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HS/MH/6003030 -1- COMMUNICATION CHANNEL WITH
A&&’@? OLOMON ENCODING AND SINGLE PARITY CHECK FIELD OF
VENTION 5 The present invention relates generally to
communication channels that include Reed-Solomon encoding, and more
particularly but not by limitation to regd/write channels in data storage
devices that include Reed-Solomon e 'coding BACKGROUND OF THE

corregton, &5%%%@@&@% Bl denedan
BT e e

the key determinants of system reliability. With increased areal denS|ty on

one hand, and increaseﬁaqyiggppgtg Iqu\;lg}qﬁ@qrates on the other

hand, there is a demand for encoding and decoding circuits and methods
that banpeseide meentipnaticlaws|gererot yates, dogimepeiedtidanbannels that

e T L SR OB H AL b At (0
readURi%e (@RI GY AQEVGRS SHQT d@@l@@@ﬁ%@lﬁéﬁ@@&%sgﬁﬁﬁoﬁ%nmdmg

achieve better rellablllt RS code Ie@gth and mbol size can be

mcreased but thlsEf BN Yglﬁﬁé@]brflncreased
ﬁgéﬂda%%rﬁ% %é@’&'%@&ﬁ%ﬂ‘/’&a%% Hnageen ¥or correction codes
ovide

ents of the present inventio solutions to these an
(ECﬁDobLmﬁsl émd dfferrathemaddangages! oclecrcttimgnm aiatsuwmga\daﬁces. The

THE INVENT Disclosed is a method a ommunjcation channel
Perfﬁmlaampﬁée@ﬁg 8 ﬁ%r&%%%ﬁn/em@@fs&% SRcEReR T feof system
relifRERS SAIAMQAGIBIIPAFY NaHi PRI ARE IRERYCRHEEhWOEIS BREGuirements

generates an encoded block. The encoded block includes single parity

for lewe ekrendatep @R reicttsrhanddberdsdsdemanifor encoding and decoding

circuits and methods that can provide a combination of low error rates, high speed

and improved system reliability. Increasing ECC overhead reduces error rates and
makes the system more reliable, however the increased overhead due to
redundancy reduces storage capacity and reduces speed.

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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comprise more than one user word. HS/MW6003030 -2- The
ication channel comprises a soft input soft output detector
recelving the encoded block. The soft input soft output detector provides a
detector hard output and a detector soft levels. The communication
channel comprises a Reed-SoIomon/_?_ngIe parity check 5 (RS/SPC)
decoder. The Reed-Solomon/single parity check decoder receives the
hard output and the soft levels. The detector generates recovered user
woilds: Gthenfeatuati®anchhenefitsdhgbiberactene iapibbdivfientstplitheletector

e BT SpRenuBen e e SOV SRS, e
harPESER BIHINOETHERPRAWINGS FIG. 1A illustrates an oblique view

of a disc drive. FIG. 1B illustrates an exemplary embodiment of a .
maghetioreeurdinatiepstbanmaanipuiteste Reackratopions single parity check
j sipnal (2D)-array wi 15 cpdewords as rows and, SP .
RS A e R R AR TR g the
hard RGP ECImiatiuciotolisdd Tl itlestatassen@xarsple-of @ R G46PR20s.
arrgéfhwith two rows forming a RS codeword using a row-wise expansion
of

BbIBRE LS8 eBaE ot sChaifrtirdzo e HmgRtrarisths present
inveRRSRPIGiAl B RS¥SRMt sﬁ%awmg"}ﬁ@waﬁ%mﬁg ARReLAMRMMH on and

using a column-wise expansion of m symbol bits, and SPC codewords as
reviepiurhtwe EsdGatrdlatesingtow chart of the proposed iterative decoding

foran RS/SPC SR %%E&Ig_ﬂf&%a&sﬁfﬁﬁgngS/SPc

product code.
FIG. 1A illustrates an oblique view of a disc drive.

HS,

FIG. 1B illustrates an exemplary embodiment of a magnetic recording
system.

FIG. 2 illustrates an example of a two dimensional (2D) array with RS
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. 7 illustrates a block diagram of a Berlekamp-Massey hard decision
der. FIG. 8 illustrates a block diagram of a reduced complexity
Hsﬂﬁ%)??g‘?gﬁ a posteriori (MAP) decoder for an (n, n-1) SPC code.
HS/MW6003030 -3- FIG. 9 illustrates a flow chart of the algorithm that
performs error/erasure RS decoding_%[n steps, with the number of
erasures increasing in each step. The decoding mimics generalized
minimum distance (GMD) decoding without sorting log likelihood ratios
(LLURG). T HéuclosanesSliovwhehactual (vl Blgeniohingthieppartdermerether /erasure

hosen value of LLR magnitude threshold step -"LT. FIG. 10 illustrates
RS &%&%&&ﬁéﬁ@mﬁﬁj AR EREEToPh B lﬁﬁ?ﬁﬁﬂ%drh%“% step. The
dec 019185 SemE Ancka R SRAEWORES @S e amNS) R/ g RIS sorting

code) with the proposed iterative decoding for perpendicular recording

log bikatihebéleationidsLiore bheycleaness 1o e tratve VR sttsading slepends

f a,2D array comprising RS codewords ; as rows agg[SPC codewords as
on By e adp e T Bt R Dl 55Ra rative decoding for
pepiEnditulal uetendingrahaniel 8@ 2 me(idFRiegleofienngise IXWIRD array
FIG. 12 illustrates WFR performance of a 2D array comprising RS

compuifiRgrifs r9IRWEHSans EPEscahdwalRds Sedonmife @srePEmbdaic/ SPC
pro&ee'ﬁzwk!g tﬂﬁtﬂrmgﬁﬁ%g@@di\{?e%@ﬁ%%ﬂ%%? IR {8RAIHIPGecording
channel, 80/20 media/ el

ctronic noise mixture. The detection is
chameefoetrettavithsanpéeernlgiependent noise predictive soft output Viterbi

clop iy (BONE-SOYMCFIC, 13 lustrates WER performance 2D 1o, ords

array comprising as rows an WOr

as r6@lyES SRE/SRfewtaddccasienivith({s/ Brapgsed teralive) dernding pebposed
perpendicular recording channel, 80/20 media/ electronic noise mixture.

iteratiye ddesefdongsiperrRATRER AR MDIePosENg, ehrnieboliigis media/electronic

noise mixture.

FIG. 12 illustrates WEFR 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 a pattern dependent noise
predictive soft output 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
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enhanced with erasure decoding. FIG. 14 illustrates an example of a 3D

HS/“@Z{@? array: 3-dimensional product 25 code RSxSPCxSPC.
? D DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS In the

embodiments described below, a channel is disclosed in which RS

decoder failure, or word failure rate is jmproved, without increasing RS

code HS/MW6003030 -4- length or symbol size. The magnetic recording

read/write system is modeled as a communication channel, where data is
lengitoradsgmbaisizend heachagetialator ding. rdsil Avwaitandstededodingleled as a

algorithm are us%'dﬁ\fgr rror correction. The array. comprises an RS/SPC |
oy RIALABRATR 1y YRS GBS SRR TSR RO AT ER8 WBH difer time.

An AW aiaWOlRIAIBRATIEPRAKASRE) Rk fauped R5 eMGREERBHNThe array
An iterative decoding algorithm can comprise hard decision decoding for

compeieds 8vldvhphodevandimeaniummlapesictiot (VAPYidesdisied-frlamon code
PC code. Cpnventional.error only RS decodi an be replaced with
wordl S B8 S B P T R ot
An tvetih0desvtiety eanpadifnentanfdbe friesdniidvéatistoare esafiheDise Reed-
drive 100 includes a housing with a base 102 and a top_cover (not
SolagRgiyrjOBfs ABrvERSTIIRe? iIRABEELE b pRbidessdipgicfris an SPC code.

Con@@ﬁ%ﬁqp&?&w W@c@ﬂh@hf?ﬂ{]})gyr R4 180 Plst PR sure RS

106 includes a plurality of individual discs, which are mounted for
decedingtation about 15 central axis 109. Each disc surface has an

assgeialed dise head sider 110 yhichis mounied o dse AV OB IO ¢ .
communication with the disc surface. Tn the example 'shown'in .4

preseitlais/bhe Ghiea el pRefAd D SUspRNSINE dLIWhiCAAISIHE mh atesset02 and
to track accessing arms 114 of an actuator 116. The actuator shown in

a top|epveriénstiRBAYHY «Révwrialys IR duifge matiscamrrindRueghich is
modhYOIFS 0l 20MAETAEN (SHOURSERPTHIY LB i 96U MSHer A8k 106
rotates actuator 116

includes a plurality of individual discs, which are mounted for co-rotation about
central axis 109. Each disc surface has an associated disc head slider 110 which is
mounted to disc drive 100 for communication with the disc surface. In the example
shown in FIG. 1, sliders 110 are supported by suspensions 112 which are in turn
attached to track accessing arms 114 of an actuator 116. The actuator shown in FIG.
1 is of the type known as a rotary moving coil actuator and includes a voice coil
motor (VCM), shown generally at 118. Voice coil motor 118 rotates actuator 116
with its attached heads 110 about a pivot shaft 120 to position heads 110 over a
desired data track along an arcuate path 122 between 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}
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with its attached heads 110 about a pivot shaft 120 to position heads 110

(gogoﬂesired data track along an arcuate path 122 between a disc inner
lameter 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). 25_@_ typical magnetic recording system

model is depicted in FIG. 113. User data bits 140 are encoded using

RS/SPC encoder 142. The RS/SPC encoder 142 provides an

at 128disnsrsiodad (on Nhdistensgnaeditay (RB/ 55 Gnogue thitis3 4 dhaft the storage
'nclucﬁé RS codewords combined with SPC codewords. After that,

medga R0 Ee B ORROSE E6HED%SNG IBREENGS Séaaﬂ@md the other

rep@ggggg prptained sequence {ak} HS/MW6003030 -5- at 148 is
recorded on the storage medium 150 by magnetizing bits of the storage
meldiurings0 mits edfodpisesitagithetiviss aoieadé predethinglaisslears an@utput

pudl pier tepreseniing a lagical 1. uripg, aipracess olfeading e Blsif.q bits
readMrite head produces an oﬁput pulse when therdis ¢ ang‘% In

TherdagpetizatiBe hekerdeopentabhaageretized Bitgndticatisipulpulsaused by a
produced by the change in a magnetization flux caused by a_positive

PosiixRsHERSHIRP U IERHuBHC GRS 1HD M3 koY Rl HaiisifisHed transition
h(t, w). C tly, tive t ition.in the i t bit
res e T BrOLERE Bl oAty A e Ak oence [,
i tj f i , it is.al ti f .
prodBRRERAY B WAL SN MURBEIAMIEINET R & apeion o

timef itsupaaks valiica ThRIGHNIDA pReleicreiSHERdicl aspfR¥éRsTine Sighet of the

read by the read/write head is corrupted by different types of noise. Media
trangifiea ipise &5 thdipiridetonnkiyahagnthe wédih, PREvEEsAMg i senoted as
PWSr(l)gad, and other parts of the recording system. Here the media noise

model is characterized by the position jitter A tk at 152 and the pulse

broBle siggalffecid vk the 184dPweite inediaisaes;upeetdnsitivfferent types of

. response at the k-th bit interval is L : . :
noise. Media notlse l1<s rc]iue {0 the imperfections in magnetic media, the recording

HS,

head, and other parts of the recording system. Here the media noise model is
characterized by the position jitter A # at 152 and the pulse broadening effect A wy
at 154. Due to media noise, the transition response at the k-th bit interval is

h(t — At,,w+ Aw, ). Also present in the system is electronics noise, n(t) at 156, which

is modeled as Additive White Gaussian Noise (AWGN). Finally, the transition
response lasts more then one bit interval. Thus, there is an overlap of 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
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h(t - Atk , w + Awj. Also present in the system is electronics noise, n(t) at

