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A PHYSICAL BLOCK ADDRESS RECOVERY APPARATUS, SYSTEM
AND METHOD FOR CYCLIC ERROR CORRECTION CODES

Cross Reference To Related Applications
This application claims priority to United States Provisional Patent Application
5  Serial Number 60/070,762 filed 08 January 1998, which application disclosure is

hereby incorporated by reference.

Field Of The Invention
The present invention relates generally to error detection and/or correction.
More particularly, the invention relates to a physical or logical block address (PBA
10 or LBA) transfer and recovery system and method for interleaved Reed-Solomon
(RS) codes that can distinguish between a block address error and an uncorrectable
data error and that permits recovery of the actual block address in the event of a

physical or logical block address error.

Background Of The Invention
15 Since a storage medium is subject to various types of noise, distortion
and interference, various errors can occur at the output of the storage medium.
The current trend is to store greater amounts of digital data in smaller areas on
the storage medium. This trend increases the probability of errors. To correct

the errors, error correction coding is used. There are various error correction
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15 Often errors occur in bursts rather than in random patterns, so that
several consecutive bytes or symbols are in error. (In this description a symbols
are used synonymously with bytes and it is understood that where the term byte
is used, the number of bits is arbitrary and is not restricted to 8-bits, 16-bits or
the like, but may take on any number of bits, for example 10 bits, 12 bits or

20  other numbers.) If all the errors in such a burst are confined to a single
codeword, the error correction coding technique may not be able to correct these
errors, since the coding technique’s capacity is limited to correcting a
predefined number of errors and the error burst may exceed this capacity.
Interleaving is often used to overcome this problem. Interleaving is a technique

25  thatdistributes user data symbols over several codewords so that the symbols
from any given codeword are well separated during transmission. When the
codewords are reconstructed during the decoding process, error bursts

introduced during the transmission are broken up and spread across several
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physical block addresses is identified by a logical block address. In traditional
systems and devices, the PBA (or LBA) can be used in the encoding/decoding
process in such a way that if encoded data is decoded using a different PBA (or
15 LBA), then the decoding process will fail, that is, the data will appear to have

uncorrectable errors.

In one traditional approach, a disc drive computer system 100 having a
host computer 102, a rotatable magnetic disc drive 104 having one or more
discs for storing data thereupon, and a error correction code encoder/decoder

20  unit (ECC encoder/decoder) 106 is provided as illustrated in FIG. 1 for the write
or encoder operation. (A corresponding block diagram 101 for the readback or
decoder operation is illustrated in FIG. 2 and described in greater detail
hereinafter. ECC encoder/decoder 106 provides a first path between host 102
and disc 104 for user data D(x) 105 with only a multiplexer or switch 108

25  interposed between host 102 and disc 104, for selecting either data D(x) 105 or
parity P(x) 107 as the information 109 to be written to disc 104. The manner in

which data and parity are written to disc drive storage is well known in the art
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10 generate a pseudo-random sequence output as is known in the art.
Parity/syndrome generator 110 generates parity P(x) on the basis of the sum
signal output by XOR 112. Multiplexer 108 selects or passes either data D(x) or
parity P(x) in response to the state of a data/parity select control signal 119.

Randomizer unit 116 is important in the operation of the traditional ECC
15 encodetr/decoder unit 106 and is seeded with the intended or actual PBA value
for writing (encoding) and with the expected or predicted PBA value 111 for
readback (decoding). As described previously, the predicted or estimated PBA
(or LBA) 111 may for example be a 4-byte value that specifies the location on
the storage media, for example the track and sector on a magnetic disc, where
20"  the information is expected to be written to or read from. Seeding refers to a
procedure for encoding or decoding in which the randomizer is preset with the
value of the PBA (or LBA) prior to generating the pseudo-random sequence.
The use of a seed to generate a pseudo-random sequence is well known in the

art and not described further here. : -

25 The output sequence 113 of randomizer 116 is XOR'ed by XOR circuit
112 with the write data D(x) 105 arriving from host 102 for the parity

SUBSTITUTE SHEET (RULE 26)



syndrone/ parity generator 110 which receives the output of exclusive-or
(XOR) circuit 112 fornmed by thée XOR of data D(x) and the output 113
of random zer 116. Random zer 116 receives the actual PBA (or LBA)
117 as a seed to 10 generate a pseudo-random sequence out put as is known
in the art WO935575Parity/ syndrome ggnerator 110 generates ;fgr '

' 5() on
the basis of ; ; LApad td BY X6R i o)) 8 -

sel ects or pa Eﬁ%é%%%?ngd@gﬂg( XIS@SPR‘ 4 paril'éh%%lg{%h%h&rdgdsﬁggo%@ to the
state of a daties perthé yymirbme genentionldusingneddbadld(See FIG. 2 for readbackRandoni zer

unit 116 is inportant in the operatign of the traditional ECC 15
encoder / decodépniignrationelnethe read erssadhnckimods ofconermtian datadP(xa @rmives PBA

val ue f | t4. engodi ' t ed, of. Lcted PBA
Val e 111 f or Horl S RAMERRACE LBRnANEa Idndeh 07 AP A SR R IR0 2 ThE
predicted or esddbhek 6idBder mode al6® erpldys ahlekrdrRbrieefiofuaPEET)q28 4-byte
val ue that specifies the | ocation on the storage nedia, for exanple
t he track andwvwddch receives syndemes 121 geérsratedbysgn@Omeyperity genemaedrildd i s
expected to be witten to or r?ad from Seeding.refers éo a pr ocedur e
for encoding SENFAEDAER HECoTFECcahle ArPhEispakRIdRdisation 2 lfdhe actyak PBAKer

val ue of the PBAYiQhokBM Bl 0lexbGe BRI AT Serb A0 AIIR Y sgUeNCe.

The use of a Se 0 genherate a pseudo-ra equence 1s We nown in the
art and not déasbedue@d] bitidoes nberequire thidPmultiplexer 1038 i hddthasasidesace 113
of random zer 116 is XOR ed by XOR circuit 112 with the wite data
D(x) 105 Hri forpprity ard prlyreceipesithe datadD(Rri ty

SUBSTI TUTE SHEET (RULE 26)

Unfortunately, if the seed values (in this case the PBA or LBA) used by
randomizer 116 for write and readback operations of the same data are different,
then the write output randomizer sequence and read output randomizer
sequences will also be different and will not match or cancel each other as

15  expected. Seeding values will be different, for example, if the estimated PBA
(or LBA) is different from the actual PBA. When an error is detected, ECU 120
merely identifies that an uncorrectable error has occurred independent of
whether the origin of the error is corrupted data, such as might be caused by
media failure, or as a result of the actual PBA not matching the estimated PBA.

20  In traditional systems no procedure is available for otherwise identifying the

cause of the error as a wrong PBA.

This traditional approach therefore fails to solve all of the problems
associated with error correction and wrong PBA and in particular does not allow |
one to distinguish between an uncorrectable data error and a wrong PBA. The

25  traditional approach is also incapable of recover the actual PBA from the
readback data.
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This traditi o%g k%er?%acﬂ ﬁe%}ég%or e fos{%t%ﬁg ve al E‘p"?‘%‘%"e“ tﬁr%‘%l ens
associ at ed w tphollemh@t betg 40¢ t@@sm@lyHWeE}B&n anébriattdbié Haa ehok andes not

al | ow one to_disti ngui sh_between an uncorrectable data error and a
wrong PBA. Thévrong PBA aul-BAsand 2 splytiendmtheprablom ofkeipzunableto resevrrer t he
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15 The present invention provides a solution to this and other problems, and

offers other advantages over the prior art.

Summary of the Invention
The present invention relates to systems, devices, and methods that have
a polynomial multiplier circuit operating on a prepended sequence derived from
20  the storage device physical or logical block address and which provide an
improved codeword stored on the media and which can distinguish an
uncorrectable data error from a wrong block address error and permit the actual
block address to be recovered from data read from the storage media in a data

storage system to solve the above-mentioned problem.-

25 In accordance with one embodiment of the invention, method for

generating a parity symbol sequence of a code is provided in which a sequence
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the prior art the first sequence during a data transmission phase Yo firsok syh®olsbfans i on
The present i'nvention relates to systens, devices, and nethods that have

a pol ynoni%al npodewerdi Subssquently, thepsacand ngqmcmin@péld@sdﬂ}sm&erﬁmt deri ved
from20 the stora e devlﬁice ghy3| cal or lagic bl ock a aﬂq whi ch
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i stinguish a n ock address
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error and permt ock a recovered from data
read fromthe storage medi a |n a data storage systemto solve the
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the i nvention, netHoeFcpedance thh agether ambadimens of the inyontian, theagednddonf a

code is provi ggrgeréhngwg bgrrllty symeo%'tjsequence of a code further includes generating a

15  syndrome symbol sequence. Generating the syndrome symbol sequence
involves receiving a sequence representing an m-symbol address estimation
which may not be equal to the sequence representing the m-symbol address and
a readback sequence of k+r data and parity symbols, some of which may be in
error. Then the sequence representing the m-symbol address estimation is

20  multiplied by a set of multiplier symbols to generate a second sequence of
product symbols which will be identical to the first sequence of product
symbols if m-symbol address estimation sequence is equal to the m-symbol
address sequence. The second sequence of product symbols is also added to the
readback sequence to generate a sum sequence, and syndromes are generated

25  for the sum sequence.

Apparatus and system implementing the inventive method are also

provided. For example, a data storage system for a computer system having the
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d

sequence is pmenfed gRa Hc’é;‘i? ddress error dig 08 254 EeROVeTYTHECWLHESS
sequence of pLodyet gy @82% d{-@)l/ﬂ-hér&e@gg & efethent'6f a data stof58 SAGK sdgience to

generate a sum sequence, rones are generat
a disc drive system, which itself may for a constituent element of a computer

15  system.Among its advantageous features, the invention provides physical block
address and/or logical block address (PBA/LBA) recovery with virtual
prepending in a headerless PBA/LBA integrity scheme.

These and various other features as well as advantages which
characterize the present invention will be apparent upon reading of the

20  following detailed description and review of the associated drawings.

Brief Description of the Drawings
FIG. 1 is a block diagram of a conventional data storage system having a
randomizer based error correction code encoder/decoder unit in a write
operation mode.
25 FIG. 2 is a block diagram of a conventional data storage system having a
randomizer based error correction code encoder/decoder unit in a read operation
mode.

FIG. 3 is a block diagram of an embodiment of the inventive data storage
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di scri m nat i oprepanding end ¢hemandrdn which afiictipn 8(x)havingthedengsh ofig datacan be
I npl emented as_a Dbl ock, address error, di scrjyi nati,on and recqve Lrcuit
et O PSegheRed 9 Sty Of Ay prnoid mihaiel FfR sl BRu e AR .Gk
storage system@pfoRedid &ssth | ALQbEMFERth Whinfehtiaf Si8béndiRy. fOr @
constituent el errgxhgteeof a0 %tgnﬂﬁuferé%% sysfi’)él?né Armn\éeclht stladglg%t%dgg%us

f eat ur es,10t he i nveRlG.dhisprdiagrdesnativyilistadtionlshowing an embodimens ofithd/ or

| ogi cal bl ock, addr,ess PI?A/ LBA). recovery with virtual prepending in a
header | ess PBEVERAVE 1¢f Gir€idifene.

FIG. 7 is a flowchart detailing an embodiment of the inventive method.

Detailed Description
Embodiments of the inventive structure and method are now described
15  relative to the figures. Referring now to FIG. 3, an embodiment of a computer
system 200 incorporating the inventive ECC encoder/decoder 206 in the context
of a disc 204 based data storage system is shown. A system, like the one shown
in FIG. 3 includes a host computer 202 of conventional type having a memory, a
display, a pointing device, and a data storage system such as a hard disc drive 204
20  magneto-optical drive or the like, in addition to an error correcting code (ECC)
encoder/decoder 206. The inventive method may be practiced by implementing in
executable software, firmware, hardware, or a combination thereof in the computer
system 200; although, the invention is advantageously implemented at least in part in
hardware associated with a controller (not shown) associated with disk drive 204 so
25  that the speed of execution is appropriate to the speed at which data is written to or
readback from the disc.

FIG. 3 illustrates a first embodiment of the computer data storage system 200

of the present invention. A host computer system 202 writes data D(x) 205 to the data
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These and various other features as well as advantages which

characterize the present invention wll 'be apparent upoh readi ng of the 20
foll owi ng detail ed description and review of the associ ated draw ngs.

Brief Description of the Draw ngs FIG 1 is a block diagram of

a conventi op@bo/skaisa st orage system h@m ng a random zerrilsasemds3er r or
correction code encoder/decoder unitin a wite operation node. 25

FIG 2 is a bbtowge medigmesiclops disciihasdreadn data Bix)2 03 forndpsa stomsgemediami ng a
random zer bagg rfgg%s?'%nch’Ef{rS‘x%-'fﬂélﬂgﬁ?éﬁ‘ffegi‘&%?feéﬁggﬁ%g{n%g&;%i?m nﬁeead

oper ati on I's a
enbodi ment of usedao temperdrily stord aliendasd 205ahat is transferred between the host computer or
SUBSTI TUTE SHEET

PCT/ US99/ 005 3Rrocessor R%Eﬁggé’rﬁdﬁ%F%ged"?vflgFg ﬁé%?%%etlpﬁl 202 prisesdate 1o theo

correcti oy COdfa storage nRBMAIET4] B8 4OGWatakfirkd inNhSFIVO ik GraRRdtted loQRe SRHE.
FIG 4 is a block diagramof an enbodi nent of the inventive data storage

syst em havi ngC%IT%‘HP’}/?Rsh(acCmcpﬂwdﬁeqdeb%é%p@h?t(wc@@? thesum4 ebthe uss
encoder / decodg?cr Hgﬂ::& Dpﬁ 285 Exﬁ?tﬂe Q%E&te' r\@%r 43 ner edbased on th.. ftft\!l qi 5is a

di agrammatic | I'on" show ng" a co sequenti a
prependi ng anBPAAEB Anequence; gemnmta.naufpuhmt:ludmg&stpmial/pam@y b¥tes drepgbols of a

added to dat g2t 156 iienns il o By BE b BN e BBt 21 i 1

sequenti ajo pr e.n@mhdrtg furthk rocessmg by add’ﬂxg&he%utp&t S,(:6123Q bdpdlehdrkial | | ustrati on
showi ng an enbodi nent of

multiplier 216 to generate the final parity Q(x) 215 is described in greater detail below,

The output 209 of the encoder including data 205 and parity 215 is written to the data

storage medium 204 by a disc interface (not shown) of conventional type.

