i2 at 82 ﬁgﬁﬁg' O RRg 5 and 6: 25

it = argmnls, < ' L = argmn ;#, .

| Yihstdadlof dsingEQuavéritibrial eddr %B@I‘lék&ﬁlf%sée% @dcodZg in the
coupl e to function bl ock 824. tputs 814 from bl ock

Stepgi ot Hwuptaposed [denedingn etdsuces gavbe intreduceddbased) @ the soft bit
o SBLE A AR R B8 o AT LB 828 ke e
impdveRich B9 pbFoFAUALL SNF fhsterd¥hvBrgenhce. It is assumed that an RS code
with error correcting capability T has minimum distance 2T + 1.

If error/erasure decoding is performed, a criteria needs to be determined for
erasing a symbol. In the classical soft decoding algorithm, Forney's Generalized
Minimum Distance (GMD) decoding, a received symbol sequence is decoded in T +
1 attempts (assuming RS code has a minimum distance 2T + 1). In the i-th attempt

(0<i<T), the 2i least reliable symbols are erased. This implies a search for the 2T

least reliable symbols in a received symbol sequence. This search may be too
complex to implement. For this reason, the following technique is used:

(a) Before the decoding, a threshold value for bit LLR magnitude, Lt > 0, is
established.

(b) Whenever a magnitude of a bit LLR is less then Ly, the symbol to which

that bit belongs is marked for erasure.
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i L,,,,t=SJL, | Equation 7 i = a: LO= stlLbl
Equation 8 10 Qutputs Lext,i, Lext,2. ..... Lext, n at
826 couple to adders at 828. LLRs at 804 al so couple
to the summ ng nodes 828. T{g summ ng nodes provide
updated LLR outputs Lout,l, Lout,2, ... Lout,n at
830. | NTRODUCTI ON OF ERASURES | nst ead of using

C ONved tHad Vailth Befleka@phlylaBasy @édind/bssRYiHaa06f 7D ekdbures can
the 15 Step 1 of the proposed decodi ng, erasures can

be cperertedr Withedebthseshodd mathogpfthe fiumbémEoefrayinbals magked for
decodi ng. . Thi | d id .
eras B R LD ARl B BT ek BedRth AR S coding or

keepRAYVEIGEMeGhrdshol PuAgs wNEgrt hat an RS code with error
ee correctlng cggagi I}lty T has m ni num di stance 2T + 1.

| f Aaother/ siocas dompliecwdiyrtg aveid arstarciefdr tlee biakt mliable symbols,
needs to be determ ned for 20 erasing_a synbol. In
and sHE prHEEINC 8l st of @B AEpSHIY AT despdipgsnsymiar as in GMD

| i ' | St GwW) d di ng,
decofERE S Sheb A BB g nce (D) decoding, 2 i
t( ﬁ%? Fbmtoﬁ ggﬁ% ‘Sl%?@d 1%\%2&?35_{&}?_ I)dmtm hlgugi Ige atsLt%-Br @r%ﬁlgm > 0is

detefiieed. Therc@uekasiad setltdl gerbnPhé @stial BERmahghiondé feregtold is set
| east reliable synbols in a received synbol sequence.
to zeFhi £se@r The maynler dforasi2®s dotl previous dptatingtatteRupt is set to
~this reason, the follow ng technique is used: (a)
E‘BeEb6Pe-the decoding, a threshold value for bit LLR
magni tude, LT > 0, is established. (b) Wenever a
rm(g)h iRateianigle thethits whrse §LRemagniiude i Jess Hbew yihoThe symbols
which that bit belongs is marked for erasure. -14- o
contajping these hils arepaptkedaiop exessweylf dhe agintker of swekisyimhads E©is
2T erasures, can,be cprrected. Wth the threshol d . .
at Tigstnel, ap elfnﬁ%grE"égofBe%fﬁism&w%oﬂrwee@%ufiscodmg is

ma ed 2T. In th case, one can either perform
perf%r,ng%ﬁ)igﬁﬁ y>§€cé’6ﬂp egi:eco ¥¥p reducing the threshold
until . El T. r,..npr.e o t Q.. avei .
Sg(g:k Ckr!%'r%ars%t ﬁle’lg | gg‘g{\tlgr?elli‘ A |l§ 1S.y%cfﬁs§?m@l¥e Bit ¥qigd fhreshold:
LY =I5 + AL
Go back to (b).
For this decoding, the choice of the LLR threshold step AL, is essential. If it

is too large, the decoding will be error only in most cases. If it is too small, a lot of
effort is wasted on increasing the LLR threshold.

