;e3e~~<:v6HTr{Da 5 ~Ee 2003 " r STL 9T12 METHOD AND APPARATUS@
ENCODI NG W TH UNEQUAL PROTECTI ON | N MAGNETI C RECORDI NG CHANNELS I éqoa
CC]\ICATENATED ERROR CORRECTI ON CODES CROSS- REFERENCE TO RELATED APPLI CATI

Thi.s application clainms priority fromU S. Provisional Application having
'seridl nunmber 60/21416982 filed on June 27, Zwﬂm t| ed " CODI NG WTH
UNEQUAL PROTECTI ON FOR MAGNETI C RECORDI NG CHA WMW[ CATENATED ERROR

i 0 CORRECTI ON CODES". FIELD OF THE | NVENTI ON The pggs nvention rel ates
to encodi ng systens. In particular, the present invention relates to
encodi ng systens in recording channels such as in disc drives and other
data storage systenms. 1s BACKGROUND OF THE |INVENTION In the field of

digital comuni cati orMEIHOR ANDAPBARAFUSEORENCODINGIVETH UNEQUAL
transmtter to a r ecCEROTECTIONINMAGNEAIC REGORRIN G CGHANNELSHAMING
termthat can include many dONEATENATED'ERRGRTCORRECION CODESI a,

t el ephone lines and el ectromagnetic 20 spectrum In data storage systens,
such as magnetic disc drives, the channel includes a storage nmedium and

the digital inforsmation is @EOS@KEP@RENCE*I@NEWA@HH)D@Q’M@@T@W ored for
sone period of tinme before being recovere elfiTvered to the receiver. A
typi cal magnetic disc driTissiapplivatéen da&nmprmntyeﬁrong[k&d?rsvisicﬁ‘ialn@pyﬂi@ﬁoﬁor
rotation on a hub or spindle. Each disc has an associated head forned of a

hydr odynani ¢ bear i ndhasing sexialmembers0/ 314:699 ofied wndamne 24, A0 and ensidledace
over the di sc surt act SBINETRIERLURFAEAR. PRB1ERTOR FORMAEREAL ' 1Y
RECORDING CHANNELS WITH CONCATENATED ERROR
10 CORRECTION CODES".
FIELD OF THE INVENTION

The present invention relates to encoding systems. In particular, the
present invention relates to encoding systems in recording channels, such

as in disc drives and other data storage systems.

15 BACKGROUND OF THE INVENTION

In the field of digital communication systems, digital information
is conveyed from a transmitter to a receiver through a channel.
“Channel” is a generalized term that can include many different
mediums, such as recording media, telephone lines and electromagnetic

20 spectrum. Indata storage systems, such as magnetic disc drives, the
channel includes a storage medium, and the digital information is
transmitted to the storage medium and stored for some period of time
before being recovered and delivered to the receiver.

‘A typical magnetic disc drive includes one or more rigid discs

25 mounted for rotation on a hub or spindle. Each disc has an associated
head formed of a hydrodynamic bearing and a transducer, for
communicating with the surface of the disc. An electromechanical

actuator moves the data head radially over the disc surface for track seek
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0 5 F E B 2003 STL 9712 -2 operations and holds the transducer directly
over a desired track on the disc surface for track foll ow ng ope%ipﬂﬁn@oa
dricve gontroller controls the disc drive based on commands received f

host Systemto retrieve information fromthe discs and to store information
on the discs. 5 The %™ controller includes various subsystems, such as a
"host interface" for comunicating with the host system a "servo
subsystent for controlling the actuator, a "wite channel” for recording
data on a storage nmedium and a "read channel" for receiving recorded data
fromthe storage nedium 1o Information is typReally stored in concentric
data tracks on the disc surface. The direction of current through the
transducer is controlled to encode magnetic flux reversals on the disc
surface within the seperations dnd holdsthe.trdnsdaver diyeetlyobdveraodesiredktracinon she
non-return-tozero-inverse (NRZI) coding, a digital "one" is represented by
a magnetic 15 flux rdiseperncd foytraskdolaying pperabions.n At drivé comzalier qontrods

data track, and a digitagl "zero" is represented h | ack .of a magnetic
flux reversal fromd Cﬁﬁfgﬂetfﬁga%f@nﬁowq regsived (EPIR @qsE S St a from
t he disc, the servo S n | s the el ec hani.cal t.or So
that the data head i oeeyBpiRgoh Bty M aBeFild A RERENE Enaen £luRe s
reversals stored 4 n thedaskRohtrdflr itHAYIFIAs BabSyIEAT, HicHla fasgd on
those flux reversals. The read signal 1s typically conditioned and then
decoded by the read igherfuve!’ forcomanvsicatinpewitht the hopt estahed “sarvolsabbystem”
reversals. A typical read channel includes automatic %ai n control
circuitry, a |ow pastricohtrellingithecacthatgr,tad'varitedihgnnel" fonrecerding data sarmpl er
a sequence detector and a degoder. Q5 FEB 2003 STJL 9712 -3 Vi t er bi
detector has been us¥8rage mediwaang a, rﬁqﬁ’éﬂ‘?&}ﬁérfé’é r%f@t“élégd'ﬁc‘?rﬁlefiéét@
channel . The Viterhbi h%esrt(?%%grmg&h as a maxi num i kel i hood (M) sequence

det ect or when the intput he det'ector consists of a signal plus additive

white, Gaussian fii se, anﬁ‘\f@ﬁﬁﬂﬁ@n%iy%ﬂaﬂ?'st&éafiﬁf&pﬁ?éﬂ&i@ datd BaskiGh ehof
the error in the signal provided to the détector) is used. The detected bit

sequence i s then pasdisdsturfatéelhiedivdetiorf of cuteerddhrapghnthe trémsducegisnal user
data. All channels, including disc drive storage channel s, intraoduce noise
into the signals theSPraEies to engodempagnesisdluxgepersaison the dise surfacesyifhin

errors caused by chapnel , noi | arge nunber of codi t echni ques have
been devel oped. - Thestessiichy datrrach. 48 s ivEs of cading KRV iaP Fo SH S
nunber of data bits J&C NRA O r i M ng
constraints inposed %%B?ﬂg&ggée mfaé%gﬁggglﬁs?gﬁtg rteg§%s\?/:g?é§ilﬁtﬁ§na ¢
sequences that are pfloneetarsddr@hainidgagietiy dorhagMieithe neRtlircehe duea tiack} ared
detection and sonetines the correction of errors in the signals received
from the channel. Thedigital dgera”ds reprssentad byalpek oba magnetigflux taversal fromme
nunber of code bits, nmin, is.k own.ag &he c’gde rate of the code. In
general , the abilityPRoUHENEHE AOMPIRE &Ry rors in a received channel may

be 20 increased as the COgﬁ‘{tﬂ%ﬁf‘gféngég?%ﬁpﬁee@%HS‘ﬁe eﬁ%’ﬁ{&sg'ﬁgﬁ‘ E&iSol S

a greater anount of redundan € codé wor wever, eac

addi tional bit addedeleyréhRcRaeaAScthdter S5 8RS thd'data Ry dNds BVeF the d@adad to
transmt the signal through the channel. Several types of code constraints

have been proposzd. #&ata tPdcks senseb che flux aevhirsals stored jn theedatatteddkpandl speed
of the spindle nmotor that rotates the magnetic nedia varies over tine. This
results in non-unif ogenerates a read signal based on those flux reversals. The read signal is
typically conditioned and then decoded by the read channel to recover
the data represented by the flux reversals. A typical read channel
includes automatic gain control circuitry, a low-pass filter, an analog-to-

25  digital converter or sampler, a sequence detector and a decoder.



O 5F E B 2003 STL 9712 -4 time intervals between read signal voltage ’
pul ses. A phase-|locked | oop (PLL) is used to | ock the phase and OrﬁcEFrB)QOUS
of the read timng clock to the phase and frequency of the read signa

vol.t age pul ses. To ensure that the PLL is updated regularly, a code can be
‘used ‘that linmts théTe9Munber of consecutive "zeros" in the read signal to
no greater than a nmaxi mum nunber "k". This kind of code is known as a
run-lengthlimted (RLL) code with a "k" constraint. The snaller val ue of
"k", the better the performance of the PLL. However, the smaller the val ue
of "k", the nore difficult the code becones toajnplenent. 1lo The code nay
also imt the nunber of consecutive "ones" in an encoded bit streamto
limt the effects of inter-synbol interference, which occurs when

consecutive transitions iA Vif&bi&&@éﬂhh@geé{minithb?f(aﬁﬁfcﬁ the 5éqears

ot her. Such codes are known as maxi mumtransition run (MIR) codeS with a

"J" constraint, wherdetédtor irstHelreadekanieh Thebdterbf detebtot aosesu maRkimum-
transitions allowed in the channel signal. For exanple, to avoid three or
nmore consecutive tr dikelihooddMIdsegquenia detegtorRendhe inpitrio thedepeatein be
desi gned. Although MIR codes reduce intersynbol interference, the
elimnate a |arge nifopaistsdf asignalplus additivewhite, Ganssian neisg, ard wiken aang

soneti mes inpossible to jpplepent, MIR 20 constraints w th hi codg, r.at es.
Some magnetic recor %Rﬁ%ﬁ%ﬂ?ﬁ@e{ﬂ}%@‘%@q%ﬂ% € SO RCTES Prey dgpr or
correction codes (E e%m 1 bqi@%g gg&?@, are
mapped into successicE\F/;g)dgFror E%t?%éggt%é;&{%ggamr uﬁgﬁghgﬁggta |§F‘8 and
an ECC field. The bldwbdef fotalerotingmpp itk originalserifatslat a fiel d, which is

divided into a nunber of nultiple-bit ECC SéITbO] s. The ECC synbols in the
data field are applied tAlchanyelsrindudingdisc AEvextaRge channdy)ingrodice 5

function, which 1t es addi t.i onal | tiple-bit ECC synbol.s called
parity bi LS that  SHAR WG CRHETABItheY PRV SLHCISFt AALATREHANeS EOTEO mbol <
t hat t enat ta field d ' . ECC
Synbol s i n the Ehc cumA e PRt FpBk hrboRpR e cBng™l