Data D(x) with appended parity Q(x) 225 that is read from a data storage
15  medium 204 during a read operation (See FIG. 4) is read by the disc interface and
transferred to a buffer (not shown) typically through a FIFQ. (The various FIFO’s and
buffers are not shown in the figures in an attempt to preserve clarity in the description
of the invention, as they are of conventional type and there design and use in such data
storage systems is well known in the art.) In addition, the read sequence 225 is
20  transmitted to the ECC encoder/decoder unit 206 together with the estimated
PBA/LBA seqﬁence 213, The ECC encoder/decoder unit 206 computes syndromes
226 and determines whether the received data and/or estimated PBA/LBA sequence
contains any bytes or symbols in error. Erroneous symbols are detected by the
error correction unit 220 within or associated with ECC encoder/decoder unit
25 206 and result in generating a error indicator such as PBA error flag 227 and an
error value such as PBA error value 229 in the case of a mismatch between the
estimated PBA/LBA 213 and the actual PBA/LBA 217. Where the syndromes
- do not suggest any error, the information processed by ECC encoder/decoder

206 is decoded and communicated to host 202.
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inventive nmultiplier circuit. . FIG 7 is a flowhart detailing
an enbodi ment of the inventive nethod.
Det ai | ed Description Enbodi nents of the inventive structure

and net hod e descri bed 15 relative to the figures. Referring now to
FIG 3, an g’r?o%%?%nt of a conmputer 111[5 system 200 incorﬁ‘é—?&g?%@s he

I nventive ECC enco CRARY ' hen : i 04 based
data storage syste%ﬁgépfﬁ%.elﬁggysapemwl ?g%%ﬁteméenfgregﬁg\%\%ﬁ@' §&$n FIG 3

i ncl udes a hoFIGc4wWhidtedre2otkadiagramsTtai prefeiret ¥Rt odavembfahdivetitive a
display, a pointing device, and a data storage system such as a hard disc
drive 204 20 EGfagpradst/denadenunit20§in write (eacodd) andireadydgreded aperating er r or

correcting code Q). encoder /.decoder 206. The inventivye nethod nay
be practiced BY d&%ﬁﬁ%ﬁ%‘h‘{“’m&a?wﬁ ap°lync§§’€im"itb?qé“§18ftt5ﬁ§?@,tmg¥ Swar e,

har dwar e, ¢r H | fx 2 e : 0;

al t hough, fheeflé@gm&l?gﬁhﬁhcg%)ﬁ?‘geo&q&? I mpl é%nvg{r?f%ld(xgtls P%z?g‘&}(ﬁppart I n
har dwar e assotiB)eat sotricrepresentatian daiveldrfodm shoPBA (25 £BA g andiMfix) {3 i sk

drive 204 so 25 that the speed of execution is appropriate to the speed
at which dat aPPlYIGRIAQSihy @r@rxq"‘“ mod g&edp Wbwerer % inthe Natiable of the

FIG 3 illust first,. e | of onput.er \data st orage system
200 of E’ ﬁ%%grrngaslé%{é?%ev%%?%%ie%gg%&&%ﬁg%)y@?bos!?ﬁeé P ites data
D(x) 205 to t hiterd@dve, r is the number§2 RPEPEPES, 0<u<(k-m+1) is a delay value, and 10

PCTI US99/ 00531 | st orage nedi um such as disc 204 and réads data D(x)
205 from Pat agét)ds theesemeritennolynomial Recall, that a¢ usedrio thisidesdriptionf & byte- out
buffer) or buffer (,n shown typi cal |y .be used to tenporarily
store the datgazﬂg’(‘l?‘ﬁé?v}“gaﬂ‘iaéﬂ@&g‘éﬂgﬁ%? Bn the host conputer or
processor 202 and the data storage nmedi um 204. \Wen the host 202 wites
data to the 5 data storage nedi um 204, the user data stored in the FIFO

is transmitted to EGE ercoder/decoder 206 geneiateza sarig byrGeuente QIR Adgstoder

unit 206 that, encodes the sum 234 of the user
is different from the parity byte sequence P(x) generated in traditional ECC

encoder/decoder units, such as the ECC encoder/decoder unit described relative

15  to FIG. 1 and FIG. 2, but still fitting within the same number of bytes written on
the storage media (disc) as the traditional parity P(x) while advantageously
providing discrimination between an uncorrectable error and a wrong PBA (or
LBA), and providing sufficient information to recover the PBA or LBA from
the readback data.

20 In order to generate the codeword having virtually prepended bytes,
which is written to the disc, a polynomial multiplier block 216 for multiplying
the sequence L(x) x x***™* by x™*!** mod g(x),when a delay u is desired, to
foﬁn S,(x) and S,(x) is added to the ECC encoder/decoder which typically
includes the parity/syndrome generator unit. First and second exclusive-OR

25  circuits (XOR1, XOR2) 212, 214 to perform the required addition are also
provided within the ECC encoder/decoder. In the embodiment illustrated in

FIG. 3 and FIG. 4, the multiplier 216 requires r-1 additional zeroes to be
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data bytes D(x) 205 and the sequence S[err](x) 231 generated based on the
act ual BPA/ LBA sequence; generates an output including first partial
parity bytes or synbols 211. The manner in which the output 211 from
the syndrone/parity generator 210 is 10 subj ected to further processing
by addi ng twesssput S[err](x) 232 of, pol ynom al mul gdpbd9/00s316 t O

he f{3alq; ' 15 1| | hed.d n. d I | bel ow.
The-out put - 2031 ghlestle e RAF Gl a0 3 RIS B Taop eendemie 1 1 t e
to the data generafrQl @G@lﬂ&ﬂirlé@i‘st%%ﬂft‘dglég‘i)?%icﬁﬁlﬂu’i@ﬁilﬁ%ﬁu&ﬁﬁ%eysﬁg&]%( of

conventional type. ) w tth appe parrty 225
that is read foutpmtsulthese segisterychat® not bt showd(: thisy aref 2ot oppleypd.i on

(See FIG 4) i.5.rgad.b e disc.interface and ) transferred to a
buf fer (not s%?u eéﬁgFWHPwWﬂaa@F@alm iy aqwiyalsnHpHerding nd
buffers arg n@lphewi ' Qs _i t t to preserve clarity in
the descriptio xy n%@a%ﬁg{ia\%ﬁt isagr@eglgju?%eé@gg %@ of conventi onal type
and there design and use in such data storage systens is well known

inthe art.) In addition, the read sequence 225 is 20 transmtted to the
ECC encoder/ decodefn thgibegmnimg offhe kasoding prochss dusingreaweite operatiorREe L BA

213. . /d d it t d 226
o Got or mi eSS IS ARKS 208 aRSREE aet Bala 13 10 Blefativette THPBAR e s cquenca
contains an | : ted b
Cha oS Y KPS 04 1ot Pataninplit SF the perity § BB BNEA BBy AU o0 B

encoder / decodbytesof the (#Epend2d Sequetice EGX). tMikiphying Dik) by xBardIIL(R) biyrkir-eat or
such as P error flgsg 227 gﬁi\d an error value such as PBA error
val ue 229'Y% n CPRECIPIBES PraPReRdiBgeBA kiErmEwaes 9D(x) and L(xkresprstivelyPBA/ LBA

213 and the a 7 . Syndr . Q,hot _syggest
any error, t hgbpﬁ% g?xﬁ}%t}zgﬁt %% S¢ gésﬁs? Z’E gﬁ‘{}@&&*&%&%@ﬁ}m‘&g |ﬁdr5t K symbog%G i's
decoded and candaddedeiotitltd D(X) @8 theZifigut of the parity/syndrome generator 210. After
processing k bytes, multiplexer 208 is switched to “parity” input using the -
data/parity select control signal, and the parity bytes are transferred. The
15 muitiplier 216 starts generating the bytes of S,(x), which may be all zero. S,(x)
is added to the output of the parity/syndrome generator 210 to form the required

sequence.

During readback operation, the procedure is the same as the write
operation encoding process, except that during readback there is no distinction
20 made between data and parity bytes and both S1(x) and S2(x) are added to the
read sequence at the input of the paﬁty/syndrome generator 210, so that the
XOR element 214 is not needed at all.

We now briefly discuss Reed-Solomon codes to serve as a basis to
understand the theoretical basis for virtual prepending of the PBA (or LBA)
25  according to the invention. It should be understood that even though this

disclosure provides detailed descriptions of embodiments of the invention in
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WD 99/ 35575

PCT/ US99/ 00531 ) 11 The
present invention can be summarized in reference to FIG 3 and FIG 4
whi ch are bl ock g;g?grams of a preferred enbodi ment of the inventive

ECC encoder ME6 unit 206 in wité3(encode) and read (dECABEPYVEYrating
nodes respect tetisyof ReediStlorAom 6bda3ptHedhventiviel stucire B efifjdefat i ng the 5
pol ynom al sequence S(x)=L(x) x Mx)xx[err], where L(x) is the PBA (or
LBA) or sone replisblafosychincedesigeaerallypmnd todBCHANIR cadmBYlomandoliés<) is a
ol ynom al of _the formx/lerr X ere, X is the variable of the

Bol gnom' al, nff%cp °ﬂ1?ﬁ’%’er“‘ gF%%&%’éﬂ%ﬁ%@%@ﬁ%@é@ﬁ%@)@ Py adiswitador d

i nterl eave, rqi digh o] | t ( 3 hS a del ay
val ue, and 10nh§18%€§fi S tﬁgs'gggﬁé{aﬂlﬁ oﬁr/1 e,g})ﬁla?ﬁeg%m&gﬂhgtéaﬁﬁ’t{%ha %as used in
this descrs pt designed syptel error correctingzapheity dfhe vodeof fivdijmbole (ruyber of

bits. ] ECC encoder/ decoder 206 géne_r ates a parity byte
sequence Q x) fw{ixgqqfleaves (1549, andr five ytes of emmen drtegtionjqode parity @&IdGeRce P(x)

generated in sLona ncoder./ decg uni.ts uch .as the ECC

encoder/decodiel{reaxﬂ% i ugé&s‘c ?%e%ﬁfsgfg%tfi&ggﬁ sgﬂa leaying 45 forpagity st |
fitting wthifnfhed 026t SEIREIT 1R mitib&SofMsks SRR b9Hes k is less thin BLOHaGe Nedi a
(disc) as the traditi (%I parity P(x) while adva%ggelou%slsy Kawo provi di ng
di scri mi nat i othefanstieamkdiytasicen be ased firdransfeof additianalrinfoymiaBaa( or

LBA), and providing sufficient information to recover the PBA or LBA from

t he readback data. 20 In order to generate the codeword having
0

i rtuall d : ' | o | s, | 1 al
il 11511 6 bl ok 218 PRty sruchul b inddiod bSR3 AMYHSRmE il " ©
x[err] nod g(z9desruzd (sortlinaly atithebeghmingof the@odeword) ichaShaRY (x) and

Slerr](x) is added to the ECC encoder/decoder which typically
i ncl udes t he pedawordctioitansies PBéner hBdy infermationito the sequemcecafiytescehichi ve- OR

25 circuits; ) 212 214, farm.the required additiop
arso OO DA ot e  hefe chibaRalodlbtoBnaheit (ke of omeend. -
I 1] ustrated i8r “prependig®) ark w364 t&Héacribe the'factittlat tRlddBitionhPofedUte €S -1

addi ti onal zeroes to be
15 placed at the beginning of the codeword. In one embodiment, the PBA or LBA

is prepended at a rate of one byte per interleaf, however, a greater number of

PBA or LBA bytes may be prepended per interleaf.

As will become more clear later in the description, the PBA or LBA
bytes themselves are not written to the disc drive or other storage means during
20  awrite operation; however, parity during the write operation and syndromes
during the read operation are calculated as if the PBA or LBA were present.
For this reason, the prepended PBA or LBA bytes may be considered “virtual”
rather than “real” in the sense that they are never actually written to the disc
drive or other storage device. In spite of the fact that the prepended bytes
25  themselves are not written to the storage device, during a readback operation, if
PBA (or LBA) bytes represented by the computed syndromes differ from the
PBA (or LBA) parity computed during the write operation, the ECC will correct
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PCTI US99100531 shifted-in to generate the last r-1 bytes of
S[err](x). Typically the parity/syndrone generator 210 includes
regi sters for storing conmputed values until they are to be out put

but these megdombenss have not been sﬁgwn as they are of corcemsssmesil type.
This flushi f ¢ | tigl, A\ i 1 21-08. | ival ent t
feeding 5  TOR mampt LR Featisht, i théep BrFinedBreiive niitindddicnce.

I'n the begi ndtHod@prdvide RBSRH, FdnPPBASDS LBA) dHprs. Wi te operation, the
out put mul tiplexer 208 transfers user data D(x) to the output. The user

dat a D(x) is fed to the data input of the parity generator 210

si mul taneously with the ) byt es of prepended. sequence. L(Xx).

Mul ti plyi ng D(x) &/CQA]G“%GHL{%“% o I’rél{@o:°de<98t’=‘ié§’§6‘rﬁ’§ﬁf%ﬁhﬁﬁ§¥?ﬂi ng r
and k+r-m zer, t ) ' . L | erated at
t he out put ofo(i?ugﬁt{i%p?l‘elé gér)}%qgg Ilzﬁéieéi lgrt?#ﬁ%:k%ﬁieysfs P Fvshter?k lss%%)gfﬁsn%mggp and

added both t(hsa(dfa)tabyteﬁbﬁdi'MEnﬁfnbbhﬁfW@bK(esyﬂﬂémewﬂl&lﬁber?o'lfo- Af ter
processing k bytes, nultiplexer 208 is switched to "parity" input using the

data/ parity deribtbytepnisrdstermiinedhby therdetecting/sampetingsapabilisy ef thegade,sor ed.