Note that the more erasures are introduced, the larger the probability to
decode a wrong codeword. This type of decoding error is very dangerous since the
receiver is not notified of the decoding failure. For this reason, it may be desirable
(E,, <2T).

to specify a maximum number of allowed erasures, E

A flow chart of the proposed GMD-like decoding process that avoids sorting
LLRs is shown in FIG. 9. The process starts at start 902 and continues along line 904
to action block 906. At action block 906, an LLR magnitude threshold and a

maximum number of erasures are specified. After completion of action block 906,
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and still performa series of error/erasure RS

decodings, simlar as in GW decoding, can be

described as follows: (a) Prior to the decoding, the

step of an LLR magnitude thygshold ALT > 0 is

determ ned. The counter i is set to zero. The initia

LLR magnitude threshold is set 10 to zero: Li = 0.
procésiend) domiedu e al@hg&ﬁfeeﬁi{)& o dchienplesk ous Aes@ibnglock 910, i is set

attenpt is set to Ev-"-E~ -1. (b) Determ ne the bits
to zaghod Eer cqmpigiion efdrction hlegs 91h groagssirpeontimies long line 912 to

g those bits are marked for erasure. If the
acti Hﬂﬂﬁ@f%}zp such synbols E') is at nost 2T and if

E(A) 551011 BfJ 5&@‘1@”@ VRASEYo P eS IATHE ré’ﬁ%ﬁg 'd?g?éli%g attempt

15 perforne > 2T, stop the decodi ng.
is sekt n@ideas enftivd ICIORI rthedsshlold 1$ sE‘t— Aftér lzoniﬂbeh?dre of heetibhtblock 914,
LLR threshol d: 4-" b). For this )
Procawigl FoRinYeselong ﬂl@é 9&6 t@ ﬁét“mhqulﬂ hott ackier plogk918sthe bits

whof EER i i losS dpand aoBlesnPi Bre HERBEARHR: M gt LLR
thredold &f de@rt is wasted on increasing the LLR threshol d.

Note that the nore erasures are introduced, the |arger

t haftpr obrapidtidnyof actiareblodle 9&8y\pm¢gssmgi emnﬁduesTﬂbagtlgtWZO to
decn SV A VS BAEHHR Bl o within i
EG-D taHHSE mq?] Siﬁzodbés ﬁ&@?ﬁ:\@g&g&ggﬁ& %ﬁgﬁ ?T(?&E%E%yqpﬂgnues along

line 92'4 toAﬁléchSi&h ek 926. HhED picrRolse dviGthédk BndBe @Hém grocessing
process that avoids sorti ng LLRs is shown in FIG 9.
contifyes plangdine $2&itorartign Block Y3 @t agtionddeck m&drew@p-Massey

l..ne 90 action bl ock 90 { actl 06,,,a
decoghitié SR GAATBOR A oHBa T et Afies SRtaTTHRGF ashon biSdk 930,
procf{A EGRIRIR 18RE Ginki98Y to ééﬁ&rt bRﬁH@b@t ion of action

ock 906, -15-"processing continues along line 908 to
acAt actidal blokk 984, i iAtinaehiemted) axck Ahér wiords i msedet td 0+ 1. After
zero. After conpletion of action bl ock 910 rocessi ng

complsHonnfastian ek 93e Pyecessing coatingies pilonskling §36 to action block
938. At action block 938, L1@® is set to L&D + ®L1. After completion of action block

938, processing continues along lines 940 and 916 to action block 918.

At decision block 926, E@ is tested to see if it is less than Emax. If E® is less
than Emax at decision block 926, then processing continues along lines 942 and 932 to
action block 934. If E® is not less than Emax at decision block 926, then processing
continues along line 944 to end 946.

Decoding parameters

From the description of the proposed decoding algorithm, it can be seen that
there are several parameters that need to be specified prior to the decoding. First, in
the Step 1 of the decoding, the LLRs of code bits in successfully decoded RS
codewords are set to a value of large magnitude with appropriate sign. This large
magnitude Lmax. has to be defined prior to the decoding. The second parameter is

the maximum number of iterations, Njt. Furthermore, if erasure/error decoding is
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At action block 914, a nunber of erasures in the

previ ous decoding attenpt 5 is set and an initial LLR

threshold is set. After conpletion of action bl ock

914, processing continues_fdong line 916 to action

bl ock 918. At action block 918, the bits whose LLR

magni tude is less than a threshold are determ ned, and
perfa@imed) theal. LRLiRaghhttids atebhiotd 36t neatfst & be aptigletomddialso the

action block 91 processi ng continues along |ine 920
maxirgurmyoueiber of ahowed @izasgxzzs Epex. Hinalkyy ahom@ctra m@rrrE@MD—hke

decogh%&SSt eq}ﬁﬁma%bogd I%Ielch IlSeleI}Sﬁlr%Maﬁte? b ésqr?li%s{eé),s, f}heeeﬁlres%old step

AL, PEOG 85 BEBBe§RBAI nues along line 924 to decision block
926. If E? does lie with these limts, then processing

CONG idet@mine ORE sétl dfed &ddind p agirheerd) the lbeS3lubn would be to
action block 930, Berl ekanp- Massey decodi ng of
perfermn oppiimizedione of deperpapmetersAflewerenpthas i1vna ovfery complex

ct ock 9 rocessi ng continues |.on
protfiy. O teretinr Brotikababe PRITIRE oAb PB AT gIneH tysperforming
lffeh;}&rtﬁmh%i WRhiddb, 2 hB&hoWein %’*g%g susoﬁ}%rametbrsﬂh;t provides the

conp et| on o action processi ng
best petformeanse.al ong |ine 936 to action block 938. At

action block 938, LT(') is set to LT(i-1) + -QLT.