Hsmé%?o P%I%ch Is modeled as Additive White Gaussian Noise (AWGN).
[ a?y, the transition 20 response lasts more then one bit interval. Thus,

there is an overlap of 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.
merSainplidginstancaserdbikTof akehihgrastinpliegrslitig it Gi2nate detenmioall, very

by a timing recovery block 164. The timjng recovery block 164 o
larggy SiBehAte TBPHHY R AGTRNS aFRY Dttt DR i iervals,

andt%}iﬂ%gl% ngiiRies: dRseave Irlukprial QRRpMRXIMBhis reason,
Likelihood (PRML) detection is performed, preferably using a Viterbi
equalietiimisvvtioianee bptraapdigoritem fardeoricheaniteetipprise is shaped to
somséySt?erHIgt\évf}plirHlséMc\a/ivli%gp 3038 -SRI, How e.VWit'gl]eergagﬁgypoen _sequence
magnetic recording ctrannel Is commonly very %rge, since one transition

dete@spongershitacy Gvedlinesny prigitharangbeitpeitsvaied and thpphvinglihed signal
168 Viterbi algorithmn would be very complex. Far this reason, equalization is

pRRdHERRLS E4tialiZd0186b U daHe tRAAREI G sPBRsEstesiRipb ol e detector
172 SBMBRLESSISHRINGAIALORL Yiith SNBISONEBILISREAAZRIRB comprise a

sequence detection of relatively small complexity can be performed on
soft thetpyd alitedbsigd gbridan AR@tmakdiRavrl XOAJP litgqeikhis praniddd, mone or
. adetector 172. The.detecto comprises a soft.input.soft putput .
i A 172V ah SoRIeCh 2B BN Bor Estimated

sequidigesitie 45 D0AY BCIRear alg Withnil ¥esi@ets,7alamel @mIRINSPC decoder
q K
combination with either a SOVA decoder or an iterative decoder.

176 tamhey csiqnspdaing dataris (e dadesirrrarerad. wregobide)1ai4178. The
RS/ apeh AR A 17 8RR < 4R tﬁ§’}§ A gﬁ%ggfg%%"s qﬂﬁ%ﬂﬁé@%%ﬁlerated by

called recovered user bits) at 178, The RS ecoder 176 d s an
RS/RRISEG-aday tHat Wwas ovibinhllyage mechied byaRBisR0O®modes. 1T8Re RS/ SPC

deco ell(‘: qu TAH%'H%E g??esérgigsoiﬁ)%%rrloésécgg%ﬁaalg IZ?\/IAP decoder for SPC code.
The RS/SPC decoder 176 can be an error-only decoder, or it can also include an
error/erasure decoder. The Reed-Solomon decoder includes Chien’s search
algorithm and Forney’s algorithm.

Due to error propagation in the RLL decoder 174, a reverse scheme can also
be used, with RLL encoder 146 applied prior to RS/SPC encoder 142. There is a
desire to provide a lower bit error rate at the input of RS decoder 176. An iterative
channel detector provides a lower bit error rate. The iterative detector comprises 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.
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15 decoder 176 includes a Reed-Solomon decoder and a MAP decoder
Hsﬂ\l%&& Ocode. The RS/SPC decoder 176 can be an error-only decoder, or

It can also include an error/erasure decoder. The Reed-Solomon decoder

includes Chien 's search algorithm and Forney's algorithm. Due to error

propagation in the RLL decoder 174, a reverse scheme can also 20 be

used, with RLL encoder 146 applied prior to RS/SPC encoder 142. There

is a desire to provide a lower bit error rate at the input of RS decoder 176.

An(emtiveechamnehtetedtatipateiddsat ibvweohit BE oradéey dits iteratbeenehow

detector comprises a Soft Input Soft Qutput (SISO) detector, e.g. BCJIR
rela el dey PGSR ST SO VE S %%‘ﬁ‘iﬁ#‘%‘ @éwse,rﬁﬁa rafivE J&epigdecoded
can RdpMiFeeasice M&eﬁg‘i‘%ﬁ_ﬁér@ Hesatye @ﬁiﬁ%@t@ oMY dable. The
noise predictive. The best candidates for iterative codes are Turbo
prolmybiditzt codidSinglevrarity Gieding Paibre) Yoekss diail sy RptndWFR), can
im P@JQ%@%@%&%D%C)&%%%& Th%é”trogéﬂCéioé‘v%fn%'év%dﬂ%&‘%fea”d( a yery low
Piidrative codes Into the read channel architecture provides aval asbiﬁty of &Y
SNRsofThit telgisifehipatiafokiek)idBOtesthbautedfRSHesediigl Zorailable soft in-
HS/MH/6003030 -7- Comguter simulation indicates that if more RS

formafiandffstathe SRctrindraidttd lenrdhd aAbmE: e RBsgdryords and

Singl@dpPUArdISRat Rreseerient dsFoRE Aspan hgln I reCoNeEngBtNefSd for an
codewords that are thought to be undecodable.” The probability of RS

RS/ 6bdewoay d desditlepthihaloywy thet Favlelne Feafo(wv-Ryrdadesifmpraleroding of a
m n one decade,.in.some cases even | decades, at a ver

PO R S P o O TS o h e Hlg VAR R mber of

cons@fitioniynaidie At B RRD deresies I fihieadsd ARy eomPisidgered in
RS codewords and Single Parity Check (SPC) bits, or RS/SPC arrays. A

onlyi X mEtFRIEORT alk URSRIPOS a3 diieRbled BHBW SReraigeRl the WER

perfB?fﬁ%%é pardiegision dgaed Qigﬁdpmgffﬁﬁ(?egﬁ%%ﬁ " $Rd instead of

information update of SPC code bits. A large num entionally

errownraidgodaled’ Singdéve relsf tniibtion haet ianmel80arbbeimedoreradSIPC bits can help
in determining which RS code symbols should be regarded as erasures.

RS/SPC product code

While the concept of RS/SPC 2D arrays is general, a specific example of an
RS/SPC 2D array is shown in FIG. 2. Rows 204, 206, 208, 210, 212 in this two
dimensional bit array are (N, K) RS codewords with symbol size m bits, and every
column is a codeword in an SPC code. The array is, in fact, a product code, and it is
denoted here as an RS/SPC product code. The total of Nw RS codewords constitute
Nw rows, and one additional row 214 is formed so that each 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.
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only several iterations. Furthermore, additional improvements of the WFR
HS gg nce can be achieved if erasure and error RS decoding is used

Instead of error-only RS decoding. The soft information 180 obtained from

SPC bits can help 15 in determining which RS code symbols should be

regarded as erasures. RS/SPC produgt code While the concept of

RS/SPC 2D arrays is general, a specific example of an RS/SPC 2D array

is shown in FIG. 2. Rows 204, 206, 208, 210, 212 in this two dimensional
Agaliit, aotay asergNr&yvRS dodewdrds witl tsyatiol gikermmbiié, andaeneyyizO0an SPC

column is a codeword in an SPC code. The array is, in fact, a product .
codBREdahRGET BRI MR B AR pfélfa%ilu cteGubl T Btal-otRere N is

Sc d?wor%s cocpstitut N, rows, and one .additional row 214 is formed
Ofthe

an Lo hat e%%t Ny oﬁJ?Xrﬁ% gla 1&ed't is<')verall parity check. The

datRAHGNI BN HashBW D IACEHGI? dBlates 1) aBRRPUNENA different ways. For
Reed-Solomon encoder such as RS/SPC encoder 142 in FIG. 113. 25

exarGpleeradbRSISRCo2 DNy Ry scddgenerdt 2 aapngadistinguafflRS way that each
codewords and SPC bits is formed by removing the constraint that every
codewipid AATRS seveRbrINIPREkBraNINS, @bac2BiRy BTN, RS dogewveaéeatewhen

RS %r&%ﬁ%%rig ney 'tﬁe%%%) aaHS‘%’#Q ?chca%"%‘éi‘ é/y(%‘%syos'\;e e%%o%(%?}?;{éagilgaa Nm
gain, one’extra row is formed so that each column of an array Is an
SPCcbitevtartthehe pasabigtefsareatist onavedansbiigilate dnireed\sevirainrows of an
where N is an RS code length and m is the symbo] size in bits. RS code

arrayiid CHHGEMIARRYSIEON TR M AP ARSRY TSy BRAARRS Rishas:
exampigiofrhits ol B tRmenams;ate aHangaddn gHeh RoNaniat symbol

each’ codeword forms several consecutive rows of a 2D array. This is
expaasivenient when RS code is long and there is a desire to avoid excess

ovesises i adconal Nty EC B, EHIOSIIOLG IR L MR SR
expansion)

An example of approach (1) is shown in FIG. 3. In this example, each RS
codeword 302, 304, 306 is arranged to form two rows. Note that the bits from each
symbol belong to the same row of an array. Also, note that RS/SPC product code is
a special case of this approach, with all code bits of one codeword forming one row.
The data arrangement shown in FIG. 3 relates to encoding in a Reed-Solomon
encoder such as RS/SPC encoder 142 in FIG. 1B.

In FIG. 4, an example of approach (2) is shown. In this approach, each RS
codeword is forming m rows 402, 404, 406, and code bits belonging 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,
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array in different ways too. Two main approaches can be distinguished: 10
i ithin one symbol belong to the same row (row-wise symbol

Hsﬂ\&e%?ﬁ@r%égn) (2) Bits within one symbol belong to the same column

(column-wise symbol expansion) An example of approach (1) is shown in

FIG. 3. In this example, each RS 15 gpodeword 302, 304, 306 is arranged

to form two rows. Note that the bits from each symbol belong to the same

row of an array. Also, note that RS/SPC product code is a special case of
whettisR&ppydadh thdtbaiécoddd)isndfSIFE code ol nmengahe Adve. embeding can

nt shown in FIG. 3 relates to encoding in a Reed-Solomon

data arrapgem

be PEriIRs SIHAPRBISPC ancoder 142 in FIG. 15, 201 FIG. 4, an
example PHARPINRCHN IS i SRoMA AN IS ARRLPRSANBACIL R Se SU8WRI dncoded
is forming m rows 402, 404, 406, and code bits belonging to one symbol

using ®placestierm different consecutive rows. The data arrangement shown
in FIG. 4 relates to encoding in a Reed-Solomon encoder such as )
Rsfse®EiredeMaRp rrdeverdn partiarierpedsiichafifefiTfisin a certain

approa h may incur some loss. For approach 25 (2), channels bursts of

(pr SITors are dre likely to occur than random errors. With approach (2),

singlerpardies bie faeneehandlils &elaneimia tiasamepymbol. This

means that bursts of errors are likely to be present in a single SPC

codeword. RS code bits can b&EREEREERIRQ2D array in many other

waysge! %?8{@&@@%%8&%%%%@ Béféﬁ)%cﬁf@yaﬁaﬁé’é%ﬁé‘%‘iﬂ array

as a concatenated code, HS/ 03030 -9- where RS code Is the outer
definedeytanak. SPC code is the inner code. The encoding can be performed

as follows: 1. User data bits are divided into N. segments and eac
oA R e A S e B OB oRE g at have

simpl€ 3pRNEBELIHI AL AIBUAYHME c@aBe decoded iteratively. In such iterative

decoding, soft bit information is updated in each component code in every
iteration, and obtained soft output information is exchanged between component
decoders. The decoding is called turbo decoding and it is shown to perform well. In
fact, capacity approaching performance is achievable. For an RS/SPC array,
however, one component code is an RS code and it does not have simple soft
decoding algorithm. Nevertheless, as can be seen from the description of the
proposed algorithm, the decoding can still be performed iteratively.