Reed- Sol omon type Ofteﬁggguéy‘ﬁa@éjgééﬂ Q&Rllofdd: PheERebAi t%cﬁﬁﬂ(t/h!eé @ant &t user
correct one synbol in the ECC code word. 'An ECC code rd having 24

addi ti onal ECC synbadata swordatferrned of a munibserbfdata kitslinto ebde maordsifbmmedbof at y
to correct error events in up 1o 12 synbols in the ECC code, word. 1o An ECC
decoder is then usedumnbenef Gadedits Lriing consfeaints impreeddnthe fode werds pan

t he ECC code words. ,For each nbal, .i.n the received ECC code word that does
not match the corresfo ‘?f’ll%ecg%‘{ﬂldihﬂt ﬁeﬂge{“Feé%E?ﬁ FESO sta\gwgcffrqrhe
ECC decoder det efsi M&nidnd 0k BEImOAbILASH dndBohfifin¥d e BYERAb ok N { Ne
recei ved code word arlﬁ%nt he c?LS pgl ymn%mﬂgl '%euncti oﬁ '? at was used to generate
the additional symbargors\ithesighaberecsided frone thudlawesl.are ef fective in

avoi ding certain error events and providing a means for correcting nost
remai ning error events, tHesaverageritio ofitthe numbermfarsendata bits toi e raunlber of

of the code. and t eed of the

rates. This limts th f.ficieng he s
recordi ng channel . 'I‘I‘Pzieiﬁtsp b kT‘ﬂWBrﬂsitB‘ﬁC%ﬁﬁaé%Qgg‘ec Ingengtalgthe

probl ens, and of f ers_;of ag i r . B 2~0 '
ST'L 9712 -6 SUMVARY"‘W@: @F%\égfré’%%@c{%&?{"teﬁe&mpr“e‘Sgrr‘\‘t%yﬁ%venti on
relates to a netfpod jatredBedds Ak icPrat®délseades Botfilsed 10WeelcodE rafe theasa ONe
of the data words is nmapped into an error correction code (ECC) code word.

The ECC code 5 word greatéefammhtonf rad phdartinformeftiomn intthp ked @ mtorBCE swaber, s
whi ch are separated by boundaries. Bit patterns are constrained from

occurring in the EC®asbaddieralthiteddeshbytheencoderincseases the Gmerand enargy

patterns to the bou nr(ljeaercllegstb transmit the signal through the channel.

Several types of code constraints have been proposed. For
25  example, in a disc drive, the rotational speed of the spindle motor that

rotates the magnetic media varies over time. This results in non-uniform



Anot her -aspect of the present invention is directed to an encoder 1 o for
encodi ng successive data words into respective, successive code mggz§p3
encoder includes a data word input; a code word output; and a fi

uni.t." The first encoder unit maps each successive data word received on the
data word input int§Te9M2®spective, successive code word on the code word
out put according to a first code. The first ~ s code identifies in each
code word boundaries between nultiple-bit error correction code (ECC
synbol s and i nposes different cede constraints on bit positions in each
code word that are closer to the boundaries thgn bit positions in each code
word that are farther fromthe boundaries. Another aspect of the present
invention is directed to a disc drive 20 storage channel which includes a
transducer and an eRiRé@itervdlebéfvdtatead sigrial vaRage PuB@s.CA%HquaERéwld@pt h
a data storage disc. The encoder is coupled to the transducer for encoding
data into successi v¢PEL) isrusedrtodotk the plude agHER)quamdty ofibhelseaidotimémig cliock to
mul tiple-bit ECC synbols according to a code. The code constrains bit
patterns from 25 ocdhe phase and fregvercrtihedead signahyeliagmpulses| foensure

symbol 5. The 05 EhE BeRdsis UAaton FEUAHECRFORHE 07 HHESHHRL TR 6 code
wers 10, Lhe a6 R TP A"

present inventio I'Teéc rive stora chann
I ncl udes a transducghagnthrd BRBEETK”. s kifNSHSERY is khoWaPadh fuflength-
communi cating with a data storage disc. §I’he decoder is coupled to t%'ue
transducer for receilithited (REERcOAE withla fk"otorishaintr diiedntaleraadué of “kie theli ng
successive error correction code (ECC) code words represented by the read
si gnal into successibettenthepersermancecefthe FiLt daweser thesmalledbestndee abr d
includes a plurality,gf 1o nmultiple-hit synmbol.s,. and the code
c](c)nf':]r aL_nf bi Et pat t ernslhemﬁ%a&t%%;gﬁ?%ﬁ%gifiéﬁ;J%W?E:i’é%gtgl ve%éogiat i on
0 € oIt pattgpns to Hﬁ@a W?ﬁﬂit & niitBelr Rf CoRdden "§M %rd; .

I Isc drive

BRI EF DESCRI PTI OF THE I'S a perspective view o

in which aspects of dnbgdéd bitisteam to hverthe@ifeRof iatepispailiot @sterferéacepwihcha
bl ock diagram of a data storage channel within the disc drive shown in

FI G 1, according to aaersswhediconsecutive ttansiticrsdntthe trapsmitbed signebintefdreand
3-2 are diagrans which illustrate portions of ECC 20 copde words, t hat
contain illegal NRz Withepgh PtshﬁﬁsguﬁhFe%eSd%féqﬁ\%Y‘Héﬂnwl@H%HéP@“é’ﬁdun

i agrams whi ch 111 udM ERLEREs (PR S SRR eE: o i RiseatipdrfRimbet of ' ©

the legal NRZ bifs paiohgédiftiveithiditi8h®allowed in the channel signal. For example, to

avoid three or more consecutive transitions, codes with an MTR

constraint j = 2 can be designed. Although MTR codes reduce inter-

symbol interference, they eliminate a large number of available code

words making it difficult and sometimes impossible to implement MTR
20  constraints with high code rates.

Some magnetic recording channels provide further protection by
using error correction codes (ECCs). Successive blocks of data (coded or
uncoded) are mapped into successive error correction code words
having a data field and an ECC field. The block of data is mapped into

25 the data field, which is divided into a number of multiple-bit ECC
symbols. The ECC symbols in the data field are applied to a polynomial



al l oned by an-encoder and a decoder used in the storage channel "gshowa 25-in
FIG 2. O5FEB?2003"' STL 9712 8 FIG 4 is a graph which pl tEE 204]3
corrected bit error rate as a function of an event error rate for code
uncodED channel s havi ng concatenated ECC codes. FIG 5 is a diagram which
‘illusStrates an encodTh®1process 5 perforned by a first, bit-1evel encoder
showmn in FIG 2, according to one enbodi nent of the present invention. FIG
6 is aflowchart illustrating a process perforned by an ECC encoder and a
second bit-level encoder shown in FIG 2, according to one exanple of the
present invention. 1o FIG 7 is a diagramillugirating the data flow

t hrough the ECC encoder and the bit |evel encoder shown in FIG 2. FIG 8
is a block diagram of an encoder circuit according to an alternative

embodi ment of the praaetién,iwhiRhigefBratédddditibRaRRIBPRITbIOECE sy idbdiidatied VE
EMBODI MENTS 15 FIG 1 is a perspective view of a disc drive 100 in which the
present invention i spasitf bits" thasfordr theeEdQdielchc Thel aamiben of saddjtinnallEGChase
102 and a top cover (not shown). Disc drive 100 further includes a disc
pack 106, which is rayothalethat aze spnoatenatedtothe dasa fiskbdatermigessthginsumbernfp
108. Disc pack 106 i ude lural ity of individual discs, 20_which are
nmounted for co-rot at&ésg Sigbtg?ﬁéiéﬁﬁq%wﬁg.tﬁﬁaﬁ?ﬁhﬁ%r%‘iaggw '
associ ated di sc hea [ L.Ch -d] /