Af'f@ﬁu@@mgw@u ﬂamh&ifofai@ppéwgmq;émet@ess processi ng

co Ques |In§1 gp and 916 to action block 918.
Hn%|3| (32 "EU) is tested to see if it

'S-I{/lﬁ§§nﬁﬂﬁ'ihx§6€f<ofﬂtéraﬁ¥%*ssi\ﬂtess than E. at decision
bl ock 926, then processing continues along |ines 942

animmagllltmmwmdh 08ALRIMagutide Hoeshddstahald,, and
E. at decision block 926, then processi ng continues

al OMigximwen mampbepnoberasews, Epecodi ng paraneters 25 From
the description of the proposed decoding algorithm it
can be seen that there are several paraneters that

need to be specified prior to the decoding. First, in

the Step 1 of the decoding, the LLRs of code bits in

successful |y decoded@&sdingdemwpt ggtyare set to a val ue
of Iar e.m nltu e wth approprjate_sign. This large
éter: gsPropased qdedoding eithiy fopan n, Xn,, array

decodln The seco d paraneter is 30 the nmaxi mum
consising&t B R adsmas §Pe OFMS: Furt hernore, if
deco is -16-

erasur.e/ err
o %erleﬁampoMassey eco ing, N, times, and
* MAP-SPC decoding, n_ times.

It is assumed that a reduced complexity MAP-SPC is used. Commonly, the decod-
ing complexity is expressed as the total number of required multiplications. Since
reduced complexity MAP-SPC involves only determining the minimum over all bit
LLR magnitudes, it does not include any multiplications. Therefore, the overall

complexity of the proposed algorithm is:

C = Nite - Ny, - Cpu(N, T, m), Equation 9
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performed, the LLR magnitude threshold LT needs to be
specified and al so the maxi num nunber of all owed
erasures En,ax. Finally, in order to perform GVD-|ike
decodi ng by using threshol dishich is increased in
di screte steps, the thresho}d step 44 need to be
specified. 5 To determ ne the set of decoding
Paivhied ercam(Nhe Thesk) selenbtan weul dohfput@tioRdr f esmiplexity of
opti m zation of these paraneters. However, this is a
Berleleayp-ddagsieg xdeqodiig emhRS)ttOdh ofolength Bhnsimbol sizhem, and error
ranmeters.ca det er rformn di ff.erent
corrfeli RPN B SrSRAte R (B GReORyE amugexiBy of the Proposed
algoﬁ%ﬁ”%&ﬁrﬁe tc%ﬁgld@{'éa’ 11€Be ¢ roQﬁﬁSte N 'ERRes- lafg?erT{:hen the
sunmmari ze, the |li1st of decodi ng paraneters ISs:
omjyRxitiyush thieRomergntionialeBerlekaxp-Madaxy raiwwiﬂgof@r thé same number
Iterations, Nite, - LLR magnitude threshold,
of RﬁLCRdemgmi& Niete heweren, dhatt the megpry r%qwrememﬁm%the decoding

e N P J

D PiRisteRl errGf) BAiye hhit dekislin B&&ﬁﬁg\ﬂ@fr@lﬁ/&ﬁé&&f d&oding is
20 Berl ekanp- Massey decodi ng, N

perfdsoed) thg Bemleknimpeblassey a]goa]s]smmqwrfwmeai atemusteﬁf + 1 tlmes for
conpl exity, MAP- SPC i s used. Cgommon t he de - in
eachdXpepdeoid, paddhe fellawmeauppereda $1: KR ERIRP lfy results:
required nultiplications. Since reduced conplexity
MAP- SPC i nvol ves only determ ning the m ni num over all
bit 25 LLRenagartyugesy, ity ds i, el ude any
mul tiplicati o% ﬂ erefor e’ eﬂgvera conpl exi t5dwgtion 10
t he proposed algorlthn1|s C Nice . NN CBMNT, m,
Equation 9 -17- where CBM N, T, m denotes the
conput ati onal conplexity of

Simulation results

Below, a set of simulation results is provided for the WFR performance with
the proposed decoding method. As a running example, a shortened RS code over a
finite Galois Field GF(219) with K = 410 information symbols is considered. An RS
code symbol consists of m = 10 bits. The error correcting capability is T = 20 and
code length is N = K + 2T = 450. No interleaving of RS codewords is performed.
The number of codewords within RS/SPC array, is Nw = 64. Thus, every column in
an array of FIG. 2 is a codeword in the (65,64) SPC code. A perpendicular recording
channel with the channel response equalized to a partial response target

PR2=[1,2,1] is considered. The user bit density is Dy = 2.0, while the normalized

channel bit density nD is adjusted according to the overall code rate R = £ - =, nD