Soft information for any bit c is given as its log-likelihood ratio (LLR) is:

P(c=1)
P(c=0) Equation 1

L(c) = log

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
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(predefined) way. 3. The SPC bits are formed on each column of an array.

Hsﬂﬂﬁ%@}gp method Below, a proposed decoding algorithm is described for
a PC 2D array 1o defined above. It is known that any concatenated

code with component codes that have simple soft decoding algorithms

can be decoded iteratively. In such itggative decoding, soft bit information

is updated in each component code in every iteration, and obtained soft

output information is exchanged between component 15 decoders. The
decatbaddingdgatitied durbaldecdeih g)aanaitls ghavwngtoi petéorithivgirdnedadt called

capacity approaching performance.is jevable. For apn RS/SPC array,

the REWENEL F?@@éh%‘e&fflﬁ%ﬁ@%'am@ &AL a6ea i have simple
softdecoding |atgoFIRVIRYETH §Ieasr A5 IeAN DS SR &I HMB NG 1ccessfully, stop
description of the proposed algorithm, the decoding can still be performed

the deeathialy. 20 Soft information for any bit c is given as its log-likelihood

ratig, (L is: L ctq.P(es P(e = 04E uati The OS%@ o\
feratie BB St 2B B T sl E PR gr cach bitin
an agegieword in an array is decoded using conventional Berlekamp-Massey

decoding algorithm. If the decoding is successful, the LLRs for decoded

cobtdtartsel bRk Hediade Fasadpratdsidhabasriveefopgccesstully
decHRAVMEAANZA- IAudaeaded R Beaative fr idaegdad 0) and large

magnitude. This process is called the pinning of the bit LLR. Otherwise,
bit BteROrdintin orrctiamgednStape2. of atbRS cosibas i ihean apaghhdygo back

been decoded successfully, stop the decoding. 5 Step 3. Based on the
ot P P LR SEC5B i for each bit i

The flow chart of the proposed decoding algorithm is depicted in FIG. 5. The
process shown in FIG. 5 relates to a decoder such as the decoder described below in
connection with FIG. 7 and to RLL decoder 174/MAP decoder in FIG.1B.

Processing starts in FIG. 5 at start 500 and continues along line 502 to action
block 504. At action block 504, n; is set to zero. After completion of action block 504,
processing continues along line 506 to action block 508. At action block 508,
tentative hard decisions are made on each bit based on its LLR.

After completion of action block 508, processing continues along line 510 to
action block 512. At action block 512, every code word in an RS/SPC array is
decoded using a Berlekamp-Massey algorithm. After completion of action block
512, processing continues along line 514 to decision block 516. At decision block
516, decoding of all codewords in the array is tested to see if all codewords have
been successfully decoded. If all codewords have not been successfully decoded,
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
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an array. Step 4. The LLRs of the bits in RS codewords that are not
Hs@g@;ﬁully decoded are replaced with new LLRs obtained in the Step 3.
ep 5. If the maximum number of iterations has not been reached, go
back 1o to the Step 1. Otherwise, stop the decoding. The flow chart of the
proposed decoding algorithm is depi_clt;f_d in FIG. 5. The process shown in
FIG. 5 relates to a decoder such as the decoder described below in
connection with FIG. 7 and to RLL decoder 174/MAP decoder in FIG.1B.
perfBrooasdiog starts 87°E1Godeat startibGhandragntinuesa aleng ihR 592kdained for
tion 15 block 504. At action block 504, n; is set to zero. After
eadig}ﬁpletion of action block 504, processing continues along line 506 to

actiQftdeehIBtioh FLAHBIPHH RS RTvE i dGAIFI0RS IEHAHR 532 to

_on each bit based on its LLR. After completion of action block 508,
actipnobbeein§Zbntiduestitonglinek 518 oL hRsorblook s1zlest &stigipBioerrds are
512, every code word,in an RS/SPC array is 20 de odedB sing .
e AR ey Bor e AR S o of cic gtk a13! Processng
confpreesssingectintribzstalangdind otk B38esisaniblothdektc3®, dedisintremented,
_ hlock 516, decoding of all codewords in the array is tested to see if all
in othsyaprds Hdssch&iistidcessfully decoded. If all codewords have not

beefyRiy HNoHe5Pdedo 9B Ba8SHRSLEHBUESHARNG IR R iR 540 to
action block 520. On the other hand, if 25 testing at decision block 516

decifirais lockpéning dedssan tedieeddingipiodess ththenipfd¥essihgn processing
loopcs etllc S Ogllé) rl‘I?ulelg %4542 z%n 0 Aéta(l)agéqu %k’%to(]%?t.otn elglg%%?lzb ’0'612%&2, if it is
corresponaifg to successiully decoded codewords ‘in the alray are

not BieeHaAiiet Shmpirtioprotasiian binakhre, NRGEESIGTPRiIBHaS WoNg
line 528 to action block 530. At action block 530, soft MAP decoding is o
HStheddsD3b the-ssémbmean tdrRsdnrBipined desioedmmedirag, Rerferiori

(Mm%&ld%{g pRIIped 195G Rl each column. 1f N, RS codewords are used

to form an array, each column consists of N, ,+ 1 bits satisfying a parity check
equation. In other words, for every column j1<j<Nm, bits in that column:

Cij Coj - Cn it satisfy:

Ny+1

@ Cij = 0,

i=1

Equation 2

where @ denotes addition modulo 2. The exact MAP decoder corresponding

to the j-th column produces the following output LLR for its i-th bit ¢, ; :

Ny+1 -1 N L(Cl,j)
Lout(cij) = L(cij) +2- (—=1)"*"" tanh H tanh —5 )
Lt Equation 3
This equation has the following approximation convenient for

implementation:
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After completion of action block 530, processing continues along line 532
HS/I\)}%@ block 534. At action block 534, LLRs of undecoded RS
words are 5 replaced with new LLRs. After completion of action
block 534, processing continues along line 536 to action block 538. At
action block 538, ni is incremented, ipyother words ni is set to ni + 1. After
completion of action block 538, processing continues along line 540 to
decision block 542. At decision block 542, if it is true that ni < Nite, then
processing 10 loops back &letlg lines 544 and 506 to action block 508. At
Loudegsrnitogks2 it 1S - nﬂrlﬁ%’tﬁaﬁ’ Pua%)Ngg ihg(;l Q{{)Ee@mﬁﬂ
continues along line 524 tosire526. In the Step 3 the set of new EQR&tién 4
obtained using maximum a posteriori (MAP) decoding for SPC codeword
in each column. If N. RS codewords are used to form an array, each

colymn 9’?@@ QN (iflbdni%@gasfggzg@epa{gy fig,e/%gt@ fygten ctshe can be

other wor or every ¢ 1< J<_ Nui, bitsin‘t umn: ci,1
dept2et .aChh Elcat&iyn NANG| 6jathére %\?chMﬁttldﬂBérRikWhpF@/@Ssdﬁlﬁbi&&iers 602,
addition modulo 2. The exact MAP decoder corresponding to the j-th

604, coflomp0Srcollibellhensli WML Respatersth kit 616,r®i-towever, the
o T N MR L RO IR i
MAPSHS/MMUEDE3030 dodt Nfmihtreased decoding delay. In that case, for all rows
(columns), the row (column) update has to be performed serially instead of in
parallel. Detailed block diagrams of Berlekamp-Massey decoder and reduced
complexity MAP-SPC decoder are given in FIG. 7 and FIG. 8, respectively.

In FIG. 7, received symbols on line 702 are coupled to a syndrome
computation block 704 and an error correction block 706. The syndrome
computation block 704 provides an output sl, s2, ... s2t at 708 to a Berlekamp-
Massey’s algorithm block 710 and to a Forney’s algorithm block 716. The
Berlekamp-Massey’s algorithm block 710 provides an error locator polynomial #(X)
at 712 to a Chien’s Search block 714 and to the Forney’s algorithm block 716. The
Chien’s search block 716 provides roots of #(X) (i.e., error locations) on line 718 to
the Forney’s algorithm block 716 and to the error correction block 706. The Forney’s
algorithm block 716 provides error magnitudes on line 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 s, so, ... sy at 814.
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A(x") ztzt L(ij) m+. ]S1gn(L(E~ #n i<!<N L(,777Y t#;t=1 Equation 4 An

HS/!\@?E&E%L of the proposed decoder for RS/SPC product code can be
picted as in FIG. 6. In FIG. 6, there are N. + 1 Berlekamp-Massey

decoders 602, 5 604, 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 (columns), the row

(colthman). LRGate (884 terbeapsrfatmptedetialbbiidieedwflire pdoalkeB16. Absolute

Detailed block diagrams of Berlekamp-Masse %sc der and reduced 10
val Bfiséﬁ APLElse ARtk GiMRHERSS Aheries yolues ¥ uple to
fundBSREBINEL 8D FIemb+ SNBSS YIRS AN ARE 1D AE LOHPIgIHI A& ording to
syndrome computation block 704 and an error correction block 706. The
Equeimarobendémputation block 704 provides an output s1, s2, ... s2t at 708
to a Berlekamp- Massey's algorithm block 710 and to a Forney's algorithm
block 716. The 15 Berlekamp-Massey's algorithm block 710 provides an
error locator polynomigk 4¢gmiat. /12| @ Chien 's Search block 714 apgd 19tion 5
the Forney's algorithm block 716. The Chien's search block 716 provides
roots of 4(X) (i.e., error locations) on line 718 to the Forney's algorithm
block 716 and to the error correction block 706. The Forney's algorithm
block 716 provides erfot HAIMtmdesBiihe 720 to the error correctioR@@tion 6
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, OutpGRG; aadd; Atk deqitéa flockiddbieckiges. (MirpatLOM fioen block
hard decision block makes a preliminary decision on each bit based aon

812 gruplR i duacianblesk Pt hhRs RicRidrabiockosmie by dreddlock 824.

FunBRBANALERUPE [afmadile 2 adder 805, The 25 madd o sHeREPIdeRtions 7
an output 810 to sign calculation block 812. Sign calculation block 81
and&ceives the LLRs at 804. The sign calculation block 812 provides sign
output bits s1, s2, ... sn at 814. HS/MW6003030
iza:L,,=s|L,| Equation 7
i=a: Ly, =siL| Equation 8

Outputs Lext1, Lext2, ..., Lextn at 826 couple to adders at 828. LLRs at 804 also
couple to the summing nodes 828. The summing nodes provide updated LLR

OutputS Lout,l, Lout,Z, ees Lout,n at 830.
INTRODUCTION OF ERASURES

Instead of using conventional error only Berlekamp-Massey decoding in the
Step 1 of the proposed decoding, erasures can be introduced based on the soft bit
information, and perform error/erasure decoding. This would provide further
improvement in performance and faster convergence. 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
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-13- The LLR's at 804 are also coupled to absolute value block 816.
HS/!\ﬁ?&B!ildg value block 816 provides absolute value outputs 818. Absolute
values 818 couple to function block 820. Function block 820 calculates iz
and i2 at 822 according to Equations 5 and 6: 5 ~i, = argmin,<<<,{l L; 1)
Equation 5 i,= argmin.,.,yy,{I Li lll Egy ttion 6 10 Outputs ii and i2 at 822
couple to function block 824. Outputs 814 from block 812 couple to
function block 824. LLRs at 804 also couple to function block 824.
Minbunetidpi facke822MBIr diaded ibgx, leertyzd sy indxthsatj826edeatdingléal in T +
Equations 7 and 8: 15i# a: L = s+FLOI Equation 7 i = a: . S,1Lbl
1 at@a%%%%%& &%5&, 383 NI g&%é&ﬁﬁ?ﬁ&ﬁ&% attempt
(O ngéaT}H%% 3% 304 Al3p AN L2 H{%éﬁt%mgfﬂ%dﬁﬁﬁ% dRBarch for the 2T

summing nodes provide updated LLR outputs Louti, Lout,2, ... Louth at
leasB83€1iIHVIRODHHCTHON & FrdeRIAS RIS Hobteeguehusingliensentibnahay be too

error on]y Berlekamp-Massey decoding in the . Step 1 of the proposed
Com@é%mgfmg Bah bisitAsae A paLia dRaE-Lotaaie Betoed:

inf&grﬁﬁm@m Q@JBH&%{@WE@%&W@&R{H%rﬂ?ismiw{ﬁ%ﬁiﬂ&&e, Lt >0, is

further improvement in performance and faster convergence. It is
estahlshatkd that an RS code with error correcting capability T has minimum

dis 2T + 1. If error/ erasure.d ing,is performed, a ctiteria nge .
o kSR & BRI S PRI 1 2, T SRRBST R whicn

thatdlgdsislon gk o meyik&kefigratizad-¢1S/MW6003030 -14- Minimum Distance

(GMD% decoding, a received SK/[mboI sequence is decoded in T +
Note that with Berlekamp-Massey decoding, a maximum of 2T erasures can

be corrected. With the threshold method, the number E of symbols marked for
erasure may exceed 2T. In that case, one can either perform error only decoding or
keep reducing the threshold until E < 2T .