comuni cati on w E h Sﬂ@‘éﬁg‘{c‘*‘%%@f’ ﬁ@é‘. gpﬁﬁfm%%délghé%&?é&w? Ingi ders
110 are supported bye§HirB81S cOftectlore sythibdl iAtftRe ETA ¢dde WbidiCARCECQ cbAack
accessing arns 114 of "an actuator 116" The 25 actuator shown in FIG 1 is of
the type known as a wotdhyving\234rgldittohal #TUaymbolsmbnicatenatkebinathe diCE field |
motor (VCM, shown generally at 118. a5 F ~B Z003 ' STL 9n2 -9 Voice
coil motor 118 rot atweulskhare the ability taicorrert errax evasvien v 4ed2 symbelsin:thg

pi vot shaft 120 to pé)éétian heads 110 over a desired data track al ong an
arcuate path 122 betwee(P4¢H¥E i nner diameter 124 and a disc outer

di anmeter 126. Voj,ce coil i S - dnd }ﬁ‘%r ' at ed
in internal ci rglt(}i try 12B&ﬂtgg%aé%%e?é%g}eglel%gﬁé?zﬁéeg&bﬁé eagls)mlggtegtné a
host conputer (not <sdoemddt errdéd infthe BCUcbdy wiirtlsli Fort édctirsyatbaliin ¢hié tdogiviedd
encodes the data to be stored into successive code words, which are then
precoded i nto a nonrE€Grcndeovardrthat does set mhaRhlthe cormsporiding simbel imthesel v,

wite tr Sﬁgﬁhéerl"oﬁ”t%@?a?%“' téﬁ?@%&@é i1 ORI doR R EEmite b PRt
eaa oper at ons. 1 he PR tepdd of e PERE SRkl AR e BN ([ "0

reversal s and geper 3qFn8miAfuAbticn a2 IvidfédbPeakbratd fee A@didnaPY MBS,
signal is convertedinto a serial digital signal, which is providéd to

detector and decoder ci r chilejthedetduiding technitpies aire effedtive ih28 aidingrcedtaire a
recovered data signal. FIG 2 is a block di agr?m of a generalized |,
communi cati on syst erSrIEEVEsdang providingn aaeaRs 1o FRGtisg, mpsh reppainiggerror

g(r)léve aﬁIj IF IntG erl’n aIZO e r,"tﬁéa); ér%ndiff\{c%tlte €0 i%r%;?leﬁseni Wiﬁ'?ﬁg?%oﬁ%%gtels.l C}'h.isdfigﬁ:ts
the efficiency of the code and the speed of the recording channel. The
20 present invention addresses these and other problems, and offers other

advantages over the prior art.



logic in circuitry 128. Communi cati on system 138 incl udes an encoder
circuit 139, which includes a first bit-level encoder 140, a synbol 05VE|EB 200
Error Correction Code (ECC) encoder 144, a multiplexer 148 and a second
bi't-1evel encoder 150. Bit-level encoder 140 receives successive 25 data
words 142 and encode® 4% successive data words into successive data code
words 143 according to a code. Each data word 142 can 05 F E B 2003 sTL
9712 -10 include any nunber of bits. The greater the nunber of bits, the
greater the code rate that can be achieved by encoder 140. The code
constrains the successive data code words 143 gn a bit |level to avoid code
words with bit patterns that are known to cause certain comon error events
in s channel 160. For exanple, the code can include a Run Length Limted
(RLL) code with a "k"™ constraint. $StUMMARY@BTHEINVENTION t he nunber of
consecutive zeros in the read signal to no greater than a nmaxi num nunber
"k". The code can al so | i@k aspectrmfthe presentnveation irelatesrteos inethiaal af
encoded bit streamto limt the effects_of inter-synpol interference, which

occurs when consecut ¢Reeding dsta wends inwhich a blagk of at leastongef thedata words is
wi th each other. Such codes are known as naxi nsition cpdes P
with a "j" constrai nf"*PRi rle%'?n e#f&ffﬁ%ﬁ%‘a&ﬁ% &odgfwg%gﬁla%g&acod%

t it |1 oved | : i e b
Used by encoder Tho 1ord JEARRART By aGhaRdley oF el Bit BRESAbolORRRGRE P°
mentioned abpve. In rfEA0s) BPRIJARSC Bibpsttériis BB @ribefatidd ﬁ%hpwzcutrﬁﬁg(iﬂde

i nposes different constraints on different bit positions in each data Code
word 142, based on t the EECabodeavirashdsed oremrdiative loaation batle bib pattetrisgbehdi t
ECC synbols. This requires the code 20 inplenmented by encoder 140 to

i dentify ECC synmbol bowmdanieses within each data code word 143. Encoder 140

are careful 1y chosen Lo atBCHReARBoSk!Je PREnb HTeR D BireRD AVapder
Wih e look- up t Abl chPor BB e AR R Tl gty g ar

conversi on between eaoidsiSThe datcierincludasiaidata wokd agnandicode wasid owtpdt;
Q her hardware and software inplenentations can al so ‘be used. The

successi ve data codeamdbadirstieéoglenanit dihelfirstenamder ubitOnapseqrtosticdessiver one
i nput of nultiplexer 148 and to, ECC er]cogler 144, which s toggther encode
successi ve bl ocks (ofatacwprd zeceiyed; ort a WRre iBHE NI ATePPRGIVE BRCEEI IV

ECC code words (al so | 0 rs); . Of
mul i plexer 146, EacioROROR3 R e qug R A BREARLFinpAS aych O8aE TR
field, which arejgackodOidRdifieb iPBH¢odEWErdBbithdiriesbtweti ntIipM-bit error
Mul tipl exer 148 maps each bl ock of data code 1o words 143 into the data

field of a correspondomrectit@Cade@COy symibids and imposendifferemtmosle€00s s gimbobds
within the data field, ECC encoder 144 generﬁ;tdes addi ti onal  ECC synbol s, 152
for the ECC fiel d baB¥@asitiansdneach sgdewozdithatate closentq the hpundgries thapbid

N the data 1ield t oPERRERy R cRimEpro iat He A FoIBthE BRRPARHET Eoc
symbol s concat enat ed 't b L Jioek oI5l R BeRe ook b Alre PR e drive

correctabl e ECC synbols in e or exanp one particular

ECC may require byo gitage eaineEwhicly tdtdes Dfragfiitet and aatembler-CChey nbol
in the ECC code word. Any type of ECC can be 20 used, such as a

Reed- Sol onon ECC. Bi traneduterdscaphble 06comnuudeatinghwithdddatasteragediss yihel s
152 and applies simlar gcode constraints as_were appliged to data code words
142 by encoder 240. 28R ,rlﬁﬁ@lmlséémtﬂ%é@gdmer & @ieding datadngg sucsgssive

giterent i1 vt g pen ARercel Al SR Sl e 1o
correspondi ng encodegdykihlsSadtBling 46 a cadlC TheRBHE chistaifidBltRitterns from

25  occurring in each ECC code word based on a relative location of the bit

patterns to boundaries between the multiple-bit ECC symbols. The



0 5 F EB 2a03 STL 9n2 -12 nunber of bits in each .additionat ECC synbol 152
than in each data word 142, the code rate of bit-level encoder 15955FEB 2003
smal l er that the code rate of bit-level encoder 140. In an alternative
enbodi'ment, a plurality of additional ECC synmbols are encoded together into
‘a correspondi ng codestsomerd. The resulting encoded ECC synbols 146 are then
provided to the other input of nultiplexer 148. Miltipl exer 148 maps each

bl ock of data code words 143 into the data field of a correspondi ng ECC

code word 149 and maps a respective set of additional encoded ECC synbol s

146 into the ECC field of the lo correspondi ng;ECC code word 149 by

time-nmultiplexing the inputs of the nmultiplexef. Oher structures and
nmet hods can be used to concatenate the encoded additional ECC synbols 146

enbodi ment <. Par al | STePReLERARATARE BERCE B NG e e ahtdidieh fEode.

code 15 words 149, GeaMEEtrsarfRach ECC code word 149 into a serial
representati on and concatenates the serial representations to produce a

serial stream of ECC codeyetandthertaspébidof the present irtiehpioads dérected@oraadiet ves
the serial code word stream 154 and conditi ons the sequence so that it is
optim zed for the tyjivestosagedtapneliwdch imchustes\adrandewicer gmdla dacoder. Hehe
channel . 20 Transmtter/, precoder_ 156 produces .an encoded wite sjgnal 158,
which is provided tdransgser isxapablepfsomumypicating yith a %qoragmiﬁﬁc fles

head 110 The encoadi<RiPt B cobbied & GePRan o REGHE LGRR AL ERe ' ©
St or ad. encoted i ar R Ser frd R e e R e

B 2003 STL 9712 - 13 wofdyieprésehesdiBy tidirdad sigied iinvier sudeéssleadatd Wordls a read
signal T64. Receiver/detector 162 anplifies and filters read signal 164,

and then recovers t tascordingéd aicotler Fach E&G easda whed inchades aypluralityt ofy one of

several known detectiopn. ho For. i.nst e, receiver/ detector 162 may

dse a Viterbi deVecuBRNMEBICEH SouaA LG o0s SoMIAInBRRpatisrhe i eaFay

Tree Search with Deqic-QRdESedRAGtsel IRty oo e thedif bhrsRAANCE
r detec anpli e

detection (RSSE). Afte ecting an yi ng sl gha rom channel

160, receiver/det ectwunlﬁgiegmﬁuggst}ﬁgmwgrmmge:cuygms_of code word bits
165, which are provided to serial-to-parallel 1o converter 163.