= Dy/R. In all simulations the maximal bit LLR magnitude is set to Lmax = 15.
The performance of the RS/SPC array with the proposed iterative decoding

over a channel with no media noise is shown in FIG. 10. For detection a BCJR
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Ber | ekanp- Massey decodi ng of RS code of |length N,
synbol size m and error correcting capability T.
Consequently, the decoding conplexity of the proposed
al gorithmcan be consi deredig o be approximately N t,,
times larger then the 5 conplexity of the conventiona
Ber | ekanp- Massey decodi ng for the sane nunber of RS

algogieiewas dased\olBichhangvigdized Msit & hposRAEY ﬂr@ﬁblbﬂl@yferﬂo?eh the
and the decodi ng delay for the proposed asﬁgrlthn1are

perfemmancenwidl rgdyicedgand ful compéadtyoMAPY for ycdiamh codes is

d di d
simuiEEo TR e IREBEr STt b8 SHOreRaURnt AT S compleniny MAP
for S@t &Rﬁt is&Bri sthalll 1H9c§rr§19 bf SNR ‘W’ﬁh tﬁg‘ HPAa¥R h@m@é?%ftlt@atlons

[ ow ng upper bound on the conplexity results:

set t0§ N[te;i— 1D, thelddin of ithrativeBi4ddding o) an R§/&PCoarrdp coﬂﬁ)ared to the
Simulation results Below, a set of sinulation results

conviegtignal kel stecpdingt is daxgerFems BHrdfde com be seendhap @tp%@eWFR of
- 10000 hBinest £ abledst OPS aBP R BRI SR T e e R of the
proﬁo@%{ggog%dl s%%( f1§ ab §m%%%% éiqbed @ﬂll%gn%Qegl SPC- MéAP and

con e errort correctl

3. IOe‘aRﬁ'tl‘eHhEé’d lcém lalﬁmW%ek@ﬁ%ﬁvbﬁtl%ﬁ d%cﬁd?n-% provides

. No interleavi of RS codewords is performe
WFRI'hfeOJ@EnAEo xf Ft@d]s(?r\ﬁtejpenfotxhamm BleR&arody is mx:hN}éd with the
64. Thus, every colum in_ an array of FIG_ 2 is a ) )
conveg s deqoser hut ?cwnslzs)asg#verr@é&@rreﬂt%ﬁ HibuTar 24- This Tis

chos%ﬁ 8 rtﬂh{]?‘l @t@gf; g'%tne\é\fgta{f)ﬁr ‘["%lgﬂ’n%f {aiﬁngggfﬁ e §04AN AETof the

anal RS?SM arﬁgﬁf‘ IugRtoll tovde&id ¥ ih&reBsed by sﬁnpllWir{c?easmg the
the normal i z channel bit density nD is adjusted

errommqﬂmggcap@bﬂﬁg ob el ¢odsp the p%nf@rrmmferdegnades nD =
D mul ati ons the bit. LLR
DonBCs, gl dhE ol it pr B heiticn ite aﬁ?%??e Hfronics

@ %M ddied e proposed iterative decoding over
nois annel” Wi th no media noise is shown in FIG 10. For

de]]'neElCl. 011 a BORdefdtoraisqureld] vhdrsasuseHIGNIZ Rattern Dependent
Nmsgzalg(reg]lc%gz S?)Iftt-O?ltI?I?tS\th?cerzrlb? XIggglt%brﬁl l%P{)II\%IQI SO%PA) wa? 1elsed FIGS. 11-
12 also show the convergence with the number of iterations. The decoding
converges only after 4-6 iterations.

Finally, in FIG. 13, the performance in the system with 80% position jitter
and 20% electronics noise and PDNP-SOVA detector is shown. During the iterative
decoding erasure/error decoding is wused instead of the error only
Berlekamp-Massey decoding. The positions of erasures are determined using a
series of thresholds on the bit LLR magnitudes. In this example, the LLR magnitude
threshold step is A Lr= 0.01 and the maximum number of allowed erasures is set to

Emax = T.

Sector size and applications of the iterative decoding of RS/SPC 2D arrays

In summary, an RS/SPC 2D array structure and its iterative decoding for

error correction is disclosed. The improvement in performance was measured in
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performance with reduced and full conplexity MAP for

SPC colum codes is sinmulated. The performance | oss

due to a nore realistic reduced conplexity MAP for

SPC code is very small in tggrns of SNR Wth the

maxi mal nunber of iterations 5 set to Nite, = 10, the

gain of iterative decoding of an RS/ SPC array conpared
terms of if@rovaehWiR.ildoakvES il eeaidgystémb,ad grtordiamsirGmportant

10 it can be seen that at the WFR of =10', the
parageteri nad g ectoraFailerss Rage oSFRB. representatonehof JhR ultimate

22. 6. the WR t he r opased decodin che i,S a .
pertfugcel ettt M (o sgRloP RETIeki B0 Smecoiran e Tollowing
ineq&alﬂtibs'hcfl&f reduced conpl exity SPC- MAP, wher eas

conventional decoding provides to WFR of 0.05. Also,

in FIG 10 the perfor eNEB<#HFR%e-WFRode i s i ncl uded

with the conventiqgnal decoder but for increased error

cohs &t ahthecRpases RS/ SP( 2byarrayjig coneeyned nis<ap camsist of an

b RSoEE Ber 96 L5y BB AL 08 TR HBs o

code@irab i®Vieé BieGlendd (45014205 RE doMeSdvER |YF(RF kRS ii38d thForm one
error correcting capability of an RS code, the

RS/ 0% aorayadbesel 64raadewords nay i E8:t el 64 3epatate sedters (in which
] of 80% position jitter and 20% el gctronics
case [P e G B Giate Mtabieibed of sopsmerdiariBig sector
U§Pehe €8rra gs Egsﬁgl%%egﬁ},t %@%ﬁ??ﬁ??ﬁtarrwmcan be regarded