Another, more complex way to avoid a search for the least reliable symbols,
and still perform a series of error/erasure RS decodings, similar as in GMD
decoding, can be described as follows:

(a) Prior to the decoding, the step of an LLR magnitude threshold AL; >0Ois
determined. The counter i is set to zero. The initial LLR magnitude threshold is set
to zero: L{” = 0. The number of erasures in the previous decoding attempt is set to
ECD_ECD —_1.

(b) Determine the bits whose LLR magnitude is less then L. The symbols
containing those bits are marked for erasure. If the number of such symbols E" is
at most 2T and if E" >E"", Berlekamp-Massey error/erasure decoding is
performed. If E® > 2T, stop the decoding.

(c) Increase the counter i:i<«i+1. Update the bit LLR threshold:
LO = 18D 4 AL, .

Go back to (b).
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1 attempts (assuming RS code has a minimum distance 2T + 1). In the
Hs '%@g&mpt (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 5 complex to implement. For this
reason, the following technique is us_elg:_ (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 LT, the symbol to which

thaF bit thedadgsisinmarkaddesiecastithe IO Ralert3abldtbtep AL, is essential. If it
_ Berlekamp-Massey decoding, a maximum of 2T erasures can be
is tagolregeedhovitecaingrashohe eegioantidmummbb e et dyiibsitomarral a lot of

eff(){?ﬁﬁ%gg{fgéq %a%gﬁgfs?ggﬁﬂe!ﬂtﬁéﬁ%?gﬁ@e can either perform error

only decoding or keep réducing old until E <- 2T. Another, more

cojolex thay thavaicka searchetontheitaast teliablelsyiabgts, the gndlisiilility to

perform a series of error/erasure RS decodings, similar as in GMD )
de%fi%adﬁsz%ﬁ WOKEh A RSID .e%gf?%?%omé yeELGARSEra L shnce the

rece?&‘;@inié-hBt@%ﬁ@f@éﬂ@ﬁﬁﬁ@%ﬁ@&ﬁhﬁ?ﬁl@f@qi@frflif?@geérs}&,cﬁ% bis §€tirable

to zero. The initial LLR magnitude threshold is set to zero: |14~ =0. The
to spraifiyer wieiasure nimiberprévidow eé coaingesitémpt B,se£aT 20
Ea-n=E(-n=-1. (b) Determine the bits whose LLR magnitude is less then

LI fioavssasb Ry ardstbidispelsradnpBr rasutRalayRids sorting
LLRAYEGSSWhSHoRIeY HbpiR %Q)&S@tsfﬂ%t%-rsfﬁ@gébg anBCohtinues along line 904

Berlekamp-Massey error/erasure decoding is performed. If E > 2T, sto
to aftéore dddikg 996. (&) tinartase bheckolAferan | ELR+magpdatetiibisghadl® and a
maxq’]nrl%srplorll%:m et IGF)e;z'iAf\slﬁl-ésG a(l)retr) aslgéctl igg.' K?t/e'}mé\é%)g?qu’o%_%? action block 906,
processing continues along line 908 to action block 910. At action block 910, i is set
to zero. After completion of action block 910, processing continues along line 912 to
action block 914.

At action block 914, a number of erasures in the previous decoding attempt
is set and an initial LLR threshold is set. After completion of action block 914,
processing continues along line 916 to action block 918. At action block 918, the bits
whose LLR magnitude is less than a threshold are determined, and an initial LLR
threshold is set.

After completion of action block 918, processing continues along line 920 to
decision block 922. At decision block 922, E( is tested to see if it lies within limits
E() and Emax. If E0 does not lie with these limits, then processing continues along
line 924 to decision block 926. If E®) does lie with these limits, then processing
continues along line 928 to action block 930. At action block 930, Berlekamp-Massey
decoding of errors/erasures is performed. After completion of action block 930,
processing continues long line 932 to action block 934.

At action block 934, i is incremented, or in other words i is set to i + 1. After

completion of action block 934, processing continues along line 936 to action block
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For this decoding, the choice of the LLR threshold step ALT is essential. If
(ﬁ)ﬁﬁﬂ Iarge the decoding will be error only in most cases. If it is too
S a lot of effort is wasted on increasing the LLR threshold. Note that
the more erasures are introduced, the larger the probability to 5 decode a
wrong codeword. This type of decole error is very dangerous since the
receiver is not notified of the decoding failure. For this reason, it may be
desirable to specify a maximum number of allowed erasures, Emax (Ems
938.<At2iE}idhn fldnck 88 of the psep oséd G MD#ke. deftedingppdetdss tifatction block

avoids sorting LLRs is shown in EIG. process starts at start 902

938, HQESHBES IS TiAE 4 il J60 SoRORDLHIoh Bock 906,
an hkRspagsitwlsdbreshoit 3ed A N FUNRerf RFASUIES T8 EO is less
specified. After completion of action block 906, processing continues

tharplong dindegtgan blidn Bl dhel Pragessiing otkoes alengdings Qéé’oand 932 to
Aft ti ;‘)actlo loc 910 rocessing continue

et e T £ A R 571 L HT PR SRS Plkessing

confrerdoufoaedodinglatterapt ®leet and an initial LLR threshold is set. After
completion of action block 914, processmg contlnues along line 916 to
action block 918. At action MSEREGNE RREAE S hose LLR magnitude is
espbRNAdIEShA BEATHR 65‘358&‘31@&3@? kB RSOl % 2R cen that
20 After completion of action b ck 918, processing continues along line

therema@edeméipmrbmekegszﬂmtrwdst@b@mﬂc@m EWrﬁwdited@g@bag‘ iFirst, in
lies w h|n limits D nd E oes not W|th these |i hen

the é&o egsmg {cBoen clineuces eﬂghg F:Iét\?]%fp é’&&on Iogk%eﬁs ydo(}es?deo1 RS

codavitbriieaedlisat sothemRiecsskiAge m&gﬁuaa@lwnﬂmlwpp‘iagmm%bmls large
930. At action block 930, Berlekamp-Massey 25 decodin

maggigidfe asurdsstpdiopBac AR o ARt S e digtnl] ﬁ%@ﬁw parameter is
the H{Qgﬁﬁﬁlﬂgrﬁ%ﬁﬂy%ﬁ Iﬁ@ﬂ)ﬁ%ﬁg ‘?P%lte Fﬁ}lﬁ{éﬂ%&gﬁ“eﬁ&&% MP %{%codm is

934, 1 1s incremented, or in other words 1'is set to | + 1. After ompletlon of
perfactioribltdok BBR pnegessing dbnéishuslsl alangdits 386ke aptioifibtbeind also the

maximum number of allowed erasures Emax. Finally, in order to perform GMD-like

decoding by using threshold which is increased in discrete steps, the threshold step
AL; need to be specified.

To determine the set of decoding parameters, the best solution would be to
perform optimization of these parameters. However, this is a very complex
problem. On the other hand, all the parameters can be determined by performing
different trials in simulations, and choosing the set of parameters that provides the
best performance.

To summarize, the list of decoding parameters is:

- Maximum LLR magnitude, Limax,

- Maximum number of iterations, Nite,

- LLR magnitude threshold, Lt, or LLR magnitude threshold step, AL;, and

- Maximum number of erasures, Emax.
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HS/MW6003030 -16- 938. At action block 938, LT(A) is setto LT(i-1) +

HS é[m@i%er completion of action block 938, processing continues along
ines 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 E. at decision block 926,
then processing continues along line: 7ﬂ9_42 and 932 to 5 action block 934.
If E(i) is not less than E. at decision block 926, then processing continues
along line 944 to end 946. Decoding parameters From the description of
the proposed decoding algddithoddiihganinglesdty that there are several
parameters that need to be specified prior to the decoding. First, in 10 the
Step 1°BF e fatiinghPTYRES B B HitREnAlaeERBER i) daB0 dked Rg array
codewords argset to a value of large magnitude with appropriate sign.

con gn%?gfgﬁmgg’:ﬁﬁjéd%eworﬁaipﬁgso{o Se defined prior to the decoding. The
Se@ﬁ@x@&éfﬁﬁﬁﬁé%s%ﬁfd%@&%‘%ﬁ 1PURBRIOL figrations, Nite.

Furthermore, if erasure/error decoding is performed, the LLR magnitude

thresmgmgg@@iﬁg,ageﬁﬁi@g and also the 15 maximum number of
allowed erasures Emax. Finally, in order to perform GMD-like decoding

It iskpusingdthtesholcduriet iwimpieasgdvAdSERE steps] theothreshdyr Steplecod-
. AL,. need to be specified. To determine the set of decoding parameters, ..

ing e U3 G BT b a1 AT G Al L HGEbighs. Since
reditewevenolisis MVEPYSIAMRlesI RS Ridklemt AR e oher hantnalkifer all bit

parameters can be determined by performing different trials in simulations,

LLRamrependioriss tie deeonearitabiees amat tRlicationsest pesebpiearibe. overall
i ' 15t 9f ing.parameters is: - Maximum LLR
Comk%§#%%€{%ﬁ%t§,%%€é- % ecoding parameters is aximum

iImum number of iterations, Nite, - LLR
magnitude threshold, LT, or LLR magnitude threshold step, A4, and

C = Nite - Ny - Cpu(N, T, m), Equation 9

where Cpu(N, T, m) denotes the computational complexity of
Berlekamp-Massey decoding of RS code of length N, symbol size m, and error
correcting capability T. Consequently, the decoding complexity of the proposed
algorithm can be considered to be approximately Nie, times larger then the
complexity of the conventional Berlekamp-Massey decoding for the same number
of RS codewords. Note, however, that the memory requirements and the decoding
delay for the proposed algorithm are substantially larger.