The 15 multiplier 216 starts generating.t byt es Slerr whi ch may
be all zero. fg{)%f’?‘?e( &’i‘g agiven (i’(g%é&a’é&aﬁ%’%ftﬁgﬁ%ﬂ%aﬁ?r %‘Iusg{]gatﬁ%&f% gflléyngjr one
generator 2 1@1%_5’513‘:]%5'%1% ®r E@ﬂﬂ k¢ 814 maximunBSRMHEAST user data bytes k,,,=253H" | N9
readback operation, the procCe e operation

dure is the same as the wit
encodi ng pr odfte, actnat apmbehlabf dsaridaty bydesdb desk thdnek g, itlse first B, & ncti on 20
made between data and parity bytes and both S 1 (x) and $S2(x) are added to
t he 10 o Rsisions afrc drest orméalhbiwddmy gu fwmﬁap Wé%aﬁ%m%r 210,
so that the e ﬁ@ﬁ 214 is not needed at all. Ve
now briefly cﬂfggﬁlgségﬁefg&- 0 t(g’lrlrbn codes to serve as a basis to

understand the theoretical basis for virtual prepending of the PBA (or LBA)
25 according to the invention. It should be understood that even though

this _di scl oFior exgmplej brsingifuablied oftagieal blockrasldodss €hBddioment s of the
'nvention in physical block address (PBA) and four interleaves of error correcting code
(ECC) we can prepend the LBA (or PBA), one byte per interleaf (m=1). In the
15  case of three interleaves, using one byte per interleaf, the invention only uses

the three low order bytes of PBA (6r LBA).

The ECC logic will calculate errors in these additional PBA or LBA
bytes in exactly the same way as it does for the user data. These additional PBA
or LBA bytes are not actually written to the disc or other storage means, but are

20 taken into account by the ECC encoder during the parity calculation in a write

operation.

During a readback operation the estimated values of these PBA or LBA
bytes are used for syndrome calculation in syndrome/parity generator unit 210
as if they were read from the disc. A mismatch between estimated or expected

25  PBA (or LBA) 213 and actual PBA (or LBA) 217 values will be detected by the
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PCT/ US99/ 00531 terms of Reed- Sol onon codes, the inventive structure
and nethod are applicable to cyclic codes generally, and to BCH and
Reed- Sol onon codes nore particularly. A Reed-Sol onon (RS) codeword
can have onWP %367 t ed nunber,0f data bytes. For exZFHUS0831an

15
exenplary data fie Lt h t ' S 0 rQry correchi
capacity of tﬁgosgéxge%ﬁor{\wgf@yl I&F s%% g‘g(fe?el%ﬁgyé?gﬁxregidﬁf‘gé Feeae'i%g@g(! =4),
and five byt egpefatidhif ECEIo36 waRincthd @rioa toir¥ct{da¥riP220 (See FIG BFbyraxi mum
nunber of user data bytes is k[err]=975, leaving 45 bytes for parity

in the 1020 bygesetating d PBA etrheflagiahd e PBA eger value.aThg PBs\ (orildB Apemot han
k[err] then Ltfhe fii Kk -k bytes c be used for tr fer of
Sua 1 onal i negPAioRgnd BEA (ot TBA) extor IES off Beirertiodesiie astial BB [t hod

utilizes thes ﬁAf@aQé(t es in the cyclic codeword (nom nally at the

begi nni ng of the todeword), such as an RS codeword, to transfer PBA
or LBA information to the sequence of bytes which is stored on the

disc. The term "prepended” and variations (such as "prepend” or

"prependi ng") are Yedowdleguihsseeral ways inwhidhghe computation of santripptios ar e
15 pl aced at_.the gi nnd f the codeyword. In one eobodi nent, the PBA or
LBA is r?rftétb%lr’l %uorgrrﬁg%ygqséogﬁe Bﬂﬁ%‘%@’%&%’?ﬁ‘%ﬁ‘%@y wever, a
greater nunberceémplished. THA ndted thdt i%bAR ipTeontRPhGREMHErRUetdcRbR' | €af -
As will becone nore clear later in the description, the PBA or LBA
byt es t hensel cede EBChatillhmive oxly dne intedealf ad nbedy © coveoeliprerendedBBAeans
during 20 a vvritebo e_r%%i on; however, parity during the wjte operation

1

and syndr bes or LBA examapleaadmplementation wite fewy Gardhardhies (MF3Hne PBA
or LBA were pn . b LS 1L o] h or LBA bytes
may be consi dere %‘Sﬁl?"}"ﬁ%ﬂm P%CH£Q&T éx[xggr?xgﬁséziqm%?,e ﬁ};&%g}q}ggﬁgense t hat they

are never act ahlpatalontdfaRe éshtiibetich 6£the PBA/LBA B§te9to tHelEDCSt Oor age devi ce.
In spite of the fact that the prepended bytes 25 thensel ves are not

witten to th@asitysamscomeeomputation meye difficuliisaniparsddo abé opmputation of the
contribution to the ECC. ~ '

15 In one embodiment of the inventive structure and method, the same
structure is used for parity generation during the write operation and for
syndrome generation during a readback operation; therefore, this description
frequently refers to a common parity/syndrome generator. However, it should
be understood that the inventive structure and method are not limited to

20  implementations in which the parity generator and syndrome generator are the
same physical structure of have the same design if separate physical structures.
Therefore, parity/syndrome generator 210 as used in this description should be
interpreted as a shared parity and syndrome generator unit, or a parity generator
unit, or as a syndrome generator unit. The parity/syndrome generator may be

25  any conventional form consistent with the requirements of the invention set

forth here, of which many structures are known, and is not described here
further.
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PBA (or LBA) bytes represented by the conputed syndrones differ fromthe
PBA (or LBA) parity conputed during the wite -operation, the ECC w ||

correct WD 99/ 35575 14

PCTI US99/ 00531 errors in PBA (or LBA) positions, and therefore the

i nventive swbuwesssrse and met hod provide recovery fromdBisdeisst-BA
errors. A codeword i ny@ Reed- Sol onon (RS) code over Galois
Field of the order of 256 {G~(256)} has a limted length )
n=k+r[err] 255, wh ' . [ . es_and is the
nunber of parity R@e‘g# ﬁl')kéaem\joa ue ??n @{/]sglnﬁaor%g}?ﬁgxqua&? “%E%‘?Hﬂ Béf‘es ris
det er ni ned byortiRA diefornatiotgis e prepehd aGegeamabil(k) iépfisehties GRPBA 8P for
a code with a given correction capability the nunger of user data bytes k

i s al |bartes te thaussr deta () and runctheprritiisyndoorhe gendratos 310 fart a byt es

K[ err]=255-r. e actwal nunber .k of .user data bytes is | ess than
k%err}, the gt ﬁgfg{?}i‘:??’ ﬁsolflége&?fef? Hﬁﬂ‘%ﬁeédatp:%&ps 13 2eRGFARPHTE and may
be used for t S TR Il L4 :
i nformati on. W) S@Erﬂﬁﬁiﬁﬁxﬂﬁafﬁ ‘tﬁg\f;duer%ef“ oojfg%ﬁg‘féttag I g}élmcal bl ock
addr ess ( LBA)temms of the hapdwpase neddel) tothandelsirablysregiitéy moamitlifional closker | eaves of

error correcti cqde . .(ECO .we can prepend the LBA (qor PBA), one byte
per interl eafcygﬁ&??PWﬁS%Eeh@s?grfélas%aéqhhpmléartﬁmeérmtéé%é Ingemag one byte
per interl eaf e ' VAN he three, | ow order tes of
PBA (or LBA) _stor&ﬁhe démﬁ%l&ﬂe‘%ﬁ{ég‘ﬁﬁﬁsﬂoﬁ for grdmiFle. A BB HioRh e ‘ffﬁvf t hese

addi tional PH#iverstdrkge systems, tiebe additiofMatddkcylchd iid Botbtyavafable. ¢aRs for
the user data. These additional PBA -+ or LBA byt es are not actually

witten 1& t epraask may beimferredito aa tjeequential prepending?. Jhe sequantial i nt o account
by the ECC erf)ggp%%ﬁin%uarpbpo%cfx E‘seill?xgtl:’rzlxttex d(lzaaglrg#nln%%il:ﬁpy fnri:I%\gE IWtit?l several

other approaches described hereinafter.

A second approach for performing the parity/syndrome calculation is to

pre-compute the contribution of the additional PBA/LBA bytes to the

15 parity/syndromes and pre-load the parity/syndrome generator 210 with these
values before processing the first user data byte. One possible disadvantage of
this approach is the possible need for two different pre-computation circuits for
parity and syndromes, depending on the parity generator structure, the
syndrome generator structure, and the value of m. However, this potential

20  disadvantage does not arise for the case when m=1, that i.s, when there is only
one prepended byte per interleaf. In this case, if the combined parity/syndrome
generator is used, both of the pre-computation circuits are simply wires or other
direct coupling or connection. In one embodiment of the invention, this

exception is advantageously used for the ECC parity/syndrome calculation.

25 We now describe an embodiment of the inventive method to generate

parity/syndrome within k+r clock cycles using the same pre-computation
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oper ati on. During a readback operation the estimted val ues
of these PBA or "LBA - bytes are used for syndrone calculation in
syndronme/ parity generator unit 210 as if they were read fromthe
disc. A mismatch between estimted or expected 25 PBA (or LBA) 213 and
actual PBAWQPYISBFY) 217 val ues will ¢{pe detected by the PCT/US99/00531

SUBSTI TUTE S : . : : - 15
PCT/ US99/ oo5;%%‘w%'g%%%m%rbr°§‘c??%rr¥\%§rﬁli ?"%@g’]"?n The result of qach prec i e
syndrones dur torgputation fcdn “equivalenttsajuence ofbyit€sCof toal tength h+lord, kiee error
correction unit 220 (See FIG_ 4) bé generating a PBA error flag and a
PBA error val same hﬁe&mAhe geditiong! lepgtyrof the codepymsd basedromvser PEA qudy. LBA)

| . Db d. d A LBA .
Ve now descr i BESSBLREE AR IR BT ERended feutice SOL R B P BEHY on

of the PBA oradB&PitbR8 chiphfafiopar i ty/ syndrome conputation may be
acconplished. It s noted Phat I'n sonme i nplenentations, the error detection

code (EDC) will have only one interleaf and needs to cover all prepended
PBA 10 or LBA byies, .for exanple an jnplenentation with four (m4) or
three (me3) éefz ﬁhﬁtf%?tn@avngbytqse; phcequivalont seanengAEaR RAYGRERZTO t hi s

may make the frat 1.QN. e | | : ytes to

TRY T (R ety OURUBILRR] e TORLELOAL 4O0OL G EERERDY o5

conput ati on oprddagt of two pdlpitmhialif i@dwnoddghes. Halat least one embodiment of the
invention, the prepended sequence L(x) is provided in parallel with the arriving

10 user data D(x), and is multiplied by the polynomial M(x)= [x***™ mod g(x)] by

multiplier circuit 216 to generate equivalent sequence S(x)=L(x) x***™
mod g(x)xx*™! An exemplary multipﬁer 216 structure is described below
which can accomplish the required polynomial multiplication. More generally
the multiplier polynomial may be of the form M(x)= [x*""™" mod g(x)], where u
15  represents a delay from the start of user data and is nominally in the range
O<u<(k-m+1). This form of M(x) permits delaying the start of PBA/LBA
contribution to the parity relative to the start of computation based on user data
D(x), such that for example, the computation of the PBA/LBA contribution may
be delayed an arbitrary amount within the range 0<u<(k-m-+1) bytes, where u=0
20  represents no delay, and u=(k-m+1) represents a delay wherein the PBA/LBA

and D(x) contribution to parity complete at the same time.

In the case when m+r-1>k>m-2, the last (m+r-1)-k bytes of the
equivalent sequence S(x) are XOR’ed directly to the output of the
parity/syndrome generator 210 to obtain parity bytes that are fed to output

25  multiplexer 208. For k outside this range, S(x) is XOR’ed by exclusive or
circuit 212 with the data D(x) starting with the first data byte; then the result is
fed into the parity/syndrome generator 210.
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15 I n one enbodi ment of the inventive structure and nethod, the sane
structure is used for parity generation during the wite operation and for
syndrome generation during a readback operation; therefore, this
description frequently refers to a common parity/syndrone generator.
However, i twehosssos be understood that the inventive ghiabgsss; and
nmethod are not limted to 20 inpl quntations in which the parity generator
and syndrone generator are the same physical structure of have the
sane design if sepp; i :

parity/syndrone g%?g%&ﬂﬁgﬁﬁgdﬁn&%ﬁ%ﬁﬁt an%vgssgugggﬁlégrrl\@gﬁéhtﬂddn%

i nt erpreted asotgeatmilgovaraviion lamik1becaserthe et of Dcodewdrd niay a parity
gener at or unjt, or as a syndrone generator unjt. The parity/syndrone
gener at or nayg‘?i’émgg’ be singlics shancthe number PHROAZEFMBY'SS Bthe gauivalent

requirenments X | pB_set. . forth her whi ch .