Nol se- Predi cti t put gorit

as a (iNgNPeSOVAprivatonsede andGhe prbpoted alesodBigomiettirl can be used
convergence with the nunber of iterations. The
for ege s@riegtiondn dha viargae spyiensatioayeversto elipiy gepd performance,

Ei nal | in_Fl 1 h formance in the,s m _
the gropReashystur rPaniT otdfe 1S5 5000, i atoy Y 6T Sade within
RS/t aRR)YRheM \bE @él‘éﬁb@[ry lohgs BRWMihe RHJE Qrﬂ_{azehlh}'% roMfbitively

decodi hg erasure/erro degodl ng is used i hstead of the
largeetor fornoalsinglBeettok.a0p-thiessbyr Handdif mg. RIAPQasiayi amsists of a

f erasures are detergln' ed using 5 serjes of
L€

numbsy; gk 1%6F1985 et REPRSISEd | 4920H R intwdge R hivsed amp) ecovery
meaéuﬁg, detR JRANG LG 54;'(5 ?T?‘{?)Q}]\fg’ pr&RdlSedtali] = 0. 01 and
the al T owed

maxi mum number® o erasures I's set to Enmax
= Ih. scepetafr tied 2Risting Redphndait Armysf of Mtexpedkidel Discs (RAID)
decodi ng of RS/ SPC 2D arrays In summary, an RS/ SPC 2D
archijgqtagessa singlelparigndisctis afdded de1 datageroiriitiog. fbe bits on this disc

are formed by adding bits on data discs modulo 2. Using hard decisions, only one
disc failure can be tolerated. However, with bit LLRs available, and having in mind
the fact that RS/SPC arrays are inherently present when such parity disc is formed,
the proposed iterative decoding can be used, and a significantly larger number of
failures can be recovered from.

RS/SPC multidimensional arravs

The concept of RS/SPC 2D arrays can be extended to arbitrary number d of
dimensions in a straightforward way. First, an RS code bits are placed into an
niXnzx...Xngq array. Then, single parity check bits are added in arbitrary d - 1

dimensions.
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30 error correction is disclosed. The inprovenent in
performance was neasured in -19- terns of inproved
WFR. However, in storage systens, a sector size is an
i nportant paraneter and thg}Sector Fai lure Rate (SFR)
represents one of the ultimate performance netrics.
If one sector consists of ¢ codewords, the follow ng
| NAHiRIplé bﬁz&ngﬁl 6f RS/8PR 3D aFalR iS gvenTiRFUS MaThaartdiin this
proposed RS/ SPC 2D array is concerned, it can consi st
exarppledp, indpgl 838 proditaiepdet RS xdi%r 5 SPtorThexefopt, dheterare (n1, ki)
th r esent si.mulation.results 6 odewor ds i.n the
RS qifoPiriBain T8 hiRs) Sttt Boe ko basS 6Pagionds dBq e, second
diméridh Rl (nB-FSPCBES By ortIGA §hE fhit QUEMRASRD M Yedr Y, 1S Kk, + 1,
be 64 separateé sectors (in which 10 case WR=SFRY or
ns =tlker d, ear= bEnaahdiger (NUDEIM.0To obdeinca tsorei gdheralBI2 RS/SPC

sector. |If the whole array is a single sector, the
arrayBp sedebupcan bayprbilfardy areggeddn anga: % ke kigl3D avrayrand then

rr ion de .an he, pr oposed,. decodi n thod can .
SPC i EE e SRR AP el R BB S RB8 0 Pof B mains as
showlR e FRE..5. TheFRhRicRa @6 1iRS I SRy ROGSer df @emBhoBAS.ed
schene requires strong RS codes. This neans that RS

c older thérnhone, thisRShERE amcatenstion| btiyeen airat stvarlg cbdmgnd one
nd . the whol e array may be prohipitivel large . to ..
weal gpdg.4ng) lngﬁ%CO?{éreg at Hera vy PRI decisigh segogies of the
strox%r .;9&{&% S%c?d&Ofana %'L‘R”’%gga{?é‘ vi& hg" %eakhgorﬂgfm&?tegode soft
codi'ng nmet hod nay be used as a recovery neasure,

decigsibh @lecol & lcafl @se0gléraByet k& oewe ! typps o€ @Btipdheh@icdded. There is
sone of the existing Redundant Arrays of [nexpensive

no regtyetiory RARPDpNd HPGeedest ectures, a single parity disc
[ ded for data .protection. The bits on this.dis s
oy WG et R B b ARGt SO SRR adAAd reliability

on thi bRerN M ARG RASnew? Hrdor0redtionCsdiatibié thdtaotifl improve
toleraf ed. However, with bit LLRs available, and

reliabdity ngroms in nodayt'histdrage sybi@mRRKésdcSaomays (B$)ecodes are very
i nherently present_ when such parity disc_is forne

d,
poweH! spdposaryantionally wisedlos sy aRedionydr Prdghtp gmprove the
perf&lnqmge' 0%3% lcéfdés‘r,jl Egﬁ%é%?{dla :2: d2es hal k)%\ﬁae %?bot?fsolution. In

recovered from nsi onaf array
fact, after a certain point, it degrades the performance. Another solution would be

to increase RS code symbol size and RS code length, but this solution also has its
practical limits.