Serial-to-parallel converter 1BRIEFERESCRIEION ©OF THE DICAWINEGSWor ds and

converts the ECC code words from a serial f_orr’r?t,to a parallel format.
Successi vel y recovered EdIGddsansrepective view of dissglriee ingy REFEQILRE t he

| engt hs of the cod rds _generated 15 .hy,encoder 139.
Seri al -t o-paral Flglc C%rﬁg%t}vﬁgye&lg%n mnbeoﬂﬁgﬂgés(d't he successively recovered

ECC code words 166 in parﬁ_ti.qlismaaéditagrque@aw@fm HeHrieP GhEHEA thé Gfsdi t
168. Circuit 168 uses the inverse of the coding rules Used by encoder 150

to decode the additidrieé sidiEndn FIG| 3, dcootding ECGné eribddiment ofthegregimal ECC
synbol s and, based on the ECC 20 synbols in the ECC code word 166 and the
pol ynom al function lB¥eatiey. ECC encoder 144, deterni nes whet her any of the

ECC synbol i .th .af ECC synbol
cont ai ni ng an or ror i o notic 2sh 81 BrEare ciesinea WHiR HBERteAOrEpRE of B hat
Fecover ed. 25 T8 datgerolds e eyl RRA B Ra ks RSO RRA BYE

word to recover the éidodeRPAndPHecdde?s usdl i SRGLoMBE ¢hadrdl shoitih FIG. Rhen
0 5 F EB 200e STL 9n2
FIGS. 3-3 and 34 are diagrams which illustrate portions of ECC
code words that contain some of the legal NRZ bit patterns, which are
allowed by an encoder and a decoder used in the storage channel shown

25 inFIG. 2.



-14 provided to decoder 172. Bit-tevel decoder 172 uses the invers f,
coding rules used by encoder 140 to decode the successive data cod§ ﬁ&hﬁg 2003
170 into respective data words 174. As nentioned above, bit-1level encoders

140 ahd 150 provide s unequal error protection for different bit |ocations

‘in each ECC synbol. $W-9%We enbodi ment, nore error protection is provided to

bit | ocations near the ECC synbol boundaries than to the bit |ocations near
the m ddl e of each ECC synbol. This is done by applying one set of code
constraints to the "outer™ bit |ocations of each ECC synbol and another t o
set of code constraints to the "inner" bit |ocgtlions of each ECC synbol.

This provides greater protection against error events that have greater

i npact on the ability of ECC decoder and correction circuit 168 to correct
errors. The code used by P@.@ﬁrasgg'ﬁﬂﬁvaﬁi@h SR Q¥E] Bit @{oR rafdlRla£Ct 1 On

agai nst errors that span ECC synbol "boundaries than errors 1s that do not

span ECC symbol bounfiatctien.of anreveneefror satelfot cadetharkdinsoddiDthdrmeldadving

result in errors in two consecutive ECC synbols. By avoi ding these

mul ti pl e-synbol err oeconsatanaded ERE caxtesl nunmber of ECC synbol s containing an
error in each ECC code wor&;i s. reduced, apd t,gere is a greater likelihood

that circuit 168 can recobs- disa diagramawhich ilgstrates agiengpding®rosess wor d.

posi 1 ons ot “sact? ECE-GyHBER by ek eleyP! Gfedhe o kRIAICEEraseSiding to one
positions, a relati v&%oﬁhggnp%ﬁgﬁ{aggﬁ%%o@i ntai ned, since only the
0

bit patterns affecting the ECC sy oundari es are constrained. Thus, a
2s greater nunber of the Fm;.adismwhertrmﬂhwmo%aIpirbcqggpbﬁfbﬁmd&iyetieEQs;ed-
05 Ff8 ~D~ STL 9n2 -15 Wth magnetic recordi ng channels, the nost |ikely
error events are oneemtadesaddiagesendibit-levelmncedenshowninFIGH, aceonding tovene
will always result in a one-bjt ECC synbol error. A three-bit error event
can result in two Ecﬁ‘aé?ﬁit}cﬂft ¢ pogsent inyentigRans an ECC synbol boundary. In

one 5 enbodi nent,, encoder . an Vi ng
"tri-bit" error é%ent s at P{C%gpﬁ%(&gé?ﬁqn%ﬁﬁlgsggar@%gggarﬁg@c%‘%g&%ﬁg ?ﬂrﬁ ﬁgg'gs
two NRZ patterns (oreRiRieNEAH tRabitEEPS] dddler dUA M FIG. @ tribit with the

m ddle transition at the ECC synbol boundary. FIGS. 3-1 and 3-2 are

di agrams which ill ustrat eFl6ar8 isartslock digramamfamdencadedsir¢diaacoooding to an
illegal NRZ bit patterns, which are avoided by encoders 140 and 150. As
menti oned above, eachlt¢znativegmbgstiment of thergsesit inventioml ity of

mul tiple-bit ECC synbolg—%__E@ggg W W] dat a
Tnd EGC el ds. 1 n) Fr e DEL fﬁ“ RIHRIRIGE FroREMBoDR. ENTS01 s
301 and 302, amopg ot her Spicwh h, gge&ﬁzeavi@&w@adixcéﬁseh_s@wwmémﬁ{@ Each
ECC synbol in ECC code word 300 has ©bne or nore "outer"” bit positions 304
and one or nore "i nnprésehpinveatipnhis isefaki Disorliv@lw0 intludes ehousirgy With 2one
anot her. The NRZ pattern fornmed by a "0l" at the "outer”™ boundary bit
positions of ECC synbase ¥liarahaltep cover (not shoavr)o Rise drive 100 fusther includes a
tions, with th

positions of ECC 20 nbol results in three transi ,
m ddl e transition oc rﬂaﬁbziggr Wﬁ@gﬂémﬂg}tWQGQ sﬂlﬂ‘qélr@)t@-@?tmg‘é! Avor d

310 includes ECC sy | d b Y ry
313 between them S{T?n&f:yaﬁé 1? ﬁ.e%%fg%%r?@ﬁg%aﬁgp}@%ﬂ@?g?ﬂ}cﬁgﬁ@ﬂ%ﬁ@t ern
"1010" resul ts it hix@fich ARRbLhRRBfor tblrdtdtith dBdificenfraPAGS 109 "EQKILHTE ! NI
at 25 the boundary 313 between the two ECC synbols 311 and 312. These bit
0 5 ~F E B ~0OD3 STLs@&fd® hdstarpadsbeiates] dise hexd slider 13 wehivhds nsouirt6d a0 dist50

in the "outer" boundary bit positions 304, but are allowed_ in the "inner"
bit positions 306. drive 100 for communication with the disc surface. In the example

shown in FIG. 1, sliders 110 are supported by suspensions 112 which are '
in turn attached to track accessing arms 114 of an actuator 116. The
25  actuator shown in FIG. 1 is of the type known as a rotary moving coil

actuator and includes a voice coil motor (VCM), shown generally at 118.



FIGS. - 3-3 and 3-4 are diagrans which illustrate portions of ECC cQﬁg Ezags'
that contain sonme of the legal NRZ bit patterns, which are s not avoi b&ﬂaa
encoders 140 and 150. In FIG 3-3, ECC code word 320 includes ECC synbol s
321 and 322, anong ot hers, which have a boundary 323 between them Although
‘the NRZ pattern "10838%'fesults in three transitions, the middle transition
does not occur at the boundary 313, within "outer" bit positions 304. In
FIG 3-4, ECC code word 330 1 o includes ECC synbols 331 and 332, anong

ot hers, which have a boundary 333 between them Simlar to the pattern
shown in FIG 3-3, the NRZ pattern "00101" resglts in three transitions,

but the mddle transition does not occur at the boundary 333 between the
two ECC synbols 331 and 332. 1s Elimnating the patterns shown in FIGS. 3-1

and 3-2 wi th encoderVoitdBoikitbtdp P18 fstatezRofiatgr 1 Tewithritsesfaehdd heads 110
constraints on decoders 168 and 172, renove the two possible tri-bit error

events at the ECC syatoul alpivoishafet2(htoopaesitjornt heagds 118rover asdesired datatrack
include tri-bits at the ECC synbol boundaries. The sane constraints are not

i nposed on tri-bit Z230RgaRareiainpath hid befweagn adise inner shiametsr 426 andia dise
306 of i ngl e ECC synbgl . Th . bit.locati he boundari f
222 Sy s e BB Sare B Vil B0 P8 R b SeROREERSSS ©

wi thin an ECC sy OllocM@ix??tgt‘é?nélQﬁtcuﬂgﬂ' PEBiRdB si él'sgeﬁglgart%c?m%\éﬁag %1

have the 2s di sadvantage 0 arge co rat e penal Py, rge numnber
of code bits nust beirndeHosttony; 'tér@xldtdﬂdw atterns that result in a
tri-bit. In the O5FFB?20 STL 9712 -17 above-enbodi nent of the
present invention, an ef fWeitenircaitrpwithis ntexnad circeinul 28 ereodesi thegd athal to be
tri-bit error events at the ECC synbol boundaries, but not the remnaining
tri-bit error event storsdringo suecessiviaredeyords, whichare thenmrespdediindoa nan-ed

t i ngle ECC b t h i, i, kel i d.that t
events Wil be cofr derumr-fsyoreSrsl ) flrpnat Gt Bt V3. andSRZLBrRY by
an MIR code on tfie bidd hi¥elatbd (% AGRRRPANalog MBI ER0THE Yifter al nt s can

therefore be relaxed, resulting 1n a higher achirevabl e code rate. As an

exanpl e, assune t hattraisaucet oA fRad 1M0encodesihégnétjc fwsrev@raaild within abi t
errors. Assume that ECC encoder 144 forns 10-bit synbols and ECC decoder
168 has the capaci t ynagnetislager onghe disc surfacs bgsedginsthiennadegweitesignab wor d.