S ruct ures. arSee, n0%ERk: 8% Ftaion dpes el thEn EDCpfiahRRiton in
WO 99/ 35585  which EDC with m=4 if the number k of user data bytes is %uarantecd to be not
PCTI US99/ 00531 6 One

way to perf orless then SarFhopgh potilinitatiom bE thednventiviestroctuos ot meghoBBA the or
LBA information i§ to prepend sequence ,L Jepresenting, the PBA or

LBA bytes to ?’ngiﬁré{rer@éqﬁmfﬂf%e%eggﬁrﬁ%aw "WWH& 2B6er at or 210
for MKkl &I&ﬁ&&y = s Iif there were mtk user data bytes to
generate paritye 5 X§4.p%§1%ile§. approach is useful and may provide the nost
conpact approach in ternms of the hardware needed, but undesirably

requi res madditional clock . cgcl.es of processing tinme for the m
addi ti onal bytes pWe nowt desceahe¢ ong embediment of thegnultinljer k& forase in the

i npl t.ati f in. hj.gh; f ' dri

Stor age Sgst cheC PHERE st NG DRFsee i BFOURRE RRoR T5C- Budfilubre. Thi s
10  appr oachhgeyarker a4 &5 ERGnpl B8 Y9 WHigh ﬂﬁrxﬁm?ﬁl:a%mwscsequem i al
prependi ng approach is illustratéd diagrammatically in FIG 5,"wth several

performed. The exemplary multiplier circuit is for the case of =4, but it will be

clear to those workers having ordinary skill in the art will appreciate that this
exemplary circuit may readily be expanded or contacted to accommodate larger

15 and small values of r, and that alternative circuits may be implemented to
perform aspects of the inventive method. Multiplier circuit 216 comprises a
shift register (12, rl, r0) 250 having three register elements 251, 252, 253, three
XOR elements 261, 262, 263 and four constant multipliers 271, 272, 273, 274
for multiplying the delayed versions of the sequence L(x)x***™ by the

20  coefficients ps, p,, p;, and p, of the expression: x™*'mod g(x) =x™"’mod g(x) =

psX’ + px?+ pix + p,.

Before the first byte of the input sequence comes in, register 250 is set
to 0, that is each stage r2, rl1, 10 are set to zero (“0") . During operation the
bytes of the input sequence are shifted into the register 250 one at a time,

25  generating the corresponding elements of S(x) 280 at the output of XOR gate
263 according to the above expressions. Note that S(x) 280 is the sum of $,(x)
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ot her approaches descri bed hereinafter. A second approach

for performng the parity/syndrone calculationis to pre-conpute the
contribution of the additional PBA/LBA bytes to the 15 parity/syndromnes
and pre-load the parity/syndrone generator 210 with these val ues

bef ore procW€394876he first user data byte. One possibl e dperUs®nbsge of

this approach js t gssi.bl e need f &t two different pre-conputation
circuits forrksI and%&&%@ ip the Ranwarsieecnibede Jiedastd symbolrofi(k) a1 gener at or

) h I f
Fovaver 1 hi SCRATS P A0 287 (HERGE Bl B T I o B ATSIRNAG: Casc wnen

mel, that is, when there is only one prepended byte per interleaf. In
this case, if the conbined parity/syndrone generator is used, both of
t he pre-conput at i OMe dpwdesesbesamestheptefical andmathematieal considerationsect

i tion In. nbodi f the jnvention, this
xcopti on | s TDEACABRNACHH SoREr FORtPR T BGedpuiord 5 o el thaleseat | on
25 dag et baeR | | d t
generate S B R R B reBestl SR b EYBFbYC” e

pr e- conput at icmaresponding polyWénidd @fth ¢befficients over an exemplary Galoid Field of
PCTI US99/ 0053 circuitry for generating both parity and syndrones.
[

The resul t of&‘%a‘tﬂ?rﬁf@% {representgd byithe netatips Gi(25@4 uiThe pokmomiajuence of

bytes of tot th n=k+ e me, | engt;h as._t.he tradiiiqgnal

| engt h of th?@gﬁﬁwﬁg %5‘5%8“%‘2°°u°sfé?‘“§3§?bo%y-.--’ d, & ‘s%}fﬁ EOI%%@L@E is

equi val ent t QX‘E’hedkBEc‘?D%QGlﬂﬁﬁ-ﬂgCIWB@Sﬁgilaqﬁ{(ﬂﬂcpr ByRé %dﬁorﬁ@(k%éi%(x?(%?@?ﬂ
y yteS o e

syndrone conput ation. the first mtr-1
equi val eh® semddtsoonstimentpacts (o byterdata D(x) andal byes paritlyl P(R))ltewe thet es bei ng

zero. We know.this be au?e t he sequence is the, ) )
structural and polynomial representations shown in the following equations and

Tables I-IV, where k bytes are used to represent the user data and the degree of
D(x)=k-1.

Table I. User Data.

15 User data, k bytes
dey de |- d d,
D(x)=dy ., x*+d, x5 ... +d,x+d,, deg D(x)=k-1; ¢))
Table II. Parity.
20 Parity, r bytes
Pr.1 Pr2 P Po
P(X)=p,..X" 4P, x"2+...4p, x+p;, deg P(x)=r-1; )
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product of two polynom als of known degree. In at |east one enbodi nent of

t he i nvention, the prepended sequence L{x) is provided in parallel
with the arriving 10 user data D(x), and is nultiplied by the pol ynom al
Mx)= [Xerr]nod g(x)] by multiplier circuit 216 to generate

equi val ent skygepBse S(x) =L(x) x[err] mod g(x)[err]. ry
multiplier 21 ruct yre i s descri bedd bel ow whi ch caﬁ&a@%@&%‘s?sh t he
required poly S [Eeation. More generally the multiplier

pol ynom al may be of the form M %pdevsideCg=kiwdytgsx)], where u 15
represents a del ay f¥emthe—start—ef—user—data—and-is—nomnally in the-
range Ou<(k-mtl). Thi Udepdmagk bides) permts dqiam)i,,r}g,ytt&e start of
PBA/ LBA 5 contridaution to the parity relgtive to the start_ of
conput ati on based prUgerdat= BET—strgh—that—Fer—exaiplq, the
conput ati on of the B/l Gma ‘ontribution‘i\l go | Pr1 |2 det-alyimid | Pa arbitrary
anount within the range O[err]Ju<(k-mtl) bytes, where u=0 20 represents no
del ay, and u=(k-mtl) reP@gsb)s+P(gel ay wherein the JRBALRA-1+r, a@? D( x)
contribution to parity conplete at the sane tine. In the
case when mtr-|>k>m 2, the last (mtr- |)-k bytes of the equi val ent
sequence S(x) are XOR ed directly to the output of the

parity/syndrome geThe piependdliGeeeneBiofinibypes i LY (byt esy i out put
25 multipl exer 208.%r o Seer?g Rl sﬁra?n'ﬁi}e/’,""é’(sz%’gggﬁéeiﬁ%é&ggdtégcl usi ve
or ci r ctherpotyromgial h(x)lae follaws:D(x) starting with the first data byte;

then the result is ed in he rity/syndro ener ator 210.
WD 99/ 35575 L) ST e bRl Ly YT O AR L )
PCT/ US991 00531 18 Thi s

particul ar enbodi ment of the inventive structure and net hod may not

general |y wor KodéveorddB oorsiste 6fthe@répgraded Bafubn&d, userdeeNR ébrf@¥onding
general ly be smaller than the nunber of nonzero bytes in the equival ent
sequence; howBfdy bytes; as shomintiatthe following aguatiopping TablealV.EDC i npl ement at i on
in 5 which EDCwith m=4 if the nunber k of user data bytes is guaranteed
to be not

Table IV. Codeword B.

Codeword B, mr+k+r bytés
15 « »
Prepended, mbytes  User data, k bytes Parity, r bytes

>d > d >

bnt |2 || Lo |deadeaf o [ | dofqu {Qa |- | @ 9o

B(x)=L(x)x"+D(x)x™+Q(x); deg B(x)=m+k+r-1. (5)

20 We do not write the codeword B(x) which includes the prepended
sequence L(x) to the disc, so the sequence A(x) which is actually written to the
disc is not a codeword and does not actually include the prepended bytes L(x),
but rather the sequence of bytes A(x) is written as follows:

A(x) =D(x) x"+ Q(x). (6)

25 While reading back the sequence A(x), which in some instances may

have been corrupted by errors, restoration of the codeword B(x) is attempted by
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| ess than 5. Thqugh not |imtation of the inventive structure or nmethod, in

t he exenpl ary enbodi nents descri bed hereinafter, it is assuned that
K[err]mer-1 unl ess ot herw se specified. VW& now
descri be on ?g;;g Lment of the nultiplier 216 for use in t

encoder/ decgl er ﬁ%t 206 relative to2the illustration in F é./%g”oog?c
illustrate pr endlﬁgtl{@é%ﬂﬁfate@'& e%Be&é@?Fép%ﬁ&m@tsééﬁédéé1(?)&0%(:9 kng he _
rrultlpllcatlon may be per f or imed hé exenplary mul'tiplier circuit is
for the case gplying cobventionaldrtdr dogrection. clear to those workers having
ordinary skill in the art will appreciate that this exenplary circuit

may readily be expanded or contacted to accommpbdate | arger 15 and smal |

values of r, and t [ '

perform aspects of%e&%vtnt%rﬁ%%\%&r%e r{mﬁjtpa%g?ﬁ/erﬁl&%dr% mee%fggcgrrprl ses a
shift regi st eppdriton, ahd w@)atemobsamﬂgaﬁtbrgeﬁexraﬁen disetssidrei¥adifentlz51, 252,

253, three XOR el enents 261, 262, 263 and four constant nultipliers
271, 272, 5273apptirable to syndromegenreatipy aswellne del ayed versions of the
sequence L(x)x[err] by the 20 coefficients [err] of the expression:

x[err]nod g(x) =x[err]mod g(x) = [err] Before the first
byte of the input SgedgREEd-S8BRond glsf&‘ﬂbfié% aﬁocdd% &6dewords shduld 0, that
is each stage r2, rl, rOare set to Zero During operation the

byt es of the satisfit theeqnditior CG{xymedgfx)<0, whdsre G(h)alsraeg:demlrd 2nd gix)s ghe a
time, 25 generating the correspondi ng el enents of ((x) 280 _at the out put

of XOR gate generatoppalypemial, ¢ degre oh BN s Bl fdeg 8ixgTs 1. NBhaeforadf S( x)
280 is the s T &esﬁjes ﬁzlt Qﬁg code be systematic, that is that:
10 C(x)=D(x) x" + P(x), (7
it must be true that:
P(x)=[D(x) x"] mod g(x) , ®

that is, the parity byte sequence P(x) is represented by a polynomial equal to the
remainder after dividing D(x)x" by the generator polynomial g(x).

15 In analogous manner, in the context of sequential prepending for the

codeword B(x) with prepended sequerice L(x), we have the relationship:

B(x) = [L(x) x* + D(x)]x"+ Q(x) ®)
and
Q(x) ={[L(x)x*+D(x)]x"}mod g(x)
20 =[L(x)x**Jmod g(x)+[D(x)xmod g(x) (10)
or

Q)=[L(x)x*"Jmod g(x) + P(). (11)
In general, for sequential prepending, since a parity/syndrome generator

processes an input sequence B(x) one byte at a time, it will take (m+r+k) clock

25  cycles to generate Q(x), that is it will take k+r cycles to generate P(x), but
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PCT/ US99100531 ) 19 281 and S2(x)
282 in the manner described. The last r synbols of S(x) are referred
to as S[err%@ 282, the rest of theg_ synbols of S(x) represent S err](x)xx -
[err]. 35575\ now descri g‘% sone theoretical andGTA{IXMAES cal
consi der at i on8tktr cyclestagensrate H @t lmed &(X)r epresent ati ons of a codewor d
as they relate to the instant 5 i nvention. In our further description
we represent sequences of bytes by correspondi ng polynom als with

coefficients over @Roba8IH0AS ¥hdal BE foek kQhiiveOfo equivalent%@@eﬂééiggcl)gﬁd256 .
{represented by the notation G-(256)}. The pol ynom al correspondi ng

to a sequenceDgx) seethatthe parityysyndrdnhe gar@iratno?1 Gibardfeeeivk the two inper r] . The

original n=k+r byte codeword X)=D(x).x[err] +P(x) . 1 and its
constituent prPENER tpé°‘ifé§§‘(°&59)aﬁ%ﬂkiscﬂ9?’§’eﬁaﬁiﬁ yeymia] Sidve t he

structuralg angﬁﬂg i | ndifgysesent ati ons shown in the follow ng equations
and Ta e?lg?@, vr\)nere k bytes are used to represent the user data

and the degree of 1. deg S@)9ddg D)x" =r+k-1; anliabl e |. User Data. 15 (12)
User data, k bytes err] [err]

dlerr]  dlerr] 2. S()mod g(x)=[L(x)kDnag g r] | deg D(x)=k-1; (13 (1)
Table I1. Par \Ivvril)( bnaZDQe generation of parity Q(x) within the required k+r Iz%liast g)’f sirmpwt s
adding an S(x) having the required properties to D(x)x" and processing the
10 resulting sum sequence as normal user data. Recall that D(x)x" corresponds to
appending r zeros to D(x), just as L(x)x**"™ corresponds to appending K+r-m
zeros to L(x). In the inventive structure and procedure this resulting sum

sequence is generated using the exclusive or (XOR) circuit.

Out of an abundance of caution and for the sake of a complete disclosure,
15 wenow provide a derivation for exemplary functions S(x) and R(x) using
mathematical properties of modulo arithmetic for some generalized functions
M(x) and N(x). However, it should be understood that the inventive structure
and method are not to be limited by this derivation, and the other forms of S(x)
and R(x) are within the scope and spirit of the invention. More particularly, we
20  derive relationships for S(x) as a function of the product of L(x) R(x). First,
recall that under the properties of arithmetic modulo g(x).
[M()*N(x)lmod g(x) =~ = [M(x)mod g(x)xN(x)Jmod g(x) (14)
= [M()xNG)mod g(x)]mod g(x)
= [M(x)mod g(x)xN(x)mod g(x)]mod g(x).