An array and decoding algorithm for error correction are described here. If
the proposed array is two dimensional, it is called RS/SPC 2D array, and it consists
of RS codewords with an extra row of single parity check (SPC) bits formed on
every column. If every row represents one RS codeword, the array is also a well
known product code of RS and SPC code. However, the arrangement of RS
codewords within this array can be more general. Furthermore, the array can be
extended in a natural way to more than two dimensions. The proposed iterative
decoding algorithm for an RS/SPC array can provide significant improvement of

word failure rate (WFR) performance in only several iterations. The algorithm
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The concept of RS/ SPC 2D arrays can be extended to
arbitrary nunber d of dinensions in a straightforward
way. First, an RS code bits are placed into an nl x
n2 x ... X na array. Then, _%j_ngl e parity check bits
are added in arbitrary d - 30 di nensions. -20- A
sinple exanple of RS/SPC 3D array is given in FIG 14.

comBites datd¥etRidhdscRKAFTHOL aipowértull RStcoda adld P Bitclhformatlon
code: RS x SPC x SPC. Therefore, there are (ni,
upd#g iy ermmgumn at fpostariagt @(Iﬁé’hsdmodmg 2fork 2n §PC code. The

conEBBRRY BEor A A rHIDE HERaPORePIeFBhr T ShphAngbepasure RS
decoolié?éf&gfuﬂhiéis ifhiptovdhert iNBerffithdfice ‘Tl(lé\lcoméf%%ﬂai Jfoche gproposed

In a nore general 3D'RS/ SPC array,
decoclag He thebhtimbet |of #eradiogedtiies alargerx theh )thé(&o&@ﬂem of the
array, and then SPC bits can be added in the secon

convgpiongl r BerdgkasarMasseyhelegederdi E@er emrﬁgela@nt% hefanWER are

.Th art.. applies t
demihifia®d SHLSmplRHRE WREhE PRI Tt AR Ko BTGt i, proposed
erroP B6MBEILIP RfetRbH QR HSEl R8N Qm‘élnﬁne ﬂs@ué\@@k aCQRor H9E andSsector
decoding that iteratively perforns hard deci sion

failudecdd ($IR )afonpretatishraoegddoespedhent code and LLR updat e
e ol B TR S5 e 5 TR e B tecocing
methU?l? 't8r It]:?’e RBEd ‘S'Sﬁ;rﬁbﬁ ? gﬁﬁltﬁ&uﬁ%@s&&%ﬁ' 49 Q}‘?ﬁom‘ﬁﬂ«% mammum

reasi ng requi rerren ar ea ensity ‘on one

a poat@ﬁohediécaidmg by sinkle- pﬁrlt)heh&tldﬁ@fde wied§lendnofif wiludeipdate for
error correction solutions that would inmprove

eachrhit wathi hardydegisior deﬂodlnga@r Begd@pbcgéos dee irgords. The algorithm

can (s e O Ry Re i RHTe M REEE S0l BB htes PR oPrasyres are

1ntrdd'w59V§snt1 ethréﬁ{oﬁ&rdﬂiriﬁg ISLR RRaSRHE8es dWAHRIbits. A number of
redundancy does not provide a good solution. In fact,

decoding nat@nges taze mpde fdr eath Regdefbdemionecqrbr fwarrdp vleere in each
Anot her_ sol ution would be 20 to increase RS code
attergphihg) LR ?ge%d%l%%eﬂéi’g‘%th Bsten waldieg o ution also

h 3 'i t b%r %E‘l Fs%oé tﬁll'a¥ ven tﬁ“@ %prger%%%o gcteriﬁtfics and

mfor error correct | on ar escCri
adv&ﬁ@%@r@pﬁﬁﬁﬁuﬁﬁﬁ%dlﬁehWOﬂ it MSveHtn hhte ibeefialet €6rth in the

RS/'SPC 2D array, and it consists
foregoing description, together with details of the structure and function of various
embodiments of the invention, this disclosure is illustrative only, and changes may
be made in detail, especially in matters of structure and arrangement of parts
within the principles of the present invention to the full extent indicated by the
broad general meaning of the terms in which the appended claims are expressed.
For example, the particular elements may vary depending on the particular
application for the communication channel while maintaining substantially the
same functionality without departing from the scope and spirit of the present
invention. In addition, although the preferred embodiment described herein is

directed to a communication channel for a data storage system, it will be

appreciated by those skilled in the art that the teachings of the present invention



of RS codewords with an extra row of single parity
check (SPC) bits forned on 25 every columm. |f every
row represents one RS codeword, the array is also a
wel I known product code ofyRS and SPC code. However,
the arrangenent of RS codewords within this array can
be nore general. Furthernore, the array can be

can &%t apghedi to eothai Usinhrynaatdirtédr@nhuhaihidationdichenaéelonsyithout
The proposed iterative decoding algorithmfor an