Wth no coding by encoders 140 and, 150 (al s@, sho in ElG , 1t takes 7
error events in an B&'@SGE@\BPG@@@X@%&@&ﬁ'@“ﬁ&cq{éﬁg‘ﬁf“fm@ _serpqesltﬁ% 7
error events all oc . y S
wi |l have errors, m%éﬁ%%@@%%ﬁ%é@%ﬂé&%&%%@é&‘ C r;eéfi'? %‘ aﬁ'f q@%e
parity bit is usgd wm&%&aaoﬁgnmadonbértécaﬁﬂa aGefial @igiRY Sighsl, wrhidk ifCC
code word to exceed the ECC capability. Wth a boundary MIR code (which
avoids tri-bit errorprozidechto detectoy abdidesodercirquigy vei ioteynal disquifry 128k es

13 error events in an ECC 20 code word to,ex%c;eed the ECC capability. FIG 4
is a graph which pl doPreduceareeqsesed data 98Py rate on Y-axis 400 as a

function of the event err ale axi for ded
channel s having concat ena@g;daégébigﬂég{aa%g%géﬁeggfag%gggp ﬂﬁﬁpﬁﬂ%ﬁg&éﬁtgq he
ratio of the nunber g aAQk{Rtha Pr&eRtinvention Wof theldist APREIFFIGY, Vi ded by
the nunber of bits read. Line 402 represents the corrected bit error rate

for the uncoded mExan@nemuaichtionsystin 188 iy fesmietiby héads1 10, BiscBO6 Ml takerrfal 12
-18 the corrected bit error rate for the boundary MIR coded exanple. The
boundary MIR coded degifineirsuitay 198 h&ommusicatiensystemabibinclodes anengodes
than the uncoded exanple. FIG. .5 is.a,diagram which illusjrates .t

encodi ng process 5 q”b'i’@d“ﬂ?‘:]é%%‘?siﬁfﬁt@gﬁlﬂﬂ?]oqf}?&dffbf@éSé(ﬁﬁl?{i'ﬁﬁ\éﬂt of

data worde. for encodtig CateEPep Bk IRnetdd (A AR At Ta a1

mbit data word int GeRoh@ PRV ENEhcoULE E55 S BYi€lePelricod S P40IEivas SQE@sfiget O
a code. The code identifies in each code word boundari es between

mul ti pl e-bit 25 data words 142 and encodes the successive data words into successive

data code words 143 according to a code. Each data word 142 can



to ECC synbols that will be defined subsequently by ECC encoder 16;&.) 3._n€ :
i nposes different code constraints on bit positions in each code Bat2003
are closer to the ECC boundaries than bit positions in each code word that
are farther fromthe ECC boundaries. At step 502, encoder 140 outputs the
‘resul ting code wor d$Tv¥1ECC encoder 144. ~5 FIG 6 is a flow chart
illustrating the process perforned by encoders 144 and 150, according to
one exanpl e of the present invention. At step 600, ECC encoder 144 receives
a bl ock of coded data words from encoder 140. At step 601, ECC encoder 144
applies the block of data words to the data fi@d of a correspondi ng ECC
code word, which is 20 divided into a plurality of nmultiple-bit ECC
synbols. The ECC synbols in the data field are applied to a polynom al, at
step 601, which is usdddeangenanbéecofdsits. tThegreaterthe sthibes of bits, the Igredter
concatenated to the data field. At step 603, bit-1evel encoder 150 maps the
addi ti onal ECC synbdhecode ratetbaiizaa G higwedddsenaoder ddhgThe cade colestrding

i nposes the 25 same constraints as re applied by hit-|evel encoder 140 to
avoid tribits at théhEéléF%WSIdaﬁ)EF\?,&Wpé‘i‘i 14g o Hlsmi,tomel%mdﬁjwriatc
05 F~ ~ 2DDb3 STL 97l2,:.19 nbols are applied to the ECC field of the .ECC
code vord, which i's EREMEATAER B P EnARRLo b Eesriin crpS eltgtavknhen
ECC code word isstheRapHiIPD. to the next stage in the wite channel. FIG 7
is a diagramillustrating the data flow t hrough encoder 139 5 according to
one exanpl e of the presefRoriexugiple,ahe coile cateinchide 4 Roovitengith Eircited (RELy 0des
a block of data words 700 into a bl ock of respective encoded data words
701. The bl ock of emoddadithiat'k" eonstraim Thes"kigphsteaintilimétstthg numnbdrefdat a
field 702 of an ECC code word 703, ta field 702 is divided into a
plurality of nulti plcénsfcutivecesosisuihe read signal to ne grqaterthen adpR¥ENW®nt , ECC

encoder 144 applies _a | yaom-al function te. t |.o of, encoded data.
words to produce th@ué%rg%boﬁée ?#cf:ﬁpaaq?q @ﬁr%t%%uﬁﬁ% Joflc85lls<ec Vent5adt
data words 701 i alGerRBAkH Bt Stheain RO liMIPHeA feb of ii‘l’ﬂ!r%?nﬂfdl%’it%ﬂ“e?ence,
addi ti onal ECC synbols 705. Any suitable polynom al can be used to

i mpl enent the desi r eshiehacurs whep corseciitive tradsitiofn do thee trabénithehsignalbbdes

t he additional ECC synbols into encoded ECC synbols 706, which are applied
to ECC field 708 of ipetfezemtiweach gther. Jughscqdesage knawplas repximumntransigen c "

type of encoder. FIG I-Soa. bl ock. di agram of .an_encogder. gircuit 800
according to an 20 JPP@VF}'Z‘%HPQEEH% g n?oﬁﬁafrﬂewg'?é%e’nﬂsm%ﬁfn whi ch
can be used in repl 346y, j | dses | :

circuit 800 includes a gér ol - gé/ue %%Io%gae@‘g%@,lﬂ g‘%%‘f‘%ﬁ Selgggrﬂgg{ effmd

a bitlevel encodgr &ppes &l carles cah brufsed i errotBc D0 iMChdiiition ¥0 bl in Ffla&d &f
applied to a first data input of nultiplexer 804 for mapping into the data
2s field of a-.corredpenddatypesanendenedakpwel 2lraene embediment dascribed iiporer

804. Again, the data,fi, of each ECC code, word is divided info a..05F
E B 20D STL 9712 - 26136?@’ JEBFO%Q:E‘“B?%& Stznt goustraints pruglibiegentiis

bl ocks of successiv r i E§$ . 80

whi ch gener at es addﬁﬁ%@#&s@éﬁl&%%ﬁé&%%§@%ﬁt aggcgeé%l e %ﬁggggg&lgﬁ lé
ECC synbol s in the datwill habein FRlltPKFR EEC s1AbaRd THiPRALIEStheysiRo! S can
be generated by applying the ECC syhbols in tthe data field to a pol ynom al

function. The admi tiimpdémeftedshyrontaderrld0 td éderdifp BCGEsymbel bawudetiesawithin
i nput of nultiplexer 804. Miltiplexer 804 concatenates successive sets of
the additional ECC #pfhéata gade wierd 14Be ECC fiel ds of successive ECC code

wor ds 812. Encoder 140 can include a block encoder or can be state driven,

and all code words 143 are carefully chosen to avoid code words that J
cause common error events. Encoder 140 can be implemented with

25 combinational logic or in software with a look-up table for making the



lo Bit-level encoder 806 receives each ECC code word 812 and applies
simlar code constraints as were applied by encoders 140 and 150 |65:IFCE822003
I n one enbodi nent, encoder 806 is a bl ock encoder whi ch encodes each ECC
synbol” in ECC code words 812 into a correspondi ng encoded ECC synbol .
"Again, the code i npd¥&87di fferent constraints on 1s different bit

positions, based on the relative position of each bit in the ECC synbol.
Since there is a snmaller nunber of bits in each ECC synbol than in each
data word 142 (of FIG 2), the overall code rate of encoding circuit 800 is
smal ler that the overall code rate of encodingjgircuit 139. In encoding
circuit 139, the majority of the bits of each ECC code word are 20 data
bits, which are encoded at a higher rate by bit-level encoder 140. Only a

smal | nunber of t he dyriversion bREweseeachiuser davkiwotdhARd 8 cafrespbnditigh@dedasi s
by encoder 150. Ot her encoding variations can al so be used in accordance

wi th the present inweotd.o®thémhadweareandsoévaseaoplemertations esealsoibeusedi on
relates to a 25 nethod of _encodi ng data words 142 in which_a bl ock 700 of
at |east one of the data e successive datagogdedvordsd4d generated byensedeniilarde