If instead of error only hard decision decoding, error/erasure decoding is
performed, the Berlekamp-Massey algorithm is performed at most 2T + 1 times for

each RS codeword, and the following upper bound on the complexity results:

C __<_ (2T + 1) : Nite * Nw : cBM(N’ T’ m) Equation 10
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- Maximum number of erasures, Emax. HS/MW6003030 -17 Decoding

ity In each iteration, the proposed decoding algorithm for an n, x
n,, array consisting of N. RS codewords performs: Berlekamp-Massey
decoding, N. times, and 5 MAP-SPC decoding, n, times. It is assumed
that a reduced complexity MAP-SPC js 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 mdsinitublésyntdeaitsiot include any
multiplications. Therefoye, the overall 10 complexity ftw oposed .
AlgBRIA: 2 g of R ROV IR TR AT AT WAL BETREnfe with

the Pbfe8eea SRR REAHRN AR OExAMBRIIGKIBPMBEERY code over a

decoding of RS code of length N, symbol size m, and error correcting
finitegpalsiisyField SnEellientith thedétd difgreonipstexiyrobehe isroposiegred. An RS
algorithm can be copsidered to.be-approximately Nite, times,larger. then
cod S o e B oAt BTGt e 20 and
cod saeng; i er=0KRSTDeevBy dBld\pitrhawave o f RS thedeetaly is performed.
requirements and the dec,odjngf 20 delay for the proposed algorithm are )
The garberiafigosiguP i sneitath Rl oARF Rarls Rbeisifh-ddusuiRyery column in
an a2HQ ISR © e c0dingisoReriPregslae) Beiekamp-N paspuaisatithiMdsording
performed at most 2T + 1 times for each’'RS codeword, and the following
chanpgenbishndlon twooeplessyoessulteq@slized (20 -1al) phlitiaN, response  target

PRZQBI,\Q,(H’E M)hsl':iaglaeﬂ(gnﬂ?e l_lllss/el}/l\g{?%Pe?ﬁ%%(})l -IJé8D§ir=n%%t’iownﬁﬁg LJtlflsé normalized

channel bit density nD is adjusted according to the overall code rate R = -3,

HS,

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
algorithm is used which maximizes bit a posteriori probability. Both the
performance with reduced and full complexity MAP for SPC column codes is
simulated. The performance loss due to a more realistic reduced complexity MAP
for SPC code is very small in terms of SNR. With the maximal number of iterations
set to Nite, = 10, the gain of iterative decoding of an RS/SPC array compared to the
conventional RS decoding is large. From FIG. 10 it can be seen that at the WFR of
~10™, the obtained gain is at least 0.65 dB. Also, at the SNR ~ 22.6, the WER of the
proposed decoding scheme is as small as 3-10™° for full complexity SPC-MAP, and
3:10™ for reduced complexity SPC-MAP, whereas conventional decoding provides
WER of 0.05. Also, in FIG. 10 the performance of the RS code is included with the
conventional decoder but for increased error correcting capability, T = 24. This T is
chosen so that the overall rate is approximately the same as the overall rate of the
analyzed RS/SPC array. If the total overhead is increased by simply increasing the

error correcting capability of an RS code, the performance degrades.
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Below, a set of simulation results is provided for the WFR performance

HS/!Q&%&OE proposed decoding method. As a running example, a shortened
code over a finite Galois Field GF(210) with K = 410 information

symbols is considered. An RS 5 code symbol consists of m = 10 bits. The

error correcting capability is T = 20 a_rfg_ code lengthis N = K + 2T = 450.

No interleaving of RS codewords is performed. The number of codewords

within RS/SPC array, is N, = 64. Thus, every column in an array of FIG. 2

is dredd€Boid ihxhehchoidy SR wadef B03erpesidion|itacardir?) % electronics

. channel with the channel response equalized to a partial response target

NOISEFPREDAL P 19%s considered. The user bit density is D. = 2.0, while the

normatized changefoitidansity Risadiusierassarding toothe Quatabependent

code rate R =N . N ; nD = D"/R. In all simulations the maximal bit LLR

Noigadgisicligidvie Seftt®upax ¥ itarbi Adgsaitbim SRDANGH-He\RY)/ 8re ugedy FIGS. 11-

ith the proppsed iterative decodjng ,pver a ¢ anne%hw'th 0 media noise ..
12 Lol PIG. S8 Forgetoton » BEom 18 Bdofn e JSed whigh ocoding

conveaxiy @el biftarppstededtipiehability. Both the performance with reduced
and full complgigy MAP for SPC column codes is simulated. The
d

pekdrttihcBisdS ade s MeHoTaMReR HRdhicetratipissiity MAP Petition jitter
and 20% ERIESYE %6[3@%11{8@@1‘?19—‘5% Waith-tae @@KW.@MH%‘%& iterative

iterations set to Nite, = 10, the gain of iterative decoding of an RS
decediag cornpsuee)/ rthe 20learmliavgional RSe&colisgasllarge. Rlom RiGor  only

10 it can pe seen,that.at th FR of, 10-4, the obtained gain is at leas .
Berlg R R T DI 05 o RIEFE b G HFSpBLec BB using o
seri@CBE Medshasdnoallthe Bil D19 ondighRompiekity 3PS At BLIOMALBhitude

reduced complexity SPC-MAP, whereas conventional decoding provides
threghpetel steros. Al A H anddsarBrmaitepben e Redlevis isaygeris set to

max\/\gtlir'the 25 conventional decoder but for increased error correcting

capability, T = 24. This T is chosen so that the overall rate is

dptoxiratein dhepgdivet an shef dveliddiradiecod thedanalyzBE APSPD arrays

array. If the total overhead is increased by simply increasing the error .

o TR, P AT S e e FEHORE AR g Agbive decoding for

errol eOVPAERIBABisclosed. The improvement in performance was measured in

terms of improved WFR. However, in storage systems, a sector size is an important
parameter and the Sector Failure Rate (SFR) represents one of the ultimate
performance metrics. If one sector consists of c codewords, the following
inequalities hold:
WFR<SFR< c-WFR

As far as the proposed RS/SPC 2D array is concerned, it can consist of an
arbitrary number of sectors. For example, in the presented simulation results 64
codewords in the shortened (450,410) RS code over GF(219) were used to form one
RS/SPC array. These 64 codewords may in fact be 64 separate sectors (in which
case WFR=SFR) or there can be a larger number of codewords within one sector.

If the whole array is a single sector, the proposed 2D array can be regarded
as a single error correction code and the proposed decoding method can be used

for error correction in the storage systems. However, to obtain good performance,
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-19- In FIGS. 11-12, the noise mixture of 80% position jitter and 20%
HS/!\ELZ&U&QACS noise are considered. In FIG. 11, a BCJR detector is used,

whereas in FIG. 12 Pattern Dependent Noise-Predictive Soft-Output

Viterbi Algorithm (PDNP-SOVA) was used. FIGS. 11- 5 12 also show the

convergence with the number of iterafjons. 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
the isreiposed Bolia@ehmedaiaty ataecp®Bocethsurelas aneacoding Boisedle within

i ad of the error only. 1o Berlekamp-Massey decoding. The positions of .
RS Sl e S h A ORI PR ER TG 0GB BB S LHOTGSBAB I, B RFOMDitvely
largB'RIRIHAES - Siih SNS LXBSPPION theeL bR PG A hTRSPBINSERAG AdnkiSts of a

0.01 and the maximum number of allowed erasures is setto Emax =T.
nunghester siestand dppliacipasesk thecidiagyengtloodingf RS/8fed 2D a recovery
meaZIRYS, A0 SUMman A0 RSISRC, 20 e slfuclurp, gnd its terative

ecading for error correction Is disclosed. The improvement in

pefiargm@neeciadeeasitiag iRethimdaoftimprayedofVlexigensgver Discs (RAID)
storage systems, a sector size is an important parameter and the Sector

architertiean-3SBEIR Pipre shatsid Ad drdnot iintater gerfdriahie ikyqesthis disc

are ISE st %Coqpagvxoa@s%st%f&{\@avmm&%&gﬁgf@'&%ﬁm; only one
WFR<_SFR<_ ¢ "WFR As far as the proposed RS/SPC 2D array is

discdenlcemet) betrlomtsibtidbarevanbitvatly hitrhb&scfssbible, Fud éxanimgén mind

in th simulation results 64 codewords in the shortened. .
the K R R P A s G (O T6 UL R0 TPe h B el is formed,
the pH&YosHiEReB4 cOURWONISIMAN IBdagidE BAdePakaierisaatoysltifpuhieimber of

_case WFER=SFR) or there can be a larger number of codewords within
failygige %@él‘%ﬁ.rﬁ%ﬂée%ﬁ%féoéﬁay is a single sector, the proposed 2D array

can be regarded RS/SPC multidimensional arrays

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
nixnyx...xng array. Then, single parity check bits are added in arbitrary d - 1
dimensions.

A simple example of RS/SPC 3D array is given in FIG. 14. The array in this
example is, in fact, a 3D product code: RS x SPC x SPC. Therefore, there are (ni, k1)
RS codewords in the first dimension, (nz2, k2) SPC codewords in the second
dimension, and (ns, k3) SPC codewords in the third dimension. Clearly, no = k2 + 1,
n; = ks +1, mm = Nm, and k1 = (N - 2T)m. To obtain a more general 3D RS/SPC
array, RS code bits can be arbitrarily arranged in an n1 x ko x k3 3D array, and then
SPC bits can be added in the second and third dimension. The decoding remains as
shown in FIG. 5. The flow chart applies to any number of dimensions.

Furthermore, this kind of concatenation between one strong code and one
weak code, and its decoding that iteratively performs hard decision decoding of the

strong component code and LLR update via the weak component code soft
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as a single error correction code and the proposed decoding method can
HS A\ﬂ%&dﬁgo for error correction in the storage systems. However, to obtain
good performance, HS/MW6003030 -20- the proposed scheme requires
strong RS codes. This means that RS code within RS/SPC array should
be relatively long, and the whole array;may be prohibitively large to form
a single sector. On the other hand, if an RS/SPC array consists of a
number of sectors, the proposed decoding method may be used as a
decisionvéeyol8eneasuis; gitarnthieedeoactihgrayheeasivesynpronentitesi&ail. There is
some of the existin @edun ant Arrays of Inexpensive Discs (RAID)
ho rﬁ?ﬁﬂﬁ%fb@sf{é%ﬂ‘ig barf§Hfisc is added for data protection. The bits on
this/gige iﬁé?e%mg(}&}’u@%%@%%f@éﬁdﬂﬁ%ﬁ Qﬁ%ﬁ@hgﬁmgaﬁﬂrq'eliabﬂity

decisions, only one disc failure can be tolerated. However, with bit LLRs
on theaiitite, Hel dewingdnfmimenoatiofaaestiRs/SPdignaydalevould improve

. inherently present when sych parity disc is formed, the pro d iterative
el T e L AT R B AL PRI very

powkefidcovésectianenRSIARE uvdliidivnensnnabaraysnl Ne eadeepioofmprove the
RS/SPC 2D arrays can be extended to arbitrary number d of 15 )
perfgrmangs e RconstyRfcHpg sedupdensy daRIebrEDiHdargngttplntion. In

fact,aﬁt&l%%%inaﬁd]ﬂt?ﬁade%ﬁ%ssgﬂg lﬁ&%%ﬁh@@k@ﬂ%tﬁ@ @gﬁ%ﬂ would be

arbitrary d - 1 dimensions. A simple example of RS/SPC 3D array is given
to ingreiGe I Todeasyapboltisiceexadn B dn faogth 3DuprbdsisbbodenRB« has its

E.Pq % SF}EC. Therefore, there are (n1, k1) 20 RS codewords in the first
prag }Fﬁenls%ln%'(nz, k2) SPC codewords in the second dimension, and (n3, k3)