depaRSnsrﬁ@rarﬂa%@cqp&rar&mnﬁ@f thepresertdpventigi-ovenent of 30
word failure rate (WFR) performance in only severa
iterations. The algorithm-21- conbi nes hard deci sion
decoding for a powerful RS code and soft bit
informati on wupdate via maxi num a posteriori (MAP)
decoding for an SPC code. The conventional error only
RS decodi ng can be replaced with error and erasure RS
decodi ng for further inprovenent in performance. The
conpl exity of the proposed 5 decoding is the nunber of
iterations tines larger then the conplexity of the
conventi onal Berl ekanp- Massey decoder. The
i mprovenents of WFR are denonstrated in simulation
results. Also, possible applications of the proposed
error correction nmethod are discussed and the issues
of a sector size and sector failure rate (SFR)
conmputation are addressed. 10 An iterative soft input
decodi ng algorithm (or iterative soft input decoding
nmet hod) for the Reed-Sol onon/ SPC nul ti -di nensi ona
array conbi nes maxi mum a posteriori decodi ng of
singl e-parity-check code words and soft val ue update
for each bit with hard deci sion decoding for
Reed- Sol onon code words. The al gorithm can incl ude
error/erasure decodi ng for Reed-Sol onobn codes words.
Erasures are 15 introduced using threshold on the LLR
magni tudes of the bits. A nunber of decoding attenpts
are made for each Reed- Sol onon code word, where in
each attenpt the LLR threshold is increased by an LLR
step value. It is to be understood that even though
numer ous characteristics and advantages of various
enbodi nents of the invention have been set forth in
the 20 foregoing description, together with details
of the structure and function of various



enbodi nents of the invention, this disclosure is
illustrative only, and changes may be nade in detail,
especially in matters of structure and arrangenent of
parts wthin the principl e?r 30f the present invention
to the full extent indicated by the broad genera
meani ng of the terns in which the appended clains are
WEAISSEAIMED ISor exanpl e, the particul ar el enents may
vary depending on the particular application for the
1. conmmmaunmat@ha?hﬁenehmm@rmgat a| ning substantially

t he functl nal.i t t rtln fromt

s opREEsdpn Aty sBek ERdPRvnEnLd words and
addi ti onge b iRlAR LBABAHIGH Atht aHRAUCIRMHAL PaFR) RRECK code
herei n |§ élre conmuni cat i on cha for a

dat a st owagds &ydstRfeafd Sdlomtohl colde v&mrcbl:tbaefnrm adnbltidimensional
those skilled in the art that the teachings of the

present 3Wention -22- can be applied to other binary

sat ur at ed co ni.ca hannel s thout ril -y
fr oo d RECRI R SRR g Me AR Pled PR i Broviding
- 23- V\HAJdlat%chA«lali/Elault&n dnd é\d@:m&ﬂre'v@m &mnnel
conprising: a Reed-Sol onon/single-parity- check encoder
r ec:mRﬂengQlemom(mmge gradtity geheek addéaedenmeenivioge thebheok output
t hat inc%)‘?‘f;gﬁ1 parc%lty check code rds an
Reed- Sol e\XBlrSdén REneRGNERISCONATeS YSHeWOr Shal
array; a soft input soft output detector receiving the
encoded bl ock and providing a detector hard out put
2. andTlre @etrefitificatioh tchiaevel 8f (Afigh d ReeterSadapBiBIng Agu@-length
parity check decoder receiving the hard output and
limited encoder, andlasturaleagtehintied q?ﬁfodéb overed user words.
2. The communi cation channel of Caim1 further
corrpri sing a run-length Ilimted encoder, and a
runThé ngrﬂnﬁhﬁbﬁ&q HEARECHF Chaim! NEwREFPTN Thé 3bFORvels comprise
" channel of Claim 1 wherein the soft [evels conprise
loglldglihokdlrationd rati os.

4. The communication channel of Claim 1 further comprising a MAP decoder

generating the soft levels.

5. The communication channel of Claim 1 wherein the detector comprises an

iterative decoder.

6. The communication channel of Claim 1 wherein the detector comprises a
Viterbi detector.
7. The communication channel of Claim 1 further comprising an error

syndrome calculation block that provides a syndrome output, and a Berlekamp-
Massey algorithm block that receives the syndrome output and provides a

Berlekamp-Massey error location polynomial.



4. The communi cation channel of Caim1 further
conprising a MAP decoder generating the soft |evels.
5. The communi cation channel of Caim1l wherein the
detector conprises an iterahive decoder. 6. The
communi cation channel of Caim1 wherein the detector
conprises a Viterbi detector. 7. The conmuni cati on
channel of Claim1 further conprising an error
syndrome cal cul ati on bl ock that provides a syndraone

8. out Pe commnication ereams! ofveiaiay” éllrgqur qupmlagla ¢hign’s search

t d
cal A F e BB e o hF SRk BTSRRI PP logjiongpolynomial
and E?oxﬁ&@%‘b‘ @iHi&Y s SBarkh %mllo@a‘uoq &htgshif further

nmprising a Chien's search calculation block that
receives the Berlekanp- Massey error | ocati on
pol ynom al and provides a Chien 's search erro