145, 701 15 def | ned BpVie I ane ipuset eurlpbper 18 oo Bl fTencdss 148 bich
323 333 Bt patt erVEtaeh dhedlt BBy d BRI R R MR HhBRe i irpli1as

constrained from ocGuks iéessivé E@@é&&ﬂ@?dé"@ﬂ%l&f’cﬁvnwﬁwﬁﬂéké?ﬁr §ectorsl
relative | ocation 304, 306 of the bit patterns to the boundaries 303, 313,

323, 333. Another asicit thé oulputsfanealtiplexerddsi Bach ECA ezt word @49 incbundescer
139 for encoding successjve data words into respective, successive code
words. The encoder i¢atpdiedd andamBECGdieldiwibich atq pachhformed afmne erumgre 10

Successi ve data wor FLRRICHEECE DmEoaa: MR mePs ol BIUFR R £rd,
successive code 01 dygnsd 1R 80 oA A BEL AASSAREARGIRS: L@ WdihSl0Gg0e:

The first code identifies I n each ¢ word boun

bet ween mul ti pl e- bi tfogi érie 6PfricRe EQWsyaAb6ls Vrtich thy daed field01, 302, 311,
312, 321, 322, 331, 332 and inposes different code constraints on bit

positions 304 in each codeCwomtodamlddegenerates edditionahEQbosymdbelsdS2ttomthebi t

iti 306 i d d,th f p f t O dari 303,
503, 323, 333, Anot HerCaisid Fpsed orfee BRCmbeR a e driateid et example, the
disc drive 20 storagg QAARIPECEY RIS fark BE pHAGS b APSHHSE tndBECAShEs

encoder 139.
15  in the data field to a polynomial function. The number of additional

ECC symbols concatenated in the ECC field determines the total number
of correctable ECC symbols in each ECC code word. For example, one
particular ECC may require two additional ECC symbols for each
correctable ECC symbol in the ECC code word. Any type of ECC can be
20 used, such as a Reed-Solomon ECC.
Bit-level encoder 150 encodes the additional ECC symbols 152 and
applies similar code constraints as were applied to data code words 142
by encoder 140. Again, the code imposes different constraints on '
different bit positions, based on the relative position of each bit in the
25  ECCsymbol. In one embodiment, each ECC symbol is encoded into a

corresponding encoded ECC symbol 146. Since there is a smaller



The transducer 110 is capabl e of  communicating with a data storage disc -
106. The encoder 139 is coupled to the transducer 110 for encodi ng gg$ﬁ5éf§0

i nt:o successive error correction code (ECC) code words 149, 701 fog 03
mul.tiple-bit ECC symbols 301, 302, 311, 312, 321, 322, 331, 332 2s

"according to a code.sTEBH2code constrains bit patterns fromoccurring in

each ECC code word 149, 701 based on a relative |ocation 304, 306 of the

0 5 F E B 2003 STL 9712 -22 bit patterns to boundaries 303, 313, 323, 333
between the multiple-bit ECC synbols 301, 302, 311, 312, 321, 322, 331,

332. The encoder 139 then transmts the ECC coge words 149, 701 to the
transducer 110 as a code word stream 154. Yet anot her aspect of the present
invention is directed to a disc drive storage channel 138 which includes a

transducer 110 and : A~ dBE %@g '

comuni cating with g“gg}sgldg{%lgcg%eé%ﬁsagﬁﬁ%ﬁl_ e g%?%ﬁ%@f%%ﬁ?%%gg%pl ed
to the transducer 1XQofd142 akecyd@gate of Bidesél@nabddbibifis emallbe thatans doger
110 and for decoding 1 o successive error correction code (ECC) code words

166 represented by trate ofbit-leve) eatod€440n i anatterstiveenbodinventds phirality of

according to a code. Fach ECC code word 166 includes a plurality of,
mul tiple-bit ECC syrfsslifoaiECEmymbpls arezrroded together ingza coprgspondingiqede

code constrains hit patterns in.each E wor,d based on a. relatjve
ocation 304 308 15V8Hd¢ RBE pret§AE PacodsdfBCE st B 2536en Plofidsd Bk
bet ween the nmul ti pl I rg[%; )ﬁm 302, 311, 312, 321, 322, 331,
332. It is to be yngétpgftlo .tcﬁa eyz%)é?%%%gh nunmerous characteristics and
advant ages of various enbogiliplkér T8 I_Tnaﬁs EAEBIbLI Bf ARt odesiofd 143ahtd tHen

t he foregoing description, together with details of the structure 20 and

function of various dathditldrenasorksporeding BT code wiond 349 asdimaps & réespective
illustrative only, and ghan%es may be made in detail, especi aIfJ_y in matters
¥ i

of structure and ar rsghgeadditiosal gagaded fi¢Gisymbols 14 inte HreECifigldof thesent
invention to the full extent..indicated b br pad general . neani.n f (he
Lorms | which He aSBEpeR e ECE er i DR, AR A BrERE iRyl of
particul ar elenments ﬂﬁ@hﬁﬁ{pdeﬂﬁ'lo@ﬁbﬁﬂr@&u}mﬁkt}ﬁi&s%ranadéo&é% on for
t he channel while maintaining substantially the sane D5 FEB ~ 2003 STI.

9712 -23 functi onal idoncatenaeaithedaeaded additicral EQE syanpels 446 to the datadield log
present invention. In addition, although the enbodi nents descrjbed herein
are directed to read eer@espanding F&(heode word 4%insalterpptive epbosiments. wi || be
appreci ated by those skilled,in the, art that e teachings of th esent
PDenti on can’be appl | o0 ToaUERsi comeei s o8 tetRt e Rt e R 20
ot her storage syste ] § I (! :

1> E@oréﬁ i%%n&’&%j‘é&dbﬁj ,cng g}ﬁdsﬂﬁl?ﬁtoaé‘ge irE ies@ﬁtah%g

present invention. so, t term™coupl ed’ I'n the speciftication an
claims can include aarfll é@idat@reineetie sefiabfepResepitivtisito producelg Berdalstianiof €

i nt er nedi ate conponents. 05 F E B 2003
ECC code word bits 154. Transmitter/precoder 156 receives the serial
code word stream 154 and conditions the sequence so that it is optimized
for the type of detector used to recover the signal from the channel. |
20  Transmitter/precoder 156 produces an encoded write signal 158, which
is provided to channel 160.
In disc drive 100, channel 160 includes the write transducer in
head 110, disc pack 106, and the read transducer in head 110. The ’
encoded write signal is stored on the disc surface by the write

25  transducer. During a read operation, the read transducer reads the

stored, encoded information from the disc surface and conveys the



-24 WHAT IS CLAIMED 1S: 1. A method of encodi ng data words, the neth
conprising steps of: (a) mapping a block of at |east one of the dhﬁa?%ﬂBdZUﬂa
into an error correction code (ECC) code word which is defined by a

plurality of multiple-bit ECC synbols that are separated by boundaries; 10
(b) i1dentifying thesECg&isynbol boundaries wi thin each ECC code word; and

(c) constraining bit patterns fromoccurring in the ECC code word based on

a relative location of the bit patterns to the boundaries, including

i mposing different constraints on different bit positions in each ECC code
word 15 based on the relative position each bHB will have in nmultiple-bit

ECC synbols. 2. The nethod of claim1 whereini*in step (a), each ECC synbo
conprises a plurality of inner bit positions 20 and a plurality of outer

P POSTLIon: Wt gt Fkal B 7RAN Y ReRPE 182 g RO IgE, o
compr1 o5, | oSt o, 4R heRBR 189 TR RN haPlds AR

al I owed in the innerebdverd @ éncoded idforbi@iBndesmthe Read BighlPusinpnelift
positions. 3. The nethod of claim1 wherein step (a) further conprises:

(a) (1) encodi ng eacsedetah knwowth detectian netlodso dorinstdnee; receivery detectorcké@e
whi ch constrains the bit patterns fromoccurring in the data code 30 word
based on a | ocat Pon ™8Ry upeayiterphdeteetor, Pecisipn FeadbackodgualizationdDiB)ve to

et e Ll 1 o1 208 et B O R D B e
whi ch conprises a flts;:&%tt%(gs‘,13 u@{gé@?%ﬂg%%ba%%yﬁgg?ﬁ t%%‘g?‘“g%ﬁ@?@ﬁﬁ ﬁ\éﬂg ’

second set of the EGigrilfivthehanhélclb0preeeivepidatédtor $6prddiicet ajredovered

constraining the bit patterns fromoccurring in the second set of 40 ECC
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positions in each catkoder and baireéatien éiacuibe68. f Civruitlie8hmes ted irderse of the
coding rules used by encoder 150 to decode the additional ECC symbols
in the ECC field into the original ECC symbols and, based on the ECC
20  symbols in the ECC code word 166 and the polynomial function used by
ECC encoder 144, determines whether any of the ECC symbols contains
an error. As long as the number of ECC symbols containing an error is
not greater than the maximum number of symbols that can be corrected
by circuit 168, the original transmitted ECC symbols are recovered.