SParcagryosds iddbedid dirpeitkiontdeleady, dutredtZon hrendesdtdbtd here. If
nl=Nm, and k1 = (N - 2T)m. To obtain a more#eneral 3D RS/SPC '
the greRpIRd ABAY EVad BeeatinRatly s sajed Ro4SPE RR2LRE 3nchifgpnsists

of 1?&9&88%?5’&}91&%%%? 8820055 1BANG33E90e AP HIEY JEPRYSIAR fined on

codlng remains as
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
combines hard decision decoding for a powerful RS code and soft bit information
update via maximum a posteriori (MAP) decoding for an SPC code. The
conventional error only RS decoding can be replaced with error and erasure RS
decoding for further improvement in performance. The complexity of the proposed
decoding is the number of iterations times larger then the complexity of the
conventional Berlekamp-Massey decoder. The improvements of WEFR are
demonstrated in simulation results. Also, possible applications of the proposed
error correction method are discussed and the issues of a sector size and sector

failure rate (SFR) computation are addressed.
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25 shown in FIG. 5. The flow chart applies to any number of dimensions.
fhgrmore, this kind of concatenation between one strong code and one
weak code, and its decoding that iteratively performs hard decision
decoding of the strong component code and LLR update via the weak
component code soft HS/MW6003030,-21- decision decoder, can be
generalized to other types of component codes. There is no restriction to
RS and SPC codes. With increasing requirements for areal density on one
harth atedaeirabibify iop theletoelinifekienidno farrmiseyatiter softréapan decoding
olytions that wo _I%i prove 5 reliabijlity grows in today's storage )
metBod, hERre %T%W?ﬂé?%%‘é‘él SR SRR EY g MPines maximum
a pdRBMBRfiaRadyiveeaif e RIQpGRIFRCIRLI R RIEaL R ARV . dhevalue u&adate for
performance of RS codes, adding redundancy does not provide a goo

eachsbititioithiharsce eafrapa deerdingoiat, Regshhades tiegeeléonnagisel he algorithm

Anqth&r solutizn would he t%.incr as%R% %OQe sgmbolgsize angl R? code
can 1nc error/ erqsure COGINg. 101 eed-5010 n. codes words. Frasures are
Ieng]fh u¥ t?n soﬂu‘fllon also asgl s 1o practical imits.”An-array an

intrel@éaoclingisiggrithreshokironcaikedtioR aregricideddfeelfbibe A number of
proposed array is two dimensional, it is called RS/SPC 2D ag&g, and it

decodingstanRE cBleWrifs 0kFarTekiPadow oty ety bk fsprin each
attefHi5 BIMEChOM YRB PUIMIHBUBY ta¥ IRIGEESIORE RS codeword,

the array is also a well 15 known product code of RS and SPC code.
HolteieriahbarraryantentdotiRS eoelevibrisghithinrttisomsayteandteristics and

m(%re eneral. Furthern%org the ?rra}/ ﬁ?n be extended in % natura,cl ay, ta
advan a oI ,varipus empo i ents._ o e 1.1i1ven.t10n ave,. eer} Se Olﬁ‘l mn the
mor an two dimensions. The proposed iterative decoding algorithm for

foregBiRSRR& iptian cappravideisigaifiaastimproyanantohmrd dativie satearious
WFR) performance in only several iterations. The algorithm 20 combines

embostigneadisirie oumyifse dHswiselrssedsd ustmsore smlnfemshebanges may
be ﬁ{Bﬁﬂtqﬁ.’ iﬁ f'@%ﬁﬁ%tﬁ{l% Mﬁ‘g )oqe&?ﬂﬂ‘ﬂggk%sﬁgﬁlgg&emeof parts
nly R p

conventional error decoding can be replaced with error-and

withdrasheef®Biciples 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
can be applied to other binary saturated communication channels, without

departing from the scope and spirit of the present invention.



decoding for further improvement in performance. The complexity of the
decoding is the number of iterations times larger then the
Hs&%@@%y of the 25 conventional Berlekamp-Massey decoder. The
improvements of WFR are demonstrated in simulation results. Also,
possible applications of the proposed_zggror correction method are
discussed and the issues of a sector size and sector failure rate (SFR)
computation are addressed. HS/MW6003030 -22- An iterative soft input
WHeCHdsh G igivitRinIGr iterative soft input decoding method) for the
Reed-Solomon/SPC muﬁi-di ensional array combines maximum a

L posteYITPHRLBHIRY 8P SR PSR UREE 8ode words and soft value
updateripsdessidb RIbW)L et gasisiomaacodingder ReeGRNomast cdeds and

words. The algorithm 5 can includé error/erasure decoding for

Reed-Sologeietaiieg worekc®led hlaskrthdhimducded siiglptasholiherk code
the LLR magnitydes of the bits, A number of decoding attempts are made .

for each Ra Lo e e T S RS TR stona
threshold isiteateased by an LLR step value. It is to be understood that

even though numerous characteristics and, 10 advantages of various

embddRfleEWrIRE PR eRe SR I¥E SR fhansadidigsingnd providing
description, tq@eier Withdsta)hs: PhHeSHUCiUS: @B fupetion,qf various

embodiments of the invention, this disclosure is illustrative only, and
charg&eeda§olamadeiirgtietpilridgpdutalty deeoditerseoebtingtihe dmard output
arrangement af arts f'}/;iri;[hie'% the rincIiPIe .of the reseat inventiorclito the

full extent iAdicated® By 918 Biba egeeﬁgrlarf reegn?ﬁegr Tt e ters i

which the appended claims are expressed. For example, the particular
elements may vary depending on the &ar_ticular application for the

2. commithicmBREnsAHeNWHiIrRRlibikisgaubdtarihshycoargising a run-length
linfHRGUGRAEWIRAUL BERAEINGHOM;HRE §6eRAd Spirit of the present
invention. In addition, altho the preferred embodiment described
herein is 20 directed to a communication channel for a data storage

system, it willbe . . : . .
3. V3% cOmmunication channel of Claim 1 wherein the soft levels comprise

log likelihood ratios.

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-



appreciated by those skilled in the art that the teachings of the present
Hs \‘s&g ﬁg pcan be applied.to other binary saturated gqmmunication
annels, without departing from the scope and spirit of the present
|nvent|on HS/MW6003030 -23- WHAT IS CLAIMED IS: 1. A
communication channel, comprising: afeed Solomon/single-parity-check
encoder receiving user words and generating an encoded block that
includes single parity check code words and Reed-Solomon code words
Mabsdyfonigaritiutidivherisiohat accayyes sdfieinpuidafhautputpleteatat provides a
receiving the encoded plock and providing, a detector hard output and a
5% -VASRARTShPSARBEPLIBRBHIngle parity check decoder
receiving the hard output and the soft levels, and generating recovered
user words. 2. The communication channel of Claim 1 further comprising

8. a rudfergpmiivahich Bancdenaelcdl Clnite i heragawdtiag 8 Ghien’s search
unicatign nnel of Cl m W relnt soft levels ¢ ise
Ca]lck E] od%r%t%sﬁ}la egec:lgrchsrr?bnlca |([)1relf( c o?eéllaelﬂr]o t%ﬁg P poqynomlal

andgpaprikieg & Chidhdagedeh @eaelaaagdhaaqﬁ&ievels. 5. The
communication channel of Claim 1 wherein the detector comprises an
iterative decoder. 6. The communication channel of Claim 1 wherein the

9. detegir cOmPHERTrYHetRLANaCH - Flathe §OEHE@H@EC§89%%I< A geé %orney’s

Claim 1 further comprising an error syndrome calculation bl
Algeoitiies calsyralriom dgip thaandcaiBes| dkakapipiS W8I0 8080 location output

and provides a Forney’s error magnitude output.

10.  The communication channel of Claim 9 further comprising an error
correction circuit providing decoded codewords, and wherein the syndrome
output, the Chien’s search error location output and the Forney’s error magnitude

output are coupled to the error correction circuit.

11. A communication channel, comprising:

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-



-24- Massey algorithm block that receives the syndrome output and

Berlekamp-Massey error location polynomial. 8. The
Hs&%@%ﬁ%@aﬂon channel of Claim 7 further comprising a Chien 's search
calculation block that receives the Berlekamp-Massey error location
polynomial and provides a Chien's §§§[ch error location output. 9. The
communication channel of Claim 8 further comprising a Forney's
Algorithm calculation block that receives the Chien 's search error location
Mamstputa b iphorideds ek Ftiae yseirarsmagnisydeoutputoli@pdinend provides a

communication channel of Claim&?a}‘urthe,r comprising an error correction

Be gk BrOVRARG dECBHLRF RSN AT ER R wherein the syndrome output
the Chien 's search error location output and the Forney's error magnitude
output are coupled to the error correction circuit. 11. A communication

13 chanlet, eomprisingatioreeliagoRdnidn eladaddrrdoeihieny ceenisitls sand hien’s

eneratin encoded block that includes CA de and multiple :
e L R ML R R R e tocarion

pobpiophisé sunbpeotHden€ ket ywarskch deteclocseraivagine 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

14 decoggr ganStRcIRGPV@ISHETesVOIdHas 3 Hnetiep 86ﬁ§%i§§'%”mney’s
decoding and SPC error correction. 12. The communication channel of

Alghaithmichlahleticoniposinthahrenan esyfivr rhécoacdatidndsiookl deation output
ﬁ/lrovidea a sylgdrome output, and % Eaerlek?m HS/MW6003030 -25-

an e outpu

Bgcs“éi/ aFg%rit?lrrInleB]Iosc‘f(r Rzr:\tf?g SVES the SPRdrome output and provides a
15. The communication channel of Claim 14 further comprising an error
correction circuit providing decoded codewords, and wherein the syndrome

output, the Chien’s search error location output and the Forney’s error magnitude

output are coupled to the error correction circuit.

16. A decoder, comprising;:
a soft-input-soft-output detector receiving the encoded block and
providing a hard output and soft levels related to the encoded block;
a DC free decoder receiving the hard output and the soft levels, the run-
length-limited 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.



Berlekamp-Massey error location polynomial. 13. The communication
HS&F%&)%B&QJ Claim 12 further comprising a Chien 's search calculation

block that receives the Berlekamp-Massey error location polynomial and
provides a Chien 's search error location output. 14. The communication
channel of Claim 13 further comprisiqg()g Forney's Algorithm calculation
block that receives the Chien 's search error location output and provides
a Forney's error magnitude output. 15. The communication channel of
Claim 14 further comprising an error correction circuit providing decoded

codewords, an Wh%eia;lthes drome output, the Chien's séearch error
1940catdif olfisarishd the Fatiey'e eWBRs iRt St sractb opiaRo detector

cotRBrRIEQLOPITSBION LHGHI16. A decoder, comprising: a
soft-input-soft-output detector receiving the encoded block and providing
a hard output and soft levels related to the encoded block; a DC free
decogder receiving th rd_output and the sqft levels, the run

20 e e 456 ter G et St los bl it I frgqueput. detector

comperselemxirsingle-pastyrihechgtatddar 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. HS/MW6003030 -26-
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.
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COMMUNICATION CHANNEL WITH 


REED-SOLOMON ENCODING AND SINGLE PARITY CHECK


FIELD OF THE INVENTION



The present invention relates generally to communication channels that include Reed-Solomon encoding, and more particularly but not by limitation to read/write channels in data storage devices that include Reed-Solomon encoding.


BACKGROUND OF THE INVENTION


Reed‑Solomon (RS) codes are a very powerful class of error correction codes (ECC) useful for channel encoding and decoding in data storage devices. The performance of RS codes represents one of the key determinants of system reliability. With increased areal density on one hand, and increased requirements for low error rates on the other hand, there is a demand for encoding and decoding circuits and methods that can provide a combination of low error rates, high speed and improved system reliability. Increasing ECC overhead reduces error rates and makes the system more reliable, however the increased overhead due to redundancy reduces storage capacity and reduces speed.


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.


The communication channel comprises a soft input soft output detector receiving the encoded block. The soft input soft output detector provides a detector hard output and a detector soft levels.


The communication channel comprises a Reed-Solomon/single parity check (RS/SPC) decoder. The Reed-Solomon/single parity check decoder receives the hard output and the soft levels. The detector generates recovered user words.


Other features and benefits that characterize embodiments of the present invention will be apparent upon reading the following detailed description and review of the associated drawings.


BRIEF DESCRIPTION OF THE DRAWINGS


FIG. 1A illustrates an oblique view of a disc drive. 