25  Then, applying condition (2) in equation (13) requiring that S(x)mod g(x) =
[L(x)k""Jmod g(x), we have a relationship as follows:
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Plerr] Plerr] . Plerr] Plerr]
P(X)=p[err], deg P(x)=r-1; (2)
SUBSTI TUTE SHEET (RULE 26) WD 991 35575 20
PCTI US99/ 00531 Table 111. Codeword C.
Codeword C, MP-REFSTHyt es 23 User dat a, PRT/H§29¢96531
Y T B e et mota e g
QA(x) =D(x) x[ err] +P(x) = {e@) X =kxImod g(x)]}m8d g(x) The
prepended sequence of m bytes [ e;r&(x)xlﬁx{]g%rdegstg)nt ed by
and |
5 R(x) = x¥™x x* mod g(x), where deg R(X) = k+r-s+1-1. (16)
Now we identify a suitable value of “s” by applying condition (1)
requiring “deg S(x) = deg D(x)x" = r+k-1" to arrive at the result that:
deg S(x) = deg[L(x)xR(x)] = m-1+k+r-str-1 = rt+k-1 a7n
and
10 s = m-+r-1. (18)
Then, substituting this value for s into the expression for R(x) above, and
recalling that S(x) was assumed to be of the form L(x) R(x) we arrive at useful
definitions of R(x) and S(x) as follows:
R(x) = x™"! mod g(x) x xk™" 19)
15 and
S(x) = [L(x) x x™! mod g(x)] x xk™**, (20)
Conventional parity/syndrome generators are designed to process only a
sequence of user data and assume that the last “r”” bytes of the input sequence
D(x) x x" are zeros and take only the first D(x) as the input sequence, ignoring
20  any remaining values. In the inventive structure and method, only the last k-
m+1 bytes of S(x) are guaranteed to be zero and in the case when r>k-m+1,
some of the nonzero bytes in S(x) cannot be fed into a conventional
parity/syndrome generator. Since it is desirable that the parity/syndrome
generator 210 be a conventional parity/syndrome generator or at least that
25  embodiments of the inventive structure and method be compatible with such

conventional parity/syndrome generators, one embodiment of the invention

treats the polynomial S(x) as the sum of two polynomials and provides
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the polynomal L(x) as follows: 10 L(x) = [err] deg L(x)=ml.

(4) Codeword B consists of the prepended sequence, user data and
correspondi ng parity bytes, as shown in the foll ow ng equation and
Tabl e IV. Table 1V. Codeword B.

Codewor d B,w@wdsss7sbyt es 15 Prepended m bytes pdaassosiéviss, K

bytes Parity .
80 2L () x] eriitistH) SF ffﬁeéﬂ“ed“'e to ig5gieline pidiippalelues. (5 20

W do not wite the codeword B(x) which includes the prepended

sequence L(x) to the disc, so the sequence A(x) which is actually witten

to the di sc Usingtitis approakshyeredwrtedS (atp asthecunpef twal polynorialsds (t)he
prepended bytes L(X), but rather the sequence of bytes A(Xx) is
witten as foidonkx) as follows: A(X) = D(x) x[err]+ Qx).

(6) 25 e back the sequence A(x), which in s

i nstances may \Q&Lavé&gg%ﬂ%corrupt ed by errors, restoration of 0(?229

codeword B(X) is aiheeBegSI(:D¥r-1, and require the last r coefficients of §,(x) to be zero;
and

S(x)mod g(x) = S,(x)mod g(x)+S,(x)mod g(x). (22)

S,(x) is fed into parity generator 210, even a parity generator designed
only for user data, yielding the result [S,(x) mod g(x)] at its output. Since the
10  degree of polynomial S,(x) is less than the degree (r) of generator polynomial
g(x) which itself is equal to r, (deg S,(x) < deg g(x)=1), it follows that S;(x)mod
g(x)=5,(x) and one can add S,(x) to the output of the parity generator at the

appropriate time to form the sequence S(x)=S,(x)+S,(x) in proper time order.

It should be understood that in the case when k<m-1 this procedure may
15  not generally used without modification since under this condition:
deg L(x) + deg R(X) + 1 = m+r-1>k+r (23)
so that the length of the nonzero part of the fequired S(x) exceeds the length of

the entire sequence to be written to the disc.

Syndrome generation is a process analogous to parity generation which
20 occurs during readback or retrival of previosuly stored information from the
storage device. Let C(x) be the codeword polynomial corresponding to the
sequence of bytes read from a disc or other storage media, and
g8(x) = (x+a, )(x+a.3) ... (x+a,)(x+a) (24)
be the generator polynomial of the code. The syndrome components S,.4, ..., Sg

25  are defined as the values of C(x) at x=a,.,...,2;: S,.,=C(a,.,),-.., S;=C(ay). It can
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PCTI US99/ 00531 - prependi ng the-estimated or expected prependi ng
sequence L(x) to A(x) and appl yi ng conventional error correction.
W now turn our attention to parity generation during wite (encode)
operation, WAAAaT$ | ater show t hat parity generation di S CRISKV$H3/09531

directly 5 _applicgble. tg.syndro enreatjon a | 1..

Since a Reed-%%?ﬁhgkehg) Iac rqot °g‘é€‘§f6ﬁoﬁpet¥8€’,“”§ s shoul d

satisfy the condi ttgz.;@(ﬁj%ngﬁmﬁzg, where C(x) is a codeword, an&sg(x) S
ory

t he gener at or om al™ the degree of g(x) is r-1 (deg
g(x)=r-1). Theviefenke expression [C(x) miosl g(r)iis ¢t rehmaindeheafterodieisim tyy st emat i c,

that is that: 10 C(x)= D(xz x[err] + P(x), L.

(7) i t gensratpepelynemiah g(x), and the notation ‘fcx)means the pelypemjalind g( x),
(8) that is h ar. t.y byte_sequence P(x) is represented by a

pol ynom al5 eq ‘éﬁluét?)&?ﬁ%gamculxr}%lﬂﬁ?(ﬁﬁ'er after dividing D(x)x[err] by the
generator polynom al g(x). 15 I n anal ogous manner, in the context
of sequential prepending for the codeword B(x) with prepended

sequence L(x), we Recall frore theedescriptistppovided earlier that ad{ing S&)[tb(the datherr] +
+ . . . . 9). d
Q) <[ L(x) XPEPhmisBRP s gqpitplens 2 proonding LG in terms oF eegted [ o 111 mod

%E ig I% E(( ig i% gpﬁ?%sg%re}wﬁ %e. generated parity i)}@s are the refhinder after (11)
I'n general, f@ivisiefbytid gncRitaiiighdifial B(x)CEi dRIdah Wisé ¥X4Lt the 94HET at or
10  procedure for generating syndromes during the readback operation as the
procedure for generating parity bytes during the write operation, except that for

the write operation the data comes from the host and during the readback

operation the data comes from the storage device.

Finally, having described embodiments of the inventive structure and

15  method, we now describe an embodiment of the inventive procedure 300
relative to a flow-chart in FIG. 7. First, receive a sequence of values as
coefficients of a polynomial representation of a block address L(x) having m
symbols and a sequence of values as coefficients of a polynomial representation
of data D(x) having k symbols (Step 301). We next multiply the coefficients of

20  L(x) by coefficients of R(x) to generate coefficients of a polynomial product of
the form S(x)= S1(x) + S2(x) such that the last r coefficients of S1(x) are zero
and deg S2(x)=r-1, where x is the variable of the polynomial, k is the number of
data symbols, r is the number of parity symbols, u is a delay, m is the number of
symbols in L(x), and g(x) is a generator polynomial of the code (Step 302).

25  Subsequently, we add the first polynomial product component S,(x)*xx™ to the
data polynomial D(x) prior to generating a first parity sequence for the sum

D(x) +S,(x)xx " during a data transmission phase for a first k symbols of the
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processes an input sequence B(x) one byte at a tine, it will take (mtr+k)

cl ock 25 cycles to generate Qx), that-is it - wll take k+r cycles to
generate P(x), but WO 99/ 35575 22
PCV/ - S99100531 m+k+r cycles to generate [L(x)x[err]nod g(x).

Two conditi wwoseegbsysl d be net rel ativg to equival ent sequeng@rgéoshodnd
D(x) so that the pariti//s ndrome_gen ®ator 21 0 can receive the two i nput
sequences and SpROEddSteape3fd)-nFinaPyi we afd theraenord polxnpwia) produst SHX) 5

sati sfyi g t NG EQRld MRt parip spuence durte 585 eberpiin roR KLY | =

r+k-1; and

[ L(x) k[ err] noghs@f ¥ymbols YY) eration
of parity Qx) w t%rinn ]t ﬁgthreec(?ﬁlic‘r”gﬁd ti?#engx;/a(té éel'ls%)ff)nf ! g?%%/}’gfhﬁen%gﬁ{ggﬁ% an
S(x) having tB@4kequired properties to D(x)x[err] and processing the 10
resul ting sum sequence as normal user data. Recall that D(x)x[err]
corresponds to appending r zeros to D(x), just as L(x)x[err]

correspon to app ' ‘ﬁ+: b . X} d ot knveptiv
structur e%:md proce urdel1g I'sT _eg XF??%SZ]&@%%S B?e’!hgoasﬂe’ﬁct?gsn%ge}ﬁ? g“ﬁ@ﬁ%’?‘aﬁ%d
using the exclonshsprcothe(a¢dntiofiipréHids a method for gcneratilnéqiﬁarﬁﬂ( sg¢mbapundance of

caution and for the sake of a conplete disclosure, we” now provide a
derivation fofeqenepota gode. s method(inyludestthR(sieps 0fi negeiving a seqedrvenat i cal
properties of nodulo arithnmetjc fQr so eneral i functions M x)
and N(X) . Homé?Pé?an“?geﬁBUFiﬂnﬁ@ %‘ﬁﬁféﬁé?”&ﬁ%ﬂ?&ﬁ%ﬁﬂ?ﬁﬁ@ﬂ%& structure
and net hod ar ehwdlvin® the sdd '&@gﬁ Al rd | her forms of
S( x) and dlg%(}’%re \i\nt{dﬁ}]n t géég%%ﬁézaan(fy\sﬁg%drllg?drg t J‘:égié\tné\}rtention. Mor e
particul all y, multiglier synhbolsvto genlerite a fisstispquenee oBproduassymbdlsthat sreqail t he
product of L(x) _ R(x). fFiést, recal |l that under the properties of

ari thmetic nolihs symaf a first sequence and g spcend sgquenerwherein the lastr[ M x) nod
?I(\/E(L;(E(N?L% gg cg X}l]elr}% céféﬁ%( fxrst sequence are zero and the degree of the second sequerfce

is one less than the number of parity symbols; adding the first sequence of

product symbols to the data sequence prior to generating a first parity sequence
15  for the sum of the data sequence plus the first sequence during a data
transmission phase for the first k symbols of the codeword; and adding the
second sequence directly to the first parity sequence during a parity
transmission phase for a number of symbols at the end of the codeword to

generate the final parity sequence.

20 This method may also additionally provide for generating parity symbol
sequence Q(x) of a cyclic code, when the sequence representing the m-symbol
address comprises a sequence of values as coefficients of a polynomial
representation of an m-symbol block address L(x); the Sequence of k data
symbols comprises a sequence of values as coefficients of a polynomial

25  representation of data D(x) having k symbols; the sequence of multiplier
symbols comprises coefficients of a polynomial of the form R(x) = x™""** mod

g(x), where x is the variable of the polynomial, k is the number of data symbols,
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= [Mx)nod g(x)xN(x)nmod g(x)]nod g(x). 25 Then, applying condition (2)

in equation (13) requiting that S(x)nmod g(x) = [L(x)k[err]]nod g(x),
we have a relationship as foll ows: SUBSTI TUTE
SHEET (RULE 26 WO 99/ 35575 23

PCT/ US99/ 00%849/35575 [ L(x) x[ erd] nod g(x) = [L(x)x[erROIeReog¢s)

(15) r is the number of parity symbols, wris{d delay [rt ﬁﬁﬁﬁe]nul’ﬂlﬁr of iyrhbols®l 9(x)

= [L(x)xR d and 5 d where d
R0 2 Kot 000, S48 e gomerator polynomlahew(hn@qdae Fif3t saasencetl o val be of

"s" b I =
S oY BB e copgf S8 b 1ol %@&&W& Fle )
= | k — x']_ % yk-meu+ T mer-1+ X kmautl= g

(1g; e S'T'nglx) Lgstl;[{l(ﬁ)l r)lcg‘:‘] tt:l(gsL(ﬂlrtTe fouﬁ}ﬂgdlkﬁsto Pt{he exp 6¢1jfor R( x)
above, an@  such thadhd lasngccteﬁimeﬁ(s ©f Sy@3 aseszenorand teg Bg(xpér-1; hﬁdffbﬂh&rL( X)

R(x) we arrive at u cﬂ deflnltl(%ﬂ (if R(x) and S(x) as follows:
R(x) = x[err] ﬁﬁtfpg? ;t% 18 fhefirpt sequence without last zero symbols to the data (19) 15

and sequecft(eé)comp{r}sé e steff Lfﬁdmm @r@f(yjlyﬁoﬁ%i:ﬁ prlduct component

(20)

Si(x) % x™ to the data polynomial D(x) prior to generating a first parity sequence
for the sum D(x) + S,(x)x x" during a data transmission phase for a firstk
10 symbols of the codeword; and the step of adding the second sequence directly to
the first parity sequence comprise the step of adding the second polynomial
product S,(x) directly to the first parity sequence during a parity transmission
phase for the last r symbols of the codeword to generate the final parity

sequence Q(x).

15 In another aspect the method for generating a parity symbol sequence of
a code, further comprises a step of generating a syndrome symbol sequence

from the readback sequence which includes the final parity sequence.