25 The data field is then stripped from the recovered ECC code word

to recover the original block of data code words 170, which is then
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protection against errors that span ECC symbol boundaries than errors
15  that do not span ECC symbol boundaries. Error events that span ECC
symbol boundaries result in errors in two consecutive ECC symbols. By
avoiding these multiple-symbol error events, the total number of ECC
symbols containing an error in each ECC code word is reduced, and
there is a greater likelihood that circuit 168 can recover all ECC symbols
20 ina given ECC code word.
Also, by allowing certain bit patterns to occur in the "inner" bit
positions of each ECC symbol that are not allowed in the "outer" bit
positions, a relatively high code rate can be maintained, since only the bit

patterns affecting the ECC symbol boundaries are constrained. Thus, a

25  greater number of the total possible number of bit patterns can be used.
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bit with the middle transition at the ECC symbol boundary.
FIGS. 3-1 and 3-2 are diagrams which illustrate portions of ECC
10 code words that contain illegal NRZ bit patterns, which are avoided by
encoders 140 and 150. As mentioned above, each ECC code word is
formed of a plurality of multiple-bit ECC symbols that are concatenated
with one another in the data and ECC fields. In FIG. 3-1, ECC code word
300 includes 10-bit ECC symbols 301 and 302, among others, which have
15 aboundary 303 between them. Each ECC symbol in ECC code word 300
has one or more "outer" bit positions 304 and one or more "inner"
boundary bit positions 306, which may overlap one another. The NRZ
pattern formed by a "01" at the "outer" boundary bit positions of ECC
symbol 301 and a "01" at the "outer" boundary bit positions of ECC
20  symbol 302 results in three transitions, with the middle transition
occurring at the boundary 303. In FIG. 3-2, ECC code word 310 includes
ECC symbols 311 and 312, among others, which have a boundary 313
between them. Similar to the pattern shown in FIG. 3-1, the NRZ pattern
"1010" results in three transitions, with the middle transition occurring at

25  the boundary 313 between the two ECC symbols 311 and 312. These bit
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patterns are avoided by encoders 140 and 150 in the "outer" boundary bit
positions 304, but are allowed in the "inner" bit positions 306.
FIGS. 3-3 and 3-4 are diagrams which illustrate portions of ECC

code words that contain some of the legal NRZ bit patterns, which are

5  not avoided by encoders 140 and 150. In FIG. 3-3, ECC code word 320
includes ECC symbols 321 and 322, among others, which have a
boundary 323 between them. Although the NRZ pattern "10100" results
in three transitions, the middle transition does not occur at the boundary
313, within "outer" bit positions 304. In FIG. 3-4, ECC code word 330

10 includes ECC symbols 331 and 332, among others, which have a
boundary 333 between them. Similar to the pattern shown in FIG. 3-3,
the NRZ pattern "00101" results in three transitions, but the middle
transition does not occur at the boundary 333 between the two ECC
symbols 331 and 332.

15 Eliminating the patterns shown in FIGS. 3-1 and 3-2 with encoders
140 and 150 and imposing the corresponding constraints on decoders 168
and 172, remove the two possible tri-bit error events at the ECC symbol
boundaries and any larger error events that include tri-bits at the ECC
symbol boundaries. The same constraints are not imposed on tri-bit

20 error events that occur at the inner bit positions 306 of a single ECC
symbol. Therefore bit locations near the boundaries of ECC symbols
have a lower bit error rate probability than bit locations within an ECC
symbol.

MTR codes that eliminate all tri-bit error events have the
25  disadvantage of a large code rate penalty, since a large number of code

bits must be used to avoid all bit patterns that result in a tri-bit. In the
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above-embodiment of the present invention, an efficient compromise is
achieved by avoiding all tri-bit error events at the ECC symbol
boundaries, but not the remaining tri-bit error events. Since the
remaining tri-bit error events are limited to a single ECC symbol, there is
a greater likelihood that these error events will be correctable by the ECC
decoder. Avoidance of these errors by an MTR code on the bit level is
not necessary. The MTR code constraints can therefore be relaxed,
resulting in a higher achievable code rate.

As an example, assume that channel] 160 (shown in FIG. 2) has
only tri-bit errors. Assume that ECC encoder 144 forms 10-bit symbols
and ECC decoder 168 has the capacity to correct up to 12 ECC symbols in
each ECC code word. With no coding by encoders 140 and 150 (also
shown in FIG. 2), it takes 7 error events in an ECC code word to exceed
the ECC capability. If the 7 error events all occur at an ECC symbol
boundary, then 14 ECC symbols will have errors, which exceeds the 12
ECC symbol error capacity. If one parity bit is used per ECC code word,
it takes 8 error events in an ECC code word to exceed the ECC capability.
With a boundary MTR code (which avoids tri-bit errors at the ECC
symbol boundaries) and no parity, it takes 13 error events in an ECC
code word to exceed the ECC capability.

FIG. 4 is a graph which plots the corrected bit error rate on Y-axis
400 as a function of the event error rate on X-axis 401 for coded and
uncoded channels having concatenated ECC codes. The corrected bit
error rate is the ratio of the number of uncorrectable ECC code words
(sectors) divided by the number of bits read. Line 402 represents the

corrected bit error rate for the uncoded example, and line 403 represents
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the corrected bit error rate for the boundary MTR coded example. The
boundary MTR coded example clearly has less uncorrectable ECC code
words than the uncoded example.
FIG. 5 is a diagram, which illustrates the encoding process
5  performed by encoder 140, according to one embodiment of the present
invention. At step 500, encoder 140 receives successive m-bit data words
for encoding. At step 501, encoder 140 maps each successive m-bit data
word into a respective, successive n-bit code word according to a code.
The code identifies in each code word boundaries between multiple-bit
10 ECC symbols that will be defined subsequently by ECC encoder 144 and
imposes different code constraints on bit positions in each code word
that are closer to the ECC boundaries than bit positions in each code
word that are farther from the ECC boundaries. At step 502, encoder
140 outputs the resulting code words to ECC encoder 144.
15 FIG. 6 is a flow chart illustrating the process performed by
encoders 144 and 150, according to one example of the present invention.
At step 600, ECC encoder 144 receives a block of coded data words from
encoder 140. At step 601, ECC encoder 144 applies the block of data
words to the data field of a corresponding ECC code word, which is
20  divided into a plurality of multiple-bit ECC symbols. The ECC symbols
in the data field are applied to a polynomial, at step 601, which is used to
generate additional ECC symbols that will be concatenated to the data
field. At step 603, bit-level encoder 150 maps the additional ECC
symbols into encoded ECC symbols according to a code that imposes the
25  same constraints as were applied by bit-level encoder 140 to avoid tri-

bits at the ECC symbol boundaries. At step 604, the encoded ECC
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symbols are applied to the ECC field of the ECC code word, which is
concatenated to the data field. The resulting encoded ECC code word is
then output to the next stage in the write channel.
FIG. 7 is a diagram illustrating the data flow through encoder 139
5 according to one example of the present invention. Encoder 140 (shown
in FIG. 2) encodes a block of data words 700 into a block of respective
' encoded data words 701. The block of encoded data words 701 is
applied directly to the data field 702 of an ECC code word 703. Data
field 702 is divided into a plurality of multiple-bit ECC symbols. In an
10  alternative embodiment, ECC encoder 144 applies a polynomial function
to the block of encoded data words to produce the ECC symbols in data
field 702. The block of encoded data words 701 is also applied to a
polynomial 704, which generates additional ECC symbols 705. Any
suitable polynomial can be used to implement the desired error
15 correction code. Encoder 150 then encodes the additional ECC symbols
into encoded ECC symbols 706, which are applied to ECC field 708 of
ECC code word 703. This is an example of a "systematic" type of
encoder.
FIG. 8 is a block diagram of an encoder circuit 800 according to an
20  alternative embodiment of the present invention, which can be used in
replace of encoder circuit 139 shown in FIG. 2. Encoder circuit 800
includes a symbol-level ECC encoder 802, a multiplexer 804 and a bit-
level encoder 806. Blocks of successive incoming data words 810 are
applied to a first data input of multiplexer 804 for mapping into the data
25  field of a corresponding ECC code word 812 at the output of multiplexer
804. Again, the data field of each ECC code word is divided into a
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plurality of ECC symbols as discussed above. The blocks of successive
data words 810 are also applied to ECC encoder 802, which generates
additional ECC symbols 812 for the ECC field based on the ECC symbols
in the data field. For example, the additional ECC symbols can be

5 generated by applying the ECC symbols in the data field to a polynomial
function. The additional ECC symbols are then applied to a second data
input of multiplexer 804. Multiplexer 804 concatenates successive sets of
the additional ECC symbols 814 into the ECC fields of successive ECC
code words 812.