FIG. 1B illustrates an exemplary embodiment of a magnetic recording system.


FIG. 2 illustrates an example of a two dimensional (2D) array with RS 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.


FIG. 9 illustrates a flow chart of the algorithm that performs error/erasure RS decodings in steps, with the number of erasures increasing in each step. The decoding mimics generalized minimum distance (GMD) decoding without sorting log likelihood ratios (LLR’s). The closeness to the actual GMD decoding depends on the chosen value of LLR magnitude threshold step (LT.


FIG. 10 illustrates word failure rate (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, electronics noise only.


FIG. 11 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.


FIG. 12 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 a pattern dependent noise predictive soft output 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 communication channel, where data is stored on a disc and read out at a later time. An array and a decoding algorithm are used for error correction. The array comprises an RS/SPC two dimensional array that comprises Reed-Solomon code words with an extra row of single parity check (SPC) bits formed on every column. An iterative decoding algorithm can comprise hard decision decoding for Reed-Solomon code and maximum a posteriori (MAP) decoding for an SPC code. Conventional error only RS decoding can be replaced with error and erasure RS decoding. 


FIG. 1A is an isometric view of a disc drive 100 in which embodiments of the present invention are useful. Disc drive 100 includes a housing with a base 102 and a top cover (not shown). Disc drive 100 further includes a disc pack 106, which is mounted on a spindle motor (not shown) by a disc clamp 108. Disc pack 106 includes a plurality of individual discs, which are mounted for co-rotation about central axis 109. Each disc surface has an associated disc head slider 110 which is mounted to disc drive 100 for communication with the disc surface. In the example shown in FIG. 1, sliders 110 are supported by suspensions 112 which are in turn attached to track accessing arms 114 of an actuator 116. The actuator shown in FIG. 1 is of the type known as a rotary moving coil actuator and includes a voice coil motor (VCM), shown generally at 118. Voice coil motor 118 rotates actuator 116 with its attached heads 110 about a pivot shaft 120 to position heads 110 over a desired data track along an arcuate path 122 between 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 {ak} at 148 is recorded on the storage medium 150 by magnetizing bits of the storage medium 150 into two opposite directions, one representing a logical 0 and the other representing a logical 1. 


During a process of reading the bits, a read/write head produces an output pulse when there is a change in magnetization between sequential magnetized bits. The output pulse produced by the change in a magnetization flux caused by a positive transition in input bit sequence {
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} (from 0 to 1) is called transition response h(t, w). Consequently, a negative transition in the input bit sequence {
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 } produces output ‑h(t, w). As expected, the transition response h
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 is a function of time t, but it is also a function of a parameter w, which represents the width of the transition pulse at a half of its peak value. The width parameter w is denoted as PW50.


The signal read by the read/write head is corrupted by different types of noise. Media noise is due to the imperfections in magnetic media, the recording head, and other parts of the recording system. Here the media noise model is characterized by the position jitter 
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tk at 152 and the pulse broadening effect 
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wk at 154. Due to media noise, the transition response at the k‑th bit interval is 

[image: image6.wmf](


)


k


k


w


w


t


t


h


D


+


D


-


,


. Also present in the system is electronics noise, n(t) at 156, which is modeled as Additive White Gaussian Noise (AWGN). Finally, the transition response lasts more then one bit interval. Thus, there is an overlap of 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 
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 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 large, since one transition response spreads over many neighboring bit intervals, and applying the Viterbi algorithm would be very complex. For this reason, equalization is performed by equalizer 166, and the channel response is shaped to some predetermined target with smaller memory. With equalization, sequence detection of relatively small complexity can be performed on the equalized signal 168. An estimate {[image: image8.bmp]} at 170 of bits {ak} is provided by a detector 172. The detector 172 comprises a soft input soft output (SISO) detector. Detector 172 can comprise a soft output Viterbi Algorithm (SOVA), BCJR or MAP algorithm variants, alone or in combination with either a SOVA decoder or an iterative decoder. Estimated sequence {[image: image9.bmp]} at 170 is decoded using an RLL decoder 174 and an RS/SPC decoder 176 to obtain estimated user data bits (also called recovered user bits) at 178. The RS/SPC decoder 176 decodes an RS/SPC array that was originally generated by RS/SPC encoder 142, but which can include transmission errors. The RS/SPC decoder 176 includes a Reed-Solomon decoder and a MAP decoder for SPC code. The RS/SPC decoder 176 can be an error-only decoder, or it can also include an error/erasure decoder. The Reed-Solomon decoder includes Chien’s search algorithm and Forney’s algorithm.


Due to error propagation in the RLL decoder 174, a reverse scheme can also be used, with RLL encoder 146 applied prior to RS/SPC encoder 142. There is a desire to provide a lower bit error rate at the input of RS decoder 176. An iterative channel detector provides a lower bit error rate. The iterative detector comprises 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 can help in recovering other RS codewords that are thought to be undecodable. The probability of RS codeword decoding failure, Word Failure Rate (WFR), can improve more then one decade, in some cases even several decades, at a very low SNR. The relationship information together with providing available soft in​formation 180 to the RS decoder 176, leads to arrays comprising RS codewords and Single Parity Check (SPC) bits, or RS/SPC arrays. A decoding method for an RS/SPC array, described below, iteratively performs hard decision decoding of a powerful RS code and soft information update of SPC code bits. A large number of conventionally undecodable RS codewords within the array can be recovered in only several iterations. Furthermore, additional improvements of the WFR performance can be achieved if erasure and error RS decoding is used instead of error-only RS decoding. The soft information 180 obtained from SPC bits can help in determining which RS code symbols should be regarded as erasures.


 RS/SPC product code


While the concept of RS/SPC 2D arrays is general, a specific example of an RS/SPC 2D array is shown in FIG. 2. Rows 204, 206, 208, 210, 212 in this two dimensional bit array are (N, K) RS codewords with symbol size m bits, and every column is a codeword in an SPC code. The array is, in fact, a product code, and it is denoted here as an RS/SPC product code. The total of Nw RS codewords constitute Nw rows, and one additional row 214 is formed so that each 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 
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 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 nr and nc have to satisfy 
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[image: image12.wmf], where N is an RS code length and m is the symbol size in bits.


RS code bits can be placed in an 

[image: image13.wmf]c


r


n


n


´


array in many different ways. For example, code bits of 
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RS codewords are arranged in such a way that each codeword forms several consecutive rows of a 2D array. This is convenient when RS code is long and there is a desire to avoid excess overhead with additional Nm SPC bits. Furthermore, bits of one codeword can be placed into several rows of an array in different ways too. Two main approaches can be distinguished:


(1) Bits within one symbol belong to the same row (row‑wise symbol expansion)


(2) Bits within one symbol belong to the same column (column‑wise symbol expansion)


An example of approach (1) is shown in FIG. 3. In this example, each RS codeword 302, 304, 306 is arranged to form two rows. Note that the bits from each symbol belong to the same row of an array. Also, note that RS/SPC product code is a special case of this approach, with all code bits of one codeword forming one row. The data arrangement shown in FIG. 3 relates to encoding in a Reed-Solomon encoder such as RS/SPC encoder 142 in FIG. 1B.


In FIG. 4, an example of approach (2) is shown. In this approach, each RS codeword is forming m rows 402, 404, 406, and code bits belonging 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 
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segments and each segment is encoded using RS encoder.


2. Obtained 
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 RS codewords are arranged in a 2D array in a certain (predefined) way.


3. The SPC bits are formed on each column of an array.


Decoding method


Below, a proposed decoding algorithm is described for an RS/SPC 2D array defined above.


It is known that any concatenated code with component codes that have simple soft de​coding algorithms can be decoded iteratively. In such iterative decoding, soft bit information is updated in each component code in every iteration, and obtained soft output information is exchanged between component decoders. The decoding is called turbo decoding and it is shown to perform well. In fact, capacity approaching performance is achievable. For an RS/SPC array, however, one component code is an RS code and it does not have simple soft decoding algorithm. Nevertheless, as can be seen from the description of the proposed algorithm, the decoding can still be performed iteratively.


Soft information for any bit c is given as its log‑likelihood ratio (LLR) is:
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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.


Step 4. The LLRs of the bits in RS codewords that are not successfully decoded are replaced with new LLRs obtained in the Step 3.


Step 5. If the maximum number of iterations has not been reached, go back to the Step 1. Otherwise, stop the decoding.


The flow chart of the proposed decoding algorithm is depicted in FIG. 5. The process shown in FIG. 5 relates to a decoder such as the decoder described below in connection with FIG. 7 and to RLL decoder 174/MAP decoder in FIG.1B.


Processing starts in FIG. 5 at start 500 and continues along line 502 to action block 504. At action block 504, ni is set to zero. After completion of action block 504, processing continues along line 506 to action block 508. At action block 508, tentative hard decisions are made on each bit based on its LLR. 


After completion of action block 508, processing continues along line 510 to action block 512. At action block 512, every code word in an RS/SPC array is decoded using a Berlekamp-Massey algorithm. After completion of action block 512, processing continues along line 514 to decision block 516. At decision block 516, decoding of all codewords in the array is tested to see if all codewords have been successfully decoded. If all codewords have not been successfully decoded, 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, ni is incremented, in other words ni is set to ni + 1.


After completion of action block 538, processing continues along line 540 to decision block 542. At decision block 542, if it is true that ni < Nite, then processing loops back along lines 544 and 506 to action block 508. At decision block 542, if it is not true that ni < Nite, then processing continues along line 524 to end 526.


In the Step 3, the set of new LLRs is obtained using maximum a posteriori (MAP) decoding for SPC codeword in each column. If 
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RS codewords are used to form an array, each column consists of 
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+ 1 bits satisfying a parity check equation. In other words, for every column 
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Equation 2


where 
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denotes addition modulo 2. The exact MAP decoder corresponding to the j‑th column produces the following output LLR for its i-th bit 
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Equation 3


This equation has the following approximation convenient for implementation:
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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 
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+ 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 (columns), the row (column) update has to be performed serially instead of in parallel. Detailed block diagrams of Berlekamp‑Massey decoder and reduced complexity MAP‑SPC decoder are given in FIG. 7 and FIG. 8, respectively.


In FIG. 7, received symbols on line 702 are coupled to a syndrome computation block 704 and an error correction block 706. The syndrome computation block 704 provides an output s1, s2, ... s2t at 708 to a Berlekamp-Massey’s algorithm block 710 and to a Forney’s algorithm block 716. The Berlekamp-Massey’s algorithm block 710 provides an error locator polynomial ((X) at 712 to a Chien’s Search block 714 and to the Forney’s algorithm block 716. The Chien’s search block 716 provides roots of ((X) (i.e., error locations) on line 718 to the Forney’s algorithm block 716 and to the error correction block 706. The Forney’s algorithm block 716 provides error magnitudes on line 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 s1, s2, ... 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 i1 and i2 at 822 according to Equations 5 and 6:
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Equation 6


Outputs i1 and i2 at 822 couple to function block 824. Outputs 814 from block 812 couple to function block 824. LLRs at 804 also couple to function block 824. Function block 824 calculates Lext,1, Lext,2, ...., Lext,n at 826 according to Equations 7 and 8:


[image: image30.png]iza: L, =s]|L,|




 




Equation 7
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Equation 8


Outputs Lext,1, Lext,2, ...., Lext,n at 826 couple to adders at 828. LLRs at 804 also couple to the summing nodes 828. The summing nodes provide updated LLR outputs Lout,1, Lout,2, ... Lout,n at 830.


INTRODUCTION OF ERASURES


Instead of using conventional error only Berlekamp‑Massey decoding in the Step 1 of the proposed decoding, erasures can be introduced based on the soft bit information, and perform error/erasure decoding. This would provide further improvement in performance and faster convergence. 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 
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, 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 LT, the symbol to which that bit belongs is marked for erasure.