In another aspect the method for generating a parity symbol sequence of

a code further comprises a step of generating a syndrome symbol sequence, and

20  includes steps of: receiving a sequence representing an m-symbol address
estimation which may not be equal to the sequence representing an m-symbol
address and a readback sequence of k+r data and parity symbols, some of which
may be in error; multiplying the sequence representing an m-symbol address
estimation by a set of multiplier symbols to generate a second sequence of

25  product symbols which will be identical to the first sequence of product
symbols if m-symbol address estimation sequence is equal to the m-symbol

address sequence; adding the second sequence of product symbols to the

SUBSTITUTE SHEET (RULE 26)



Conventional parity/syndrome generators are designed to process only a
sequence of user data and assune that the last "r" bytes of the input
seqguence D(x) x X[err] are zeros and take only the first D(x) as the
I nput sequence, ignoring 20 any remaining values. In the inventive
structure awd9misrod, only the | ast éé m+l byt es of mfvisdlkess:

guar ant eed t ' r>K- . ne of. t he
monzer o byt edohipeEk Snlts Glbdpd g SimtRilns g sl hnerasine sy g or "
parity/syndr ahes@Reqdingé,. Since it is desirable that the parity/syndrome
generator 210 be a conventional parity/syndrone generator or at |east that

25 enbodi nents of the inventive structure and nethod be conpatible with
such conventignal parity/syndrome generators, one e di mrent of the
i nvention t regigra cﬁ&f‘%//m?ﬁ“é{f%ﬁﬁ‘%%“ﬁﬁ WBFW&B?&Q“?W al's
and provides be performedQV IRy Hsk ing the m- 1 '

PCr / US99/ 005317 PR dit 1 onal st ?‘E%?cﬁrrgprg?]eé’tlﬁ)‘?o%%‘é‘u?’émlt’%?ar%ﬂecffe t he

addi tiona$ valstimmtion comprises a sequerdeiofyaluss as egificiants, of wpolyndmiab( Xx) as the

sum of two polynom als S[err](x) and S2 x; as follows:
S(x) = [err] representation of an m-symbol block address L’(x); the readbagk segrence of wher e

gﬁgSZ( X) =r - 1’k+"% requl ;,18% %g;qﬂe@l%?‘tgw?ﬁg%e%{%gﬁé%? )VM%%)%?;&Q“IEOO e zero;
(22) polynomis] Rprekséntatibi® of £8atasOmPRéd DY(xY 8P BIedad D& haviyER @
parity generator designed only for user data, yielding the result
[S[err](x) meympok) pndepdrity estitqation GSi(x)od thehparity Q(x)ibgving rsjmbolsynoni al
SLerrl(Xho 1S e DB Ty Snte BonrDiy, and QU6 miay difre Bot Gl e
sequence of multiplier symbols comprises coefficients of a polynomizl of the
form R(x) = x™"""* mod g(x), where X is the variable of the polynomial, k is the
number of data symbols, r is the number of parity symbols, u is a delay, m is the
number of symbols in L’(x), and g(x) is a generator polynomial of the code; the
15  second sequence of product symbols comprise coefficients of a polyr.cmial
product of the form:
S’(x) =L’ (X)xR(X)x x&™u* =L (x)xx™"* mod g(x) x x*™¥*1=8",(x}+S"5(x)
such that the last r coefficients of S°,(x) are zero and deg S’,(x)=r-1; and the
step of adding the second sequence of product symbols to the readback
20  sequence comprise the steps of: (i) adding a first component of the second
sequence of product symbols §’,(x) multiplied by x* to the data estimation
D’(x); and (ii) adding a second component of the second sequence of product

symbols S°,(x) to the parity estimation Q’(x).

In another aspect the invention provies a method for incorporating a
25  storage device block address into a codeword so that upon readback from the
storage device a block address error is distinguishable from an uncorrzctable

data error and the block address can be recovered from the readback éata. This
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g(x) which itsel.f is equal to r, (deg S2(x) < deg g(x)=r), it follows that

S2( x) nmod g(x)=S[err](x) and one can add S[err](x) to the output of
the parity generator at the appropriate tine to formthe sequence
S(x)=S[err] J er time order. It should be understood
that in the"dgra}ggg%en k<em| this progedure may 15 not geREFESPY0OSYed

wi t hout nodi f megtiddinchides stepyofprepériding blodk taddiess information to fredg@sitont + deg
R(X) + 1 = mtr-1>k+r (23) so that the
length of theatibahsgianing of atyclinsodeend: samppting padwesthe basis Qﬁboﬂhtbﬁf

h b d
gener ati on i <DboBABdSe PREF iR S ef e e s eperapARE Mcour s
during readbagderQfatd Sid th¥ @bm?ﬁte@ éﬁi‘iboﬁ)bﬂh% sirRgSaevicy Bt 'v&ﬁm%rtﬂgbfolaﬁ
storage device. Let C(x) he déwor.d pol ynom al corresponding to the

sequence d¢f byddresy heahe ‘sﬁomgcaiedme;:dmng)a hend oplecatiome rexditigathe aset data and
g(x) = [Jerr] be the generator_ polynom al of

the code. Theth§qnamRiied W%m&? storage deyipe ond computing syndsemesfaries val ues

f t I
DCT) Usbo 6053 gasetlon!the 88 data and the colfatth phity v thprepsnded sstimatsd b&%ﬁ“ynom al
g(x), then  address informafios) caflélatin Igs(ééldr[bﬁﬁéd on the syndromes and if
(25) where the expression | mod g(x)] is the renmainder after

divi sion by  there areqoncaese compotepiGHIT ¢ positipps cemesphndingttattiprependefl means -
th I ' t | al ue
Regalolo 1¥r mtalﬂlé’%@éaﬁﬁﬁe%%‘??%ﬁsggﬁ @Egaﬁég reﬁ\lse?%urleﬁ‘réYe\{'&cﬁlijﬁ?)ét @Pilf addreshe dat a

pol ynom al D(x)xx[err] is equivalent to prepending L(x) in terns of
gener at ed parity bytes, where here the generated parity bytes are the
remai nder after  Another aspect of the invention provides an error correcting code

encoder/decoder apparatus that includes: a parity/syndrome generator for
generating parity during an encoding operation and syndromes during a
decoding operation; a polynomial multiplier for multiplying m address symbols
15 by 5. set of multiplier symbols to generate a sequence of product symbols that
are equal to the sum of a first sequence and a second sequence wherein the lastr
coefficients of the first sequence are zero and the degree of the second sequence
is one less than the number of parity symbols; a first adder adding the first
sequence to the data sequence prior to generating a first parity sequence for the
20  sum of the data sequence plus the first sequence during a data transmission
phase for the first k symbols of the codeword; and a second adder adding the
second sequence directly to the first parity sequence during a parity
transmission phase for a number of symbols at the end of the codeword to

generate the final parity sequence.

25 The inventive method may be practiced where the cyclic code comprises

a systematic cyclic Reed-Solomon code.
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di vision by the generator polynomal g(x). Thus one can use exactly the
sane 10 procedure for generating syndrones during the-readback operation
as the procedure for generating parity bytes during the wite
operation, except that for the wite operation the data conmes from
t he host anwmrs'sﬂg t he readback 30 operation the data sereseshssin t he

storage devi ce. escribed enbodlnents of the
i nventive structure o oéhffspecr%{ﬁﬁwénﬁmﬁ Q&Sg} fORBEURTARRE 2 of 1 he

i nventive progatty §m¥l) sequence bE£h abde/ EThea afdt@é"hﬁhfﬂ@& dﬂuﬁlipﬁer ercdi_’ﬂ rst,
receive a sequence of values as coefficients of a polynom al

representat i orfobmuﬁlnlﬂ’l@gla sawnessep_rgsc)mngan mysymbol addresy bpaiset afid a
f | f t f | t
data D(x) hav R EREESYERRL 1CpaRe itk BanEe Srpredusl Sohds s saebnt s of
| |
20 LX) Py ould sl sﬁéﬁrﬁéecﬁeﬁg ﬁag@&%@g%@ fBE Wrgteih i 184, 2 POl ynom a

product of formsS such t ast

coefficients @beﬁcic(nxs) ofthe firstisequence areateto avd)thsdegiee of the ¥étehe séqueficd he
vari able of the polynomal, k is the nunber of data synbols, r is the

number of par iif 9“%{?%@??% the pyrabeg Qf@ﬂﬁ&'b’ symhols; anfirshaddse forgrdding the fisstbol s i n

Subsequent Iy, oa6e SRR R b R ROV BTS¢ ne
data pol ynom @enddtidg pfiréipatisy ﬁ%ﬂ&i&ttbf‘&e%uﬁi 6 8the Rt SefuSRe ﬁectﬁemt the

sum D(x) + [err] during a data transm ssion phase for a first
symbol s of0 t h&éequence during a (¢a 3Gn8HBEFHN phase for the first k symbols of tRE6

PCr/ US99/ 00531 30 Fi Iy, dd.th d
pol ynori al pr sadeyord; %‘?Cfﬁ S %8563, for ?@’c‘g &#Sgc?%sqv‘\lﬁ?g‘ie ‘BEFF Y)S}’g %uence
during a pari Wst%atfiy{gﬁgél?&rﬂlﬁﬁg;aﬁw tdalémission feséoéa nﬁmf’e?s lPe 5

codeword to gene I na sequence
We now sunmar iagzthe\eadioftite cualp@otdtoofeneriiothefiial pakfy sTeH@eﬂdévent i on.

In another aspect the apparatus for generating a parity symbol sequence

15  ofa code further includes: the sequence representing the m-symbol address
comprises a sequence of values as coefficients of a polynomial representation of
an m-symbol block address L(x); the sequence of k data symbols comprises a
sequence of values as coefficients of a polynomial representation of data D(x)
having k symbols; the sequence of multiplier symbols comprises coefficients of

20  apolynomial of the form R(x) = x™"'* mod g(x), where x is the variable of the
polynomial, k is the number of data symbols, r is the number of parity symbols,
u is a delay, m is the number of symbols in L(x), and g(x) is a generator
polynoinial of the code; the first sequence of product symbols comprise
coefficients of a polynomial product of the form:

25 S(x) =L(x) x R(x)x x*™*" =L(x) x x™* mod g(x) x x*™*1= §,(x) + Sy(x)
such that the last r coefficients of S,(x) are zero and deg S,(x)=r-1; the first
adder adds the first polynomial product component S,(x) X x™ to the data

polynomial D(x) prior to generating a first parity sequence for the sum D(x) +

SUBSTITUTE SHEET (RULE 26)



one aspect the i.nvention provides a nmethod for generating a parity synbol
sequence of a code. This nethod includes the steps of: receiving a seqguence
representing an msynbol address and a sequence of k data synbols;

mul ti plyi ngwld\@asPgiuence representing an m synbol address f 10
mul tiplier synbols to generate a firddt sequence of productpéyﬁ%%ﬁ%ishat S

equal t®) (k)xex sduringfa dutd transmissighn phase fond fitstdesmnbbls eatirnce wherein
the last r coefficients of the first sequence are zero and the degree

of the secondrosewgeti@ad the second adder adds thersseend prlyremisd preduch8s(x) y synbol s;
addi ng the fit.st enge. of . praduct s ol s ta t.he data. sequence

i o to gieneér*i%;zﬁgaﬁ‘%ﬁﬁ%?arbfxrsswgﬁnggﬁaaﬂégsﬁg tfaspiesig pffheps c data
sequence plu SASFo : n phase for
thg fi rstpk ?;gntbo sbgﬁ?ﬁgggodemtré#%gﬂ%&aeddi ﬁgaltpﬁgty%dﬂéﬁgée?g%}é sgquence

directly to the first parity sequence during a parity transm ssi on

phase for_a nunber_of synbols at the end of .the codewrd to generate
the finalJSparity J&tegseavorkersdaving ordinary skill in therasb it Wil berlsar figmi t i onal | y

provide for ggp QB%JcMaP@ereryn %3% ! :,?%L%dg?%igfl? Eﬁ%@&ga% whilgfoﬂ'?%’fa%l‘ééiggcacocje’

when the sequence represen ess co
sequence of veperstions arerghlar b MiEdudd operafibnsiom al representation of
an msynbol bl ock address L(x); the sequence of k data synbol s

conpri ses a sequence of values as coefficients of a polynom al 25
representation of havi,n t he seguence.of mul tiplier

k |'s:
synbol s conpri ses Iggégpgg‘?ﬁéﬁﬁsgooéftﬂgeﬁ% 3 JUmyo fteRNeR pod [err] nod

g § X, gner ® YadvintBé SRR EnlBbainihePOf B BPdsht inbedtorl fifveHueRSE: Bhndat 2

PCTI US99/10053h the foregaing dedchiptionniogetherf withidetajls of tHedStmictitte afid funttloay, mi s

t he nunber of synbols in_. Lti]x), arldm%_x) .Is a generator polynom al of
the code; thePfivarigns swhodimeatsef the invenfipndhistdisalosyes is illystmativecondpand ci ent s

gf X?effi y 2831 cgll(a.\)‘(x?és[q'g# i)e SIadE ri11:1e dgtg{l,rréspecially ins&)ééterﬁ olfgé'llcﬁ(xreRgrﬁ x x[err] =L(x)

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

15  appended claims are expressed. For example, the particular elements may vary
depending on the particular application for the ECC encoder/decoder, data
storage system, or computer 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

20  directed to a ECC encoder/decoder for a data storage system having an ECC
encoder/decoder and polynomial multiplier, it will be appreciated by those
skilled in the art that the teachings of the present invention can be applied to
other systems, like generic data storage devices and systems, data transmission
devices and systems, or communication systems, without departing from the

25  scope and spirit of the present invention.

All publications, patents, and patent applications mentioned in this
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5 such that the last r coefficients of S[err](x) are zero and deg
S2(x)=r-1; and further the stepof adding the first sequence w thout

| ast zero synbols to the data sequence conprise the step of adding
the first pol ynom al product conponent S[err](x) x x[err] to the data
pol ynoni al U&’)’Bﬁﬁ’ﬁoy to generating 3 first parity sequencBCT/US9900§30r t he
sum D(x) + S| epedifisationdre hefeirdincompgratediby fefersnns 6 heisameRRanead Feadh first k
10 synbol s oﬂrtQ§ égQﬁmo[d; and the step of adding the second sequence
directly to ™mavidugpyglicaionor patentapplieation wamsperifisaliyand ingividaalhddi ng t he
second pol ynomg irectly to the first parity sequence
during a pari?&ﬁkfg%gﬁkzgégﬂgﬁﬁﬂég§é%gggcgor the last r synbols of the
codeword to generate the final parity sequence Q Xx). 15

I n anot her aspect the nethod for generating a parity synbol sequence of

a code, further conprises a step of generating a syndrone synbol sequence
fromthe readback sequence which includes the final parity sequence.