9. | oc ¢ sRmyBHpifation, chammed d}%iﬁl@a@. B leﬁaﬁﬂ@u?r@fn&:laafﬁ?ney s
Algtﬂr }Ertl Igzhr?l%?g)grﬂl&lpﬂ}aﬁ D&V Chiefl? rgegpd’ﬂ &?{)oca?hog r2)utput

elrves en S searc error

andwﬁ@waesamenmgpyaﬁesn@gﬂwuaab fit.ror magni t ude
out put. 10. The conmunicati on channel of Claim?9

further conprising an error correction circuit

proyi di ng decoded codewor.ds erel t he syndrone
10-out g , copmuBisadions beran ok iy Sohether GoppEtgan error
cor}%‘:ﬁolr:\o LREYtS ﬁfvrl&’fngnﬁg&dé@ %od%p&'g AE GAURYS dthEOsyndrome

rror C recti circult conmuni cat 1 on

outph@nhelChienpeachrgrodobash Sotparamdeihe Fdeney s eeror imggnitude
user words and generating an encoded bl ock that

outpiit preieanged te Hrfeeranricomeatiosl @rqéled- Sol onon code
wor ds, wherein each Reed- Sol onon code word conpri ses
nore than one user word; a detector receiving the

STkl dlagfagg outout and s

a Reed-Solomon encoder receiving user words and generating an encoded
block that includes SPC code and multiple Reed-Solomon code
words, wherein each Reed-Solomon code word comprises more
than one user word;

a detector receiving the encoded block and providing hard output and soft
levels related to the encoded block; and

a decoder receiving the hard output and the soft levels, the decoder

generating recovered user words as a function of Reed-Solomon

decoding and SPC error correction.

12.  The communication channel of Claim 11 further comprising an error
syndrome calculation block that provides a syndrome output, and a Berlekamp-
Massey algorithm block that receives the syndrome output and provides a

Berlekamp-Massey error location polynomial.



a decoder receiving the hard output and the soft

| evel s, the decoder generating recovered user words

as a function of Reed-Sol onon decoding and SPC error

correction. 12. The communi gati on channel of Caim 1l

further conprising an error syndrone cal cul ation

bl ock that provides a syndrone output, and a

Ber | ekanp- Massey al gorithm bl ock that receives the

syndrone output and provides a Berlekanp-Massey error =
13.| ocBhe slenporpirationl charsl af3Claipe 12ofHtrerc semprising a Chien’s

channel .of Claimi12 further c r4d Si a ien's .
sea g renegtian Befbn Citobieotiesr TR ci yi@rfiplstly Serror focation
pol?%bh’ﬁkﬁ&ﬂli PRAEaYs £UHREn’s 96ath @ProrRekaRG @pugnd

rovides a Chien 's search error |ocation output. 14.

The communi cati on channel of C aim 13 further

con]fr,i sing a Forney's Al garithmcal culation bl ock ,
14.t hathe copipuRicaienchasmel of Lelaianld fpgher somnprasing a Forney’s

ou . ' For. 1S 3 ' .
MR BB R EEDE D ChAs SR LGP pation ourpur

and préviges & FEBhdySS Bfrod MnbniRide idptieCtion circuit
p?oviding decgged codé&%{ds, and wherein the syndrone

output, the Chien 's search error |ocation output and

t he.Forney's error ni tud out re coupled .to
15 T St B Pl P, TREAUE IS P BEGEUPhS b an eror
corr&HYr @bt ﬁrcﬁl‘?&fgfg q QIEF%%%P];C%Q@%PH& 984 e&g@ﬁeérrl dthe syndrome

recei ving amn enco provi di ng
oufpuitpibie Ghign'sakardheatredislocatian ediput dndetherfedey s oleeknagnitude
DC free decqder receiving the hard output and the soft
oufpaif @re coypled tethe grgor gaiEeeiion geRtdt-ati ng soft bit | evel
i nformati on; and a Reed- Sol onon si ngl e-parity-check
decoder receiving the soft bit level information and

16.gengr(pgcbagrlrcgﬁfpf@m§{ user words. 17. The decoder of
Claim116 further conprising: providing the soft bit

| evakoftifputrsaft-ont@st detgetbr kedeitinga@nreatcoded bid&k afitkproviding
decoder oL (graim16 \é\{herf in the DC free dec dcﬂa )
conpr i sexharg gitput and soft evels related to the encoded block;
a DC free decoder receiving the hard output and the soft levels, the DC free
decoder generating soft bit level information; and
a Reed-Solomon single-parity-check decoder receiving the soft bit level

information and generating recovered user words.

17.  The decoder of Claim 16 further comprising;:

providing the soft bit level information as log likelihood ratios.

18.  The decoder of Claim 16 wherein the DC free decoder comprises a run

length limited decoder.



length limted decoder. -26- 19. The decoder of C aim
16 wherein the soft-input-soft-output detector
conprises a Viterbi algorithm 20. The decoder of
Caim 16 wherein the soft-ipgut-soft-output detector
conprises a maxi mum a posteriori algorithm

19. The decoder of Claim 16 wherein the soft-input-soft-output detector

comprises a Viterbi algorithm.

20. The decoder of Claim 16 wherein the soft-input-soft-output detector

comprises a maximum a posteriori algorithm.