Note that with Berlekamp‑Massey decoding, a maximum of 2T erasures can be corrected. With the threshold method, the number E of symbols marked for erasure may exceed 2T. In that case, one can either perform error only decoding or keep reducing the threshold until 
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Another, more complex way to avoid a search for the least reliable symbols, and still perform a series of error/erasure RS decodings, similar as in GMD decoding, can be described as follows:


(a) Prior to the decoding, the step of an LLR magnitude threshold 
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is determined. The counter i is set to zero. The initial LLR magnitude threshold is set to zero: 
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. The number of erasures in the previous decoding attempt is set to 
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(b) Determine the bits whose LLR magnitude is less then 
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. The symbols containing those bits are marked for erasure. If the number of such symbols 
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is at most 2T and if 
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, Berlekamp‑Massey error/erasure decoding is performed. If 
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, stop the decoding.


(c) Increase the counter 
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. Update the bit LLR threshold: 
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Go back to (b).


For this decoding, the choice of the LLR threshold step 
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 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 to specify a maximum number of allowed erasures, 
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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, processing continues along line 908 to action block 910. At action block 910, i is set to zero. After completion of action block 910, processing continues along line 912 to action block 914.


At action block 914, a number of erasures in the previous decoding attempt is set and an initial LLR threshold is set. After completion of action block 914, processing continues along line 916 to action block 918. At action block 918, the bits whose LLR magnitude is less than a threshold are determined, and an initial LLR threshold is set.


After completion of action block 918, processing continues along line 920 to decision block 922. At decision block 922, E(i) is tested to see if it lies within limits E(i-1) and Emax. If E(i) does not lie with these limits, then processing continues along line 924 to decision block 926. If E(i) does lie with these limits, then processing continues along line 928 to action block 930. At action block 930, Berlekamp-Massey decoding of errors/erasures is performed. After completion of action block 930, processing continues long line 932 to action block 934.


At action block 934, i is incremented, or in other words i is set to i + 1. After completion of action block 934, processing continues along line 936 to action block 938. At action block 938, LT(i) is set to LT(i-1) + (LT. After completion of action block 938, processing continues along lines 940 and 916 to action block 918.


At decision block 926, E(i) is tested to see if it is less than Emax. If E(i) is less than Emax at decision block 926, then processing continues along lines 942 and 932 to action block 934. If E(i) 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, Nite. Furthermore, if erasure/error decoding is performed, the LLR magnitude threshold LT needs to be specified and also the maximum number of allowed erasures Emax. Finally, in order to perform GMD‑like decoding by using threshold which is increased in discrete steps, the threshold step 
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 need to be specified.


To determine the set of decoding parameters, the best solution would be to perform optimization of these parameters. However, this is a very complex problem. On the other hand, all the parameters can be determined by performing different trials in simulations, and choosing the set of parameters that provides the best performance.


To summarize, the list of decoding parameters is:


‑ Maximum LLR magnitude, Lmax,


‑ Maximum number of iterations, Nite,


‑ LLR magnitude threshold, LT, or LLR magnitude threshold step, 
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‑ Maximum number of erasures, Emax.


Decoding complexity


In each iteration, the proposed decoding algorithm for an 
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, array consisting of 
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 RS codewords performs:


• Berlekamp‑Massey decoding, 
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 times, and


• MAP‑SPC decoding, 
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 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:
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Equation 9


where [image: image52.bmp]BM(N, T, m) denotes the computational complexity of Berlekamp‑Massey decoding of RS code of length N, symbol size m, and error correcting capability T. Consequently, the decoding complexity of the proposed algorithm can be considered to be approximately Nite, times larger then the complexity of the conventional Berlekamp‑Massey decoding for the same number of RS codewords. Note, however, that the memory requirements and the decoding delay for the proposed algorithm are substantially larger.


If instead of error only hard decision decoding, error/erasure decoding is performed, the Berlekamp‑Massey algorithm is performed at most 2T + 1 times for each RS codeword, and the following upper bound on the complexity results:


[image: image53.png]C < (2T +1)- Ny, - Ny - Caue(N, T, m).







Equation 10


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(210) 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 Du = 2.0, while the normalized channel bit density nD is adjusted according to the overall code rate 

[image: image54.wmf]1


+


×


=


w


w


N


N


N


K


R


, nD = Du/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 chan​nel with no media noise is shown in FIG. 10. For detection a BCJR algorithm is used which maximizes bit a posteriori probability. Both the performance with reduced and full complex​ity MAP for SPC column codes is simulated. The performance loss due to a more realistic reduced complexity MAP for SPC code is very small in terms of SNR. With the maximal number of iterations set to Nite, = 10, the gain of iterative decoding of an RS/SPC array compared to the conventional RS decoding is large. From FIG. 10 it can be seen that at the WFR of 
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, the obtained gain is at least 0.65 dB. Also, at the SNR 
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 22.6, the WFR of the proposed decoding scheme is as small as 
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 for full complexity SPC‑MAP, and 
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 for reduced complexity SPC‑MAP, whereas conventional decoding provides WFR of 0.05. Also, in FIG. 10 the performance of the RS code is included with the conventional decoder but for increased error correcting capability, T = 24. This T is chosen so that the overall rate is approximately the same as the overall rate of the analyzed RS/SPC array. If the total overhead is increased by simply increasing the error correcting capability of an RS code, the performance degrades.


In FIGS. 11-12, the noise mixture of 80% position jitter and 20% electronics noise are considered. 


In FIG. 11, a BCJR detector is used, whereas in FIG. 12 Pattern ​Dependent Noise‑Predictive Soft‑Output Viterbi Algorithm (PDNP‑SOVA) was used. 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 used 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 
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LT = 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 terms of improved WFR. However, in storage systems, a sector size is an important parameter and the Sector Failure Rate (SFR) represents one of the ultimate performance metrics. If one sector consists of c codewords, the following inequalities hold:


WFR
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As far as the proposed RS/SPC 2D array is concerned, it can consist of an arbitrary number of sectors. For example, in the presented simulation results 64 codewords in the shortened (450,410) RS code over GF(210) were used to form one RS/SPC array. These 64 codewords may in fact be 64 separate sectors (in which case WFR=SFR) or there can be a larger number of codewords within one sector.


If the whole array is a single sector, the proposed 2D array can be regarded as a single error correction code and the proposed decoding method can be used for error correction in the storage systems. However, to obtain good performance, the proposed scheme requires strong RS codes. This means that RS code within RS/SPC array should be relatively long, and the whole array may be prohibitively large to form a single sector. On the other hand, if an RS/SPC array consists of a number of sectors, the proposed decoding method may be used as a recovery measure, after other decoding and recovery procedures fail.


In some of the existing Redundant Arrays of Inexpensive Discs (RAID) architectures, a single parity disc is added for data protection. The 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 arrays


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 n1
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nd array. Then, single parity check bits are added in arbitrary d ‑ 1 dimensions. 


A simple example of RS/SPC 3D array is given in FIG. 14. The array in this example is, in fact, a 3D product code: RS x SPC x SPC. Therefore, there are (n1, k1) RS codewords in the first dimension, (n2, k2) SPC codewords in the second dimension, and (n3, k3) SPC codewords in the third dimension. Clearly, n2 = k2 + 1, n3 = k3 + 1, n1 = Nm, and k1 = (N ‑ 2T)m. To obtain a more general 3D RS/SPC array, RS code bits can be arbitrarily arranged in an n1 x k2 x k3 3D array, and then SPC bits can be added in the second and third dimension. The decoding remains as shown in FIG. 5. The flow chart applies to any number of dimensions.


Furthermore, this kind of concatenation between one strong code and one weak code, and its decoding that iteratively performs hard decision decoding of the strong component code and LLR update via the weak component code soft decision decoder, can be generalized to other types of component codes. There is no restriction to RS and SPC codes.


With increasing requirements for areal density on one hand, and reliability on the other, the demand for new error correction solutions that would improve reliability grows in today's storage systems. Reed‑Solomon (RS) codes are very powerful codes conventionally used for error correction. In order to improve the performance of RS codes, adding redundancy does not provide a good solution. In 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 gen​eral. 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 im​provement of word failure rate (WFR) performance in only several iterations. The algorithm combines hard decision decoding for a powerful RS code and soft bit information update via maximum a posteriori (MAP) decoding for an SPC code. The conventional error only RS decoding can be replaced with error and erasure RS decoding for further improvement in performance. The complexity of the proposed decoding is the number of iterations times larger then the complexity of the conventional Berlekamp‑Massey decoder. The improve​ments of WFR are demonstrated in simulation results. Also, possible applications of the proposed error correction method are discussed and the issues of a sector size and sector failure rate (SFR) computation are addressed.


An iterative soft input decoding algorithm (or iterative soft input decoding method) for the Reed-Solomon/SPC multi-dimensional array combines maximum a posteriori decoding of single-parity-check code words and soft value update for each bit with hard decision decoding for Reed-Solomon code words. The algorithm can include error/erasure decoding for Reed-Solomon codes words. Erasures are introduced using threshold on the LLR magnitudes of the bits. A number of decoding attempts are made for each Reed-Solomon code word, where in each attempt the LLR threshold is increased by an LLR step value.


It is to be understood that even though numerous characteristics and advantages of various embodiments of the invention have been set forth in the 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 can be applied to other binary saturated communication channels, without departing from the scope and spirit of the present invention.


WHAT IS CLAIMED IS:


1. 
A communication channel, comprising:


a Reed-Solomon/single-parity-check encoder receiving user words and generating an encoded block that includes single parity check code words and Reed-Solomon code words that form a multidimensional array;


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


a Reed-Solomon/single parity check decoder receiving the hard output and the soft levels, and generating recovered user words.


2. 
The communication channel of Claim 1 further comprising a run-length limited encoder, and a run-length limited decoder.


3. 
The communication channel of Claim 1 wherein the soft levels comprise log likelihood ratios.


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.


8. 
The communication channel of Claim 7 further comprising a Chien’s search calculation block that receives the Berlekamp-Massey error location polynomial and provides a Chien’s search error location output.


9. 
The communication channel of Claim 8 further comprising a Forney’s Algorithm calculation block that receives the Chien’s search error location output and provides a Forney’s error magnitude output.


10. 
The communication channel of Claim 9 further comprising an error correction circuit providing decoded codewords, and wherein the syndrome output, the Chien’s search error location output and the Forney’s error magnitude output are coupled to the error correction circuit.


11. 
A communication channel, comprising:


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.


13. 
The communication channel of Claim 12 further comprising a Chien’s search calculation block that receives the Berlekamp-Massey error location polynomial and provides a Chien’s search error location output.


14. 
The communication channel of Claim 13 further comprising a Forney’s Algorithm calculation block that receives the Chien’s search error location output and provides a Forney’s error magnitude output.


15. 
The communication channel of Claim 14 further comprising an error correction circuit providing decoded codewords, and wherein the syndrome output, the Chien’s search error location output and the Forney’s error magnitude output are coupled to the error correction circuit.


16. 
A decoder, comprising:


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


a DC free decoder receiving the hard output and the soft levels, the run-length-limited 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.


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.



COMMUNICATION CHANNEL WITH


REED-SOLOMON DECODING AND SINGLE PARITY CHECK


ABSTRACT OF THE DISCLOSURE


A communication channel including Reed-Solomon (RS) and single-parity-check (SPC) encoding/decoding. Multiple RS codewords are combined and then SPC encoded into an RS/SPC array. A soft-input soft-output (SISO) channel detector detects the RS/SPC encoded bits and provides soft (reliability) information on these bits. A combined RS and SPC error correction block provides a recovered user output.  An iterative soft input decoding algorithm combines RS and SPC error correction. 


FIGURE 5
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