I n anot her aspect the nethod for generating a parity synbol sequence of

a code further conprises a step of generating a syndrone synbol sequence,

and 20 includes steps of: receiving a sequence representing an m synbol
addr ess estimati on which may not be equal to the sequence
representing an m synbol address and a readback sequence of k+r data
and parity synbols, sone of which may be in error, multiplying the
sequence representing an msynbol address estimation by a set of

mul tiplier synbols to generate a second sequence of 25 product synbol s
which will be identical to the first sequence of product synbol s if

m synbol address estimation sequence is equal to the m synbol addr ess

sequence; adding the second sequence of product synbols to the
WD a995575 28

PCTI US99100531 readback sequence to generate a sum sequence; and
generating syndrones for
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t he sum sequence. . ~In other aspects the nethod for generating
a syndrone synbol sequence may be perfornmed when: the sequence
representing the msynbol address 5 estimation conprises a sequence of
val ues as c@gfobhsshents of a pol ynom al representati synbol
bl ock address [’ (xf; t he readback sééL@nce of K+r %@%ﬁ@o%;rity _
symbol s conprises a sequence of val ues ‘@8"defficients of a -

pol ynom al representation of a data estinmation D (x) g’!mﬂe data D(x
DJ 1 C

havi ng k synbol s, and aparity estimation Q (x) Hyj'w”m!”fﬁ!;)

havi ng r synb®sat i§ @laimeldds:e D (x) may differ from
differ fromQx); the sequence of nultiplier synbols conpri'ses
coefficients of a polynom al of the formR(x) = x[err] nod g(x),

where x is the varjabl t he | ynaomi_.al i,S the nunber of data
synbol's, r i s?’[ he hﬁﬁ%ﬁ?&)gqr %BFﬂ%?‘nggf g:mklgplisgqudgn&spg? ,°°ﬂ?’i5§“{‘H€tfh°g
nunber of 5synb&h§rigiﬁglg'le(g§gps@ﬁ1d g(x) is a generator polynom al of the code;
the 15 second sequéence of product synbols conprise coefficients of a

pol ynoni al plad teeeiving a sdymehcernepresenting aft'nf-symbél 4ddresRand u[sequdncend
g(x) x [err] sucgoir_\at the last r coefficients of S [err](x) are zero
and deg S 2(x?f:]F-dit,as $he step of adding the second sequence of

duct nbol s t . ' t f: o(l
ding a T1rst congouuifRGRERA &luencd SERRRAE BB i MardteBFa &t |
S [err] (x) nhultigler Spmbols tb gehdratetadfirst Rqiidica of pfddiiBi dydibols that is?qﬁdi)tb and

(i1) adding a second conponent of the second sequence of produc
synbol s 30 er tie(sem oba firss spquency and & serond saqu@nes wherein the last r coeffidientanot her

Govi ce bl ock SiRP 88 PR S SRR dhe PR o LAUSee F PERconban
Cncor fect abl o R e bl ook addr ese can be. recover ed from
the readback dat a.(cYadding said first sequence of product symbols to seidifald seqliéndeigiiof ( RULE
26) to generating a first parity sequence for the sum of the data sequence plus the first
15  sequence during a data transmission phase for the first k symbols of the codeword;
and
(d) adding said second sequence directly to said first parity sequence during
a parity transmission phase for a number of symbols at the end of the codeword to

generate the final parity sequence.

20 2. Thé method in Claim 1, wherein said method generates a parity symbol
sequence Q(x) of a cyclic code; and wherein:
said sequence representing said m-symbol address comprises a sequence of
values as coefficients of a polynomial representation of an m-symbol block address
L(x); '
25 said sequence of k data symbols comprises a sequence of values as
coefficients of a polynomial representation of data D(x) having k symbols;

said sequence of multiplier symbols comprises coefficients of a polynomial
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\Ié\gT??J/Sgg?g(S)%l nmet hod i ncl udeggst eps of: Jlmum "l;l”‘m(u w addr ess

information to free positions at the begi hni‘hg 'of "a &yctic codeword
conputing parity on the basis of both the bl ock address information
and user dMW@PBRTing a wite operatiogm witing the PQI#E;&”/@M@!a and

the comput ed B3 Kol Roky15:54 64 808 d12Y UARDUS, ARaLRRIGI i ook 1 ©

address to the storagevdevice; a read operatl e “user
data and is theurABerufidath ds'%mdlé/ rfi§ @ ruibet P pads SMtidle uﬁ@d deRiPHH | NQ
syndrones for or based on the user data and the conputed parity with
prepended estif theraunbelr of kymbols in h@‘df%@sg(xm @rgmctlatmpobaﬂouuﬂatfsng cedeior

t based th d ts i
the posi tions cor @%@iﬁﬁr AEEBER [0S Brodch YLD OBIEGER SHAPECSSCRr Aot i ng

the bl ocks adg;cgﬁ?, 1%99&96 tBe fSh: €Ct bl ock address.
the

Anot her aspect I nvention provides an error correcting code
encoder / decodB(x)apbgd) at Rk kit ed)(xe g™ 4 peod gx) sywithrOrs,pgresgt)or for
generating parity during an encodi n?SO peration and syndronmes during a

decodi ng operssch &t the ﬁ@éﬂfm&fﬁ%ﬂtﬁﬂ i() arerzerpandeg S8y m addr ess

oY oduct synbol s ¢ A0 o1éb (¥ideig g BBREntCIEOR IR 2l SEIENGRRRE
second sequendxta sMitéretotpise B steb of adding 548 fikdt oBMbMiAl prédiRt édniygdneiequence
are zero and the degree of the second sequence I's one | ess than the

nunber oft0par$(x) *syhtochid data polysemiad DEx) prick tnggenmnhg nasftrst panty sEpQuENCe t 0

Sum of ¢ ho. PR TGS o 0 o uriPy & G SRremg ey o g DFBRLEY esi on

phase for theofftgé&r)dé&oﬁr%gi s of the codeword; and a second adder addi ng

t he second sequence directly to the flrst parity sequence during a
parity t r ansaidsstep (dpoaddingkaid sacotdPsequbncy dipedtly tat saichﬁrsm pdrigf t he
codeword to generate the final parlty sequence,

The
i nventive rretmuemycq;nprpﬁea@pu ssenl ofirndding said speond peb'aénndnmds@tssz(m a

syst emat 'lg cy&: irectl 't%es?a(;d ? %lt 8%9 s%quence during a parity transmission phase for the last

r symbols of the codeword to generate the final parity sequence Q(x).

3. The method in Claim 1, further comprising a step of generating a syndrome
symbol sequence from the readback sequence which includes said final parity

sequence.

20 4. The method in Claim 1, further comprising a step of generating a syndrome
symbol sequence, comprising steps of:

(e) receiving a sequence representing an m-symbol address estimation

which may not be equal to said sequence representing an m-symbol address and a

readback sequence of k+r data and parity symbols, some of which may be in error;

25 (f) multiplying said sequence representing an m-symbol address estimation

by a set of multiplier symbols to generate a second sequence of product symbols

which will be identical to said first sequence of product symbols if m-symbol
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so - SRR AR I ey usonr oo NN ano ner

aspect, the invention provides an apparatus for¢génerfati*ng*a parity
symbol sequgBoessshs a code. The appargfus includes: a nul tipdj/B8sombiagui t

for multiplyi s eStGEGTs é;t%gﬁcgesig :%bg%ﬂo%gid%-s ogi %ﬁ%g%sgfeaggxyr%a set of

mul tiplier synbols to gener séequenc bls that is
equal 5 to the (gyad@ingasald setondestdi@Bice o Praiuse SPmBokeRUaNE eeadbasiei n the
| ast r coefficients of the first seguence are zero and the degree of
the second sef§quenss to generafeq sume s¢quence;laad t he nunber of parity synbols; a
first adder for adgding the first sequence of product synbols to a
dat a sequence havictﬂi;g%ea%’c“&%?a{ﬁﬂ’%s fBFPQ}a%PE’ SequenCenenerating a first
parity sequence for the sumof the data sequence plus the first 10
sequence during a data transm ssion phase for the first k synbols of the

codewor d; Sands.a secfhendethdd &t Claim 4)dehiedgint he second sequence directly to the
first parity sequence during a parjity transm ssion phase for a nunber of

synmbol s at tSAKl seqeense represcadiag weidantsympohaddress estimation gompaises 3
par Ly oynbor“egushise eEyetns? & SRR BPF Brbmbrt ABRR S R o el "° °
representing Blosk AARYEIO(x)addr ess conpri ses a sequence of values as
coefficients of a polynom’al representation of an msynbol bl ock

address L(x); the sgigljoeadbaclofeduedat ofskhbdata amdnparisesymbols compisgsence of
val ues asg_ coefficients of a poloéaom' al representatjon of data
1

havi ng kigymﬁ?ﬂg?nqeh Yalyes s osthicients iqf| 3 dolapmiel rerrevepiationso g)ecfﬂ#} cients
f 20 I Bﬂﬁh : : = . [ €. X} h
\?ar I abl eamIco Ot%e B Doé%?)g%éénaéﬁ@&g ?‘asw?%{é?’%’}%ﬁg’?&c#é péé‘%%’g@rﬁ%%ns?% [ g t he
nu nbe'r of paroflsyidpariBoQex) having r symbols, where D’(x) may differ from D(x), and Q’(x)
may differ from Q(x);

said sequence of multiplier symbols comprises coefficients of a polynomial
15 of the form R(x) = x™"!™* mod g(x), where x is the variable of the polynomial, k
is the number of data symbols, r is the number of parity symbols, u is a delay, m
is the number of symbols in L’(x), and g(x) is a generator polynomial of said code;
said second sequence of product symbols comprise coefficients of a
polynomial product of the form: |
20 S’(x)=L’(x) x R(x)x x*™*1 =L’(x) x x™*" mod g(x) x x*™**=§*,(x) + S’,(x)
such that the last r coefficients of S’ ,(x) are zero and deg S’,(x)=r-1;
said step of adding said second sequence of product symbols to said
readback sequence comprise the steps of:
(i) adding a first component of said second sequence of product
25  symbols 8’\(x) multiplied by x” to said data estimation D’(x); and
(ii) adding a second component of said second sequence of product

symbols S’,(x) to said parity estimation Q’(x).
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uis a delay, mis the nunber of synbol ﬂ(lummmluﬂmn ‘% is a generator
pol ynom al of the code; the first seque IRy : ol s conprise

coefficients of a polynom al product of the $ofrm "25 S(x) = L(x) x R(x)
x x[err] L err] nmod g(x) x Xerr] such that the |ast
coef fi ci entg'&sfa%%ﬁsé{serr](x) are zero agd deg Serr](x)=r-1; PFﬂﬁ’éJS?SV?”g{I

adder adds tlge fi smefindfopincetpapatingecstoragadevien bldskeadd}sy ints ax[ err] t-o the

dat a pol.ynom al D(x) prior to generating a first parity sequence for
the sum D(x) cpdeword so that upap rgadback rom said storage device a block achrggs error

PCTI US99/ 005 ST X ' t 1,51 ase for
a first k syeirr%.g‘sgn%‘flsﬁ?zé E‘L&’ Mgg%gﬁé%ag%%&{%e&?etgg%gf%g}?gfeiaggggghe
second pol ynggicerdd femGhe Ragbidk(daka, said mettlbd €6inb¥ising thé'Steps bt parity
sequence during a parity transm ssion phase for the ast r synbols of

the codewbrd to gémarependingblorkaddrpssinformatimémiree gosijions at the For
t hose mrkersq‘?havln rdiciary skill in the art, it will be clear from

the context tX&t oL FYCHLicPARYPI% operations are nodul o 2, while ot her
aritnmetic o] | : rakii :

It is to be under m%gﬁ@ﬁ%lg%a\? n&?ﬁ%ﬁﬁﬁ%ﬁ?ﬂﬁ@%@?é@%@?g%flognéatéor?d

advant ages ofandaisercdta;enbodi nents of the present invention have been set
forth 10 in the foregoing description, together with details of the

structure and funée)dwing a writegpeyatiang yaitingisaish usendata gnd said qommtied on, this
di scl is illuyustrat.i | ) d. .. ch in detail,
conoo ol 16 | et 1R bt Pty b ot riting SRS PRER sBes %o (G Sl P |

the principl eevRk; the present invention to the full extent indicated
by the broad general neaning of the terns in which the 15 appended cl ai ns
are expressed. Foldedhaing eread bpegation, reading sail asemdada amy said cpmputed

depending on the particgular appljcation for the ECC epcoder/decoder, data
st orage syst dRFIDOHO starasgideyice And APMPHIRGSAFEATSHIr AF bpsed-en saidre

functional i ty,quf 5R04ha 988 tnblRdHaB Wi piéRREef BdintAibd blocRladliflss PT €Sent

15 information;

(e) calculating error vector based on said syndromes and if there are non-
zero components in the positions corresponding to the prepended block address

correcting said block address to recover a correct block address.

7. An error correcting code encoder/decoder comprising:
20 a parity/syndrome generator for generating parity during an encoding
operation and syndromes during a decoding operation;

a polynomial multiplier for multiplying m address symbols by a set of
multiplier symbols to generate a sequence of product symbols that are equal to
the sum of a first sequence and a second sequence wherein the last r coefficients

25  of the first sequence are zero and the degree of the second sequence is one less
than the number of parity symbols;

a first adder adding said first sequence to said data sequence prior to

generating a first parity sequence for the sum of the data sequence plus the first
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invention. In addition, although the prefer u Lﬂtscri bed herein
s 20 directed to a ECC encoder/ decoder flmmﬁlM!u“gms l e system having
an ECC encoder/ decoder and pol ynomi al tulti pli&r,*it  will be

appr eci at edwhyooizbsrse skilled in the art that the teapgb{pgs,gtt he

present i nventd fianéaBus 28RtbicRlsifsion phasOidiShe BK K3Yhdld Sfpgencr! o data

st orage devi ces and systens, data transm ss evl ces and syst ens,
or comuni cat codeveord amd, W t hout departing fromthe 25 scope and spirit
of the present invention. . . Al'l publications, .(Pat ents, and
pat ent appl i cat i ond s¢romndiadderpdding said second sequeper deathstossaid first parity

ncor por at ed BYMPRFPUTARR PRIVHERSEIROARIENF ke riRBE A YARblH "
publ i cati gn Opf BilceRkwBRPo geRbia8d HTas BRGly deGiddos. and i ndi vi dual Iy

I ndicated to be incorporated by reference. WO 99/ 35575

33 PCT/ US99/ 00531

d ai o e . . .
alms 8. The method in Claim 2, wherein said cyclic code comprises a systematic

cyclic Reed-Solomon code.