10 Bit-level encoder 806 receives each ECC code word 812 and
applies similar code constraints as were applied by encoders 140 and 150
in FIG. 2. In one embodiment, encoder 806 is a block encoder which
encodes each ECC symbol in ECC code words 812 into a corresponding
encoded ECC symbol. Again, the code imposes different constraints on

15  different bit positions, based on the relative position of each bit in the
ECC symbol. Since there is a smaller number of bits in each ECC symbol
than in each data word 142 (of FIG. 2), the overall code rate of encoding
circuit 800 is smaller that the overall code rate of encoding circuit 139. In
encoding circuit 139, the majority of the bits of each ECC code word are

20  data bits, which are encoded at a higher rate by bit-level encoder 140.
Only a small number of the bits are encoded at a lower rate on an ECC
symbol basis by encoder 150. Other encoding variations can also be
used in accordance with the present invention.

In summary, one aspect of the present invention relates to a
25 method of encoding data words 142 in which a block 700 of at least one

of the data words 142 is mapped into an error correction code (ECC)
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code word 149, 701. The ECC code word 149, 701 is defined by a
plurality of multiple-bit ECC symbols 301, 302, 311, 312, 321, 322, 331,
332 which are separated by boundaries 303, 313, 323, 333. Bit patterns
(such as those shown in FIGS. 3-1 and 3-2) are constrained from

5  occurring in the ECC code word 149, 701 based on a relative location 304,
306 of the bit patterns to the boundaries 303, 313, 323, 333.

Another aspect of the present invention is directed to an encoder

139 for encoding successive data words into respective, successive code
words. The encoder includes a data word input 142; a lcode word output

10 143; and a first encoder unit 140. The first encoder unit 140 maps each
successive data word received on the data word input 142 into a
respective, successive code word on the code word output 143 according
to a first code. The first code identifies in each code word boundaries
303, 313, 323, 333 between multiple-bit error correction code (ECC)

15 symbols 301, 302, 311, 312, 321, 322, 331, 332 and imposes different code
constraints on bit positions 304 in each code word that are closer to the
boundaries than bit positions 306 in each code word that are farther from
the boundaries 303, 313, 323, 333.

Another aspect of the present invention is directed to a disc drive

20  storage channel 138 which includes a transducer 110 and an encoder 139.
The transducer 110 is capable of communicating with a data storage disc
106. The encoder 139 is coupled to the transducer 110 for encoding data
142 into successive error correction code (ECC) code words 149, 701
formed of multiple-bit ECC symbols 301, 302, 311, 312, 321, 322, 331, 332

25  according to a code. The code constrains bit patterns from occurring in

each ECC code word 149, 701 based on a relative location 304, 306 of the
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bit patterns to boundaries 303, 313, 323, 333 between the multiple-bit
ECC symbols 301, 302, 311, 312, 321, 322, 331, 332. The encoder 139 then
transmits the ECC code words 149, 701 to the transducer 110 as a code
word stream 154.
5 Yet another aspect of the present invention is directed to a disc

drive storage channel 138 which includes a transducer 110 and a decoder
168, 172. The transducer 110 is capable of communicating with a data
storage disc 106. The decoder 168, 172 is coupled to the transducer 110
for receiving a read signal 164 from the transducer 110 and for decoding

10  successive error correction code (ECC) code words 166 represented by
the read signal 164 into successive data words 174 according to a code.
Each ECC code word 166 includes a plurality of multiple-bit ECC
symbols 301, 302, 311, 312, 321, 322, 331, 332, and the code constrains bit
patterns in each ECC code word 166 based on a relative location 304, 306

15 of the bit patterns to boundaries 303, 313, 323, 333 between the multiple-
bit ECC symbols 301, 302, 311, 312, 321, 322, 331, 332.

It is to be understood that even though numerous characteristics
and advantages of various embodiments of the invention have been set
forth in the foregoing description, together with details of the structure

20  and function of various embodiments of the invention, this disclosure is
illustrative only, and changes may be made in detail, especially in
matters of structure and arrangement of parts within the principles of
the present invention to the full extent indicated by the broad general
meaning of the terms in which the appended claims are expressed. For

25  example, the particular elements may vary depending on the particular

application for the channel while maintaining substantially the same
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functionality without departing from the scope and spirit of the present
invention. In addition, although the embodiments described herein are
directed to read and write channels for a disc drive system, it will be
appreciated by those skilled in the art that the teachings of the present
5 invention can be applied to other systems, like communication systems
or other storage systems, without departing from the scope and spirit of
the present invention. Also, the term "coupled" used in the specification
and claims can include a direct connection or a connection through one

or more intermediate components.



8100& ()-: L0% ()-&10% () - Y10%: ()- bEND: 10! 10m Y710%! () - (5% 04 )9003
3F109%& ()-1Y10%&' ()- 90@0%& ()- |.10%& ()- \]~_nw bC

10! 10ML109%VE () - - 910%4VE' () - 10%VE' () - f &10%V& ()-Y 10 10 109F10%& ()- U.naBbC
10! 10nS 109VE ()- 1098V& ()-  109%VE ()- YL09%VB& () - 10%VE ()-!

| 10%mme () - 3ABaBbC 10! 10mt 109%VE: ()-) 9109%VE ()- ' - 109%VE ()-!# %A0%pé& () -
#1090E ()- "109%V& ()-B: dYNC 10! 10m 1OM 10M 10MD10%E ()- F7109E ()-
9010%V& ()-" |.@ 10%v& ()- , 109%& ()-“dEYNC

WHAT IS CLAIMED 1I8S:
1. A method of encoding data words, the method comprising steps of:

(a) mapping a block of at least one of the data words into an error correction
code (ECC) code word which is defined by a plurality of multiple-bit ECC
symbols that are separated by boundaries;

10 (b) identifying the ECC symbol boundaries within each ECC code word; and

(c) constraining bit patterns from occurring in the ECC code word based on a
relative location of the bit patterns to the boundaries, including imposing
different constraints on different bit positions in each ECC code word

15 based on the relative position each bit will have in multiple-bit ECC
symbols.

2. The method of claim 1 wherein:
in step (a), each ECC symbol comprises a plurality of inner bit positions
20 and a plurality of outer bit positions, which are closer to respective ones of
the boundaries than the inner bit positions; and
in step (c), constraining the bit patterns comprises imposing different code
constraints on the outer bit positions than on the inner bit positions to
avoid selected bit patterns, which are allowed in the inner bit positions,
25 from occurring in the outer bit positions.

3. The method of claim 1 wherein step (a) further comprises:

(a)(1) encoding each data word into a data code word according to a code

which constrains the bit patterns from occurring in the data code

30 word based on a location of the bit patterns in the data code word
relative to bit positions in the data code word that correspond to the
boundaries between the multiple-bit ECC symbols; and

(a)(2) mapping a block of at least one of the data code words into a data
field of the ECC code word, which comprises a first set of the ECC

35 symbols.

(a)(3) generating a second set of the ECC symbols, which are separated
by boundaries, as a polynomial function of the first set of ECC
symbols;

(a)(4) constraining the bit patterns from occurring in the second set of

40 ECC symbols based on a relative location of the bit patterns to the
boundaries of the second set of ECC symbols; and

(a)(5) mapping the second set of ECC symbols into an ECC field of the
ECC code word.

45 4. The method of claim 1 wherein;
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5 5. An encoder for encoding successive data words into respective, successive code
words, the encoder comprising;

a data word input;

10 a code word output; and
a first encoder unit which maps each successive data word received on the data
word input into a respective, successive code word on the code word
output according to a first code, wherein the first code identifies in each
code word boundaries between multiple-bit error correction code (ECC)
15 symbols and imposes different code constrains on bit positions in each
code word that are closer to the boundaries than bit positions in each code
word that are farther from the boundaries.

6. The encoder of claim 5 and further comprising:
20
an ECC encoder which receives the successive code words from the first encoder

unit and maps a block of at least one of the code words into a data field of
an ECC code word and concatenates an ECC field onto the data field
based on the data field and a predetermined ECC polynomial function,

25 wherein the ECC code word is defined by a plurality of multiple-bit ECC
symbols within the data field and the ECC field.

7. The encoder of claim 6 and further comprising:
30 a second encoder unit which maps each ECC symbol in the ECC field into an

encoded ECC symbol according to a second code, wherein the second code
identifies boundaries between the encoded ECC symbols in the ECC field
and imposes different code constraints on bit positions in each encoded
35 ECC symbols that are closer to the boundaries in the ECC field than bit
positions that are farther from the boundaries in the ECC field.

8. The encoder of claim 7 wherein the first and second codes prevent selected bit
patterns from occurring in the ECC code word, wherein the selected bit patterns
40 include bit patterns having three consecutive transitions between first and second
binary states with a middle one of the transitions occurring at one of the ECC
symbol boundaries in the ECC code word.

9. A disc drive storage channel comprising:
45
a transducer capable of communicating with a data storage disc; and
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10. A disc drive storage channel comprising:
10
a transducer capable of communicating with a data storage disc; and

decoding means coupled to the transducer for receiving a read signal from the
transducer and for decoding successive error correction code (ECC) code
15 words represented by the read signal into successive data words according
to a code, wherein each ECC code word comprises a plurality of multiple-
bit ECC symbols and the code constrains bit patterns in each ECC code
word based on a relative location of the bit patterns to boundaries between
the multiple-bit ECC symbols.