0. A apparatus for generating a parity symbol sequence of a code
comprising:

10 a multiplier circuit for multiplying a sequence representing an m symbol
address by a set of multiplier symbols to generate a first sequence of product
symbols that is equal to the sum of a first sequence and a second sequence
wherein the last r coefficients of the first sequence are zero and the degree of the
second sequence is one less than the number of parity symbols;

15 a first adder for adding said first sequence of product symbols to a data
sequence having k data symbols prior to generating a first parity sequence for
the sum of the data sequence plus the first sequence during a data transmission
phase for the first k symbols of the codeword; and

a second adder for adding said second sequence directly to said first
20  parity sequence during a parity transmission phase for a number of symbols at

the end of the codeword to generate the final parity sequence.

10.  The apparatus in Claim 9, wherein:
said sequence representing said m-symbol address comprises a sequence
of values as coefficients of a polynomial representation of an m-symbol block
25  address L(x);

said sequence of k data symbols comprises a sequence of values as
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1. A nethod for generating a parity sy f code, said
nmethod 5 conprising the steps of: m‘mmﬂmmmﬁ‘m%&wwng a sequence
representing an msynbol address and a seq G L M © data synbol s;

(b) multiplying said sequence representing an m synbol address by a set of

mul tiplier WPABRISES to generate a fi rsigsequence of productpcayusssbasst hat is
equal to 10 cddﬂﬂcigﬂtgbggpglyﬁioﬁﬁglrgggg@m%maaammn-ﬁgegg%ntQﬁSMerel.n t he
n e

last r coefficients of the first sequence are zero a degree of
t he second sequendceid ssquenselcfsaultiphier symbols ¢dmprisesicoeffoientaofida y synbol s;

ddi id fi f Gt | s t i.d dat
bror S Ceshmsraihef i 1R R K g ghers o e wblet e dat a
DS Pl pdiPhorhial it is e nurBEt M6 it o3 R iR ORI DRSS (07
second sequengis aldeley,trh §s the namber 6f é}&ﬂbcﬂﬁfd Lcrarcg,samgam dpdriepdor =~ @

parity transm ssion, FEhase for a nunber of synbols at the end of the
codeword to POIYHOTQ@ efspidceded final parity sequence. 2 2. The

0
method in Claimi1, rein said method geperates a par] S ol
sequence Q(x) of ﬁa‘g)ﬁﬁs&quﬁﬁc@PfﬁﬁH‘bﬁ%ﬁ@Sﬁé°°mpn5°c°°flﬂt°}/°“§%‘? sequence
representing galikbriitabprodatt GFAHE Eim:CONPri ses a sequence of val ues as
coefficients of a polynom al representation of an m synbol bl ock address

L(x); 25 S(x) = LEQixREQy Tt =hi(xkx otFt 4™ myorbg(xd xodti=Si6)ar Sgxjuence of
val ues a coefficients of a pQlynom al representation of data D(x)
havi ng ksigyn‘rﬁﬁ‘ﬁ’}b1 that the Ias"°°eff?°‘%‘§f S?§E(ﬁh%ﬁ§(?§f%ndn@ﬁ& XL synbol s

gagg'rl'll 'SI'?J'SI'EC gagz[rc '(sg{i%sgésd%r RESY RO HRY polynomial product component S,(x) x x*

to said data polynomial D(x) prior to generating a first parity sequence for the
sum D(x) + S,(x)* x" during a data transmission phase for a first k symbols of
the codeword; and

15 said second adder adds said second polynomial product S,(x) directly to
said first parity sequence during a parity transmission phase for the last r

symbols of the codeword to generate the final parity sequence Q(x).
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vari abl e of the po

nunber of pefd doyssepmbol s,

L(x), and g(x) 1s

. . . 34
of the formR(x) = x[err
| ynom al , k is the nu
uis a delay, m

a generator polynom al of s

] nod g(x), where x i
nber of data synbol s,

s the
r is the

is the nurrpghjg;9/®gﬂbol s in

ai d code;

first sequence of product synbols coﬁﬁ$|se coefficients of a 5

pol ynom al product
x[err] mod g(x) X
S[err](x) are zero
adding said first
sequence conpri se
conponent 10 S e
generating a first

o R Lo

of the form S( x)
x[err] such that the
and deg S[err](x)=r-1
sequence w thout |ast zero
the step of adding said fi
arci®

.

L(x) x R(x)x x [err]
| ast
said step (

synbols to said
pol ynom al product

- pol ynRom-ak - BEX)--pri

=L ( x)- X

r coefficients of

c) of

100 dat a

+ Gk to

for the sum D(x) + S[err](x)-x

x[err] during a data transm ssion phase for a first K syvnbols i of the
codeword; andQ2 xor said step (d) of4gdding said second sed08nce
directly i d_£]rst parifys npr PARITYRX)st ep of addi ng
said seco ‘ SEeRDROMEPARITY sai d f joesit -par| ty
seqguence SSIGENERATGR f O rgsymyol s of
t he codew ipal parity sequence Q(A TTPLE ~3-—r1 The
met hod in C1a|m1- furthr conprising a step of genexs H‘é’&n YirdT ohs
synbol seqwa%f lL%f\g'_r’gthe readba K seouenc ich indl ud ald Ti fal parity
sequence. . The neth % furtherf conprisijng am&p of
generating a-ﬁyndroma Syrmo sequenc fgnprl 4i ng st epsLqbo

(e) receiviy 9 AE' !i &8 Rs_g v n.sg/ ol--addr-ess -esil-rati.on

whi ch nay oA LY 35} 3 (Bhce representing an mrsyrpet—gddress
and a Qagback sequencewpfrglopegﬂﬂba and parity syrrbol PISG omd- ¢4 Whi ch
may be in error, G (f[),mgw ' | yi ng sai d sequelce repredenting an
m synbol address estl ngl dn® y'a set of nultiplier synbols to

generate a second

sequence of product synbols

which will be

to said first sequence of product synbols if msynbol

i denti cal
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PCT/ US99100531 address estimation sequence is equal to said m synbol
address sequence; (g) adding said second sequence of product
synbols to said readback sequence to generate a sum sequence; and

(h) gener at MR?89¥8r ones for said sum sequence. 5 5. PCIH®998Bhod in
Cl aim4, wherein: said s/equence representing said msynbal
address estination conprises a equence of val ues as coefficients of
a polynom al representation of an m synbol bl ock addres ' (X);

sai d readback sequence of k+r data and parity synbols conpgrSés) a 10
sequence of values as coefficients of a polynopizge representation of a data
estimation D (x) of: ghg g %@%\Hﬂﬂ‘g Ag-k -s4Abol-s;--and-aparit-y-esti mati on
Q (x) of sal % P gﬁ(?; r syrrbols where D (x) may differ
fromD(x), and_Q ( } frey—eH-HHer—H-emo; sfi d $equence
of nmultipli er2 é ses coeffl Ci erétﬁ) o£ XgRRgqyoni al 15},2088 the
formR(x) |= x[q_oqx} : i 2@.& mmwm(h)e pol

%50 L0 L'

i s the nuntesTi—datys

delay, m [

pol ynom al*of = i d code; 2315a| d second s
synbol s conpri se ooeff|C| ents of a S1(X) pol ygx

S (X) = L' (MTU&LRGM&AX[EI‘I’] AT T
that the | -{:'p[lglg'&
sai d step of aaEITng sai d seco

R
f t 55 5
rr:JIrfl pflogrd) by X?ggr] to said aata Estimation D (x); and Sy[lr:;l)suc,lb P-bga] (%)

(ii) adding a second conponent of said second sequence &f—product
synbols S 2(x) to said parity estimation Q (Xx).

r 248

FIG. 3
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PCT/ US99/ 00531 6. A nethod for incorporating a storage device bl ock
address into a codeword so that upon readback from said storage

devi ce a blywely/ssdsy ess error i s di stinguishabl e fromcarusesemssr ect abl e
data error and the bl ock address cag pe recovered fromthe readback
data, said nethod conprising the steés of: 5 (a) prepending

bl ock address information to free positions at the begi nning of a
cyclic codeword; (b) conputing parity on the basis of both
sai d bl ock address information and user data; (c) during
a wite operation, witing said user data and said conputed 10 parity to
sai d storage device but not witing said bl ock address to said storage

devi ce; (d) during a read operation, reading said user data
and said conmputed parity from said storage device and conputing
syndrones for or based on said user data and said conputed parity

wi th prepended estinmated bl ock address 15 infornation; (e)
calculating error vector based on said syndrones and if there are non-

zero conponents in the positions corresponding to the prepended bl ock

addr ess correcting said block address to recover a correct bl ock
addr ess. 7. An error _corr i né; code 40z oder / decodegogonpri si ng:
20 a parity/ syndr omeP&h4r at ordatar eratingP@aWify during an

encodi ng Sequentiappreperadingind [syixy dnes dD(X)ng a |decedijn@xpel ati on;

a pol ynorg i gl r e Ni-ph—rRg—Kaeeees synbe-S a set of
mul tipli gfi%%bﬁsﬂttg%aé ratﬁ"y’%\b@%quermnmls product seyinbbls t hat are equal

to es/) 404 (bytes) /405 (bytes) 406
PBA parity and data L(x) 0 » | R(x)
parity can be separated M —*———K——%457 <*Tr—* 408
D(x) — | P(x)
- K = - —»
S(x) has the length of the 409 410 411
data and parity ofthe | L(x) 0 — ] Rixi |
prepended PBA M K—%12 a3
S(x) » |_R(x)
-— K o - —
Add S(x) to the data and process 414

the sum to get the same parity as

for sequential prepending
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the sumof a first sequence and a second sequence wherein the last r
coefficients 25 of the first sequence are zéro and the degree of the
second sequence is one | ess than the nunber of parity synbols;

a first adder adding said first sequence to said data sequence prior to
generating X¥PP¥ 5 parity sequence for the sum of the dat aPGRAIRISAEA! pl us
the first WD 99/ 35575 37 :
PCT/ US99/ 00531 sequence duriné’% data transm ssi on phase for the
first k synbols of the codeword; and a second adder
addi ng said second sequence directly to said first parity sequence
during a parity transm ssion phase for a nunber of synbols at the end 5
of the codeword to generate the final parity sequence. 8. The
method in Caim2, wherein said cyclic code conprises a systematic

cyclic Reed- Sol onon code. 9. A apparatus for generating a parity
synbol sequence of a code conprising: 10 a nultiplier
circuit for mul & plying a iéquence representing an m symnbol addr ess
by a set of S & gynsel s to generate a first sequence of product
synbol s at i s;meduaks %@ sumof a first sequence and a second seguence
wher ei n e | ast icignts of the first sequenéé are zero and the

degree ofythe gF‘@equence is one less thafYthe nunber of parity
synbol s; }ﬁb f &r S adder for addipg-saLd-iAL§t sequence of
product synbol a O ¢ having k data:synbols prior to

t the sumof the data sequence

generating a rst pag
» phase for the

plus the firstt sequeg

first k symbol¥ of ghe Xodewor d; ~and ; a speond adder for adding
sai d second seyuencd difrectly toRsaid first: 20 parify sequence during a
parity transnitssi on phase for a nunber of syaﬁﬁlsgpt 'V x
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the end of the codeword to generate the final parity sequence. 10.
The apparatus in Claim9, wherein: sai d sequence representing
said msynbol address conprises a sequence of val ues as coefficients

of a pol ynqyg @lzségpr esent ati on of an msynbol bl ock 25 poeigssookdiX) ;
sai d sequence of k data synbols conprises a sequence of values as

SUBSTI TUTE SHEET ( RULE 26) 5/3\0 99/ 35575
38 PCT/ US99/ 00531 coefficients of a
pol ynom al representation of data D(x) having k synbols; .said

sequence of nultiplier synbols conp
of the formR(x) = x[err] nod g(x),
polynom al, k is the nunber of dgtaTagnbpl300r is the nunber of parity
synbols, 5 uis a delay, mis {he nupber of synmbols in L(x), and g(x) is
a generator pol ynom al of sawd_cede; said first sequence
of product synbols conprise coefficignts of a pol yn@oial product of
the form _S(Xx) = L(x) x Rx)x werr] =L(x) x x[err] m)?j g(x) X

X[ err] = 9 qrr] (Receivesa sequence of Walues asicoefficientdef a pelynomiaber T1ci ent s of
S[err] (x) gre mprescntationed abldek addréss L(x) having m symbBeéls @ndia st jpdder adds
sai d first |peéyushtealf values ds lcobficRMmis ot a pophohial tepresdritatidn of to said

data polyndm al D(Xx) prior dfga findWsombbisst parity sequenke for the
sum D(x) +}S[err](x)x x[err] dgjr%% ad;atgmtransm' ssion phase for a first k

synbol s of The codewor d; —arnd :E sarda second adder adds said
second pol ynom al product S2(x) diregtly to said firgop2parity
sequence during a parity transni ssi phase for the last r fp
Muitiply the coefficients of L(x) by coefficients of R(x) to generate
coefficients of a polynomial product of the form S(x)= S1(x) + S2(x} such
that the last r coefficients of S1(x) are zero and deg S2(x)=r-1, where x
is the variable of the polynomial, k is the number of data symbols, r is
the number of parity symbols, u is a delay, m is the number of symbols
in L(x), and g(x) is a generator polynomial of said code

i w03,

Add the first polynomial product component S1(x) to the data polynomial
D(x) prior to generating a first parity sequence for the sum D(x) + S1(x)
during a data transmission phase for a first k symbols of the codeword

304
: .
Add the second polynomial product S2(x) directly to the first parity

sequence during a parity fransmission phase for the last r symbols of
the codeword to generate the final parity sequence Q(x)

es coefficients of a pol ynom al
exe X is the variable of the

305
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synbol s of the codeword to generate the final parity sequence Qx).
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(57) Abstract

The invention relates to apparatus and method that provide an improved media codeword and which can distinguish an uncorrectable
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