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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. In data 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. Bach 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



actuator noves the data head radially over the disc surface for track seek
WD 02/ 01561 PCT/ US01/ 20311 :2 operations and holds the transducer directly
over a desiwggydkack on the disc surface for track foll ik pR8IRt 1 ons. A
dr.ive controller controls the disc drive based on conmands recelved froma
host systemto retrieve information fromthe discs and to store information
on the discs. 5 The drive controller includes various subsystens, such as
a "host interface" for comrunicating with the host system a "servo
subsystent for controlling the actuator, a "wite channel" for recording
data on a storage.nedium and a "read clpannel” for receiving recorded data
from the storage nedium 10 Information is typically stared in concentric
data tracks on the disc surface. The direction of current through the
transducer is opetationsadd holdsithetlansthgerdirectiyl over adesiredhtracloon thee di sc

surface within he sel ect ed ta track. I n one e of coding, _known as
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data track, and Zero s represen y a magnetic

flux reversal f retHeve ifforfagisi fromibadises hd tdstofeformatich@inthedisag dat a
fromthe disc, the servo subsystemcontrols the el ectronechanical actuator

so that the dat Fhesxivercontrellenincludeevarionssubsystems sueh asathostsenses t he

flux reversals stored,n the data.,.trac and generates a read sigpal based
on those fl ux r%féﬁ? f&ﬁ?%&“&ﬁ&ﬁﬁiﬁ%ﬁ%%ﬁ f@@r‘?&‘%ﬁ%ﬂgd and then
decoded by the pgag eta&da&ﬁpa%té&lﬁnﬁaﬁfoﬁ%m%nﬁﬂoﬂx the tlux
reversals. A typical read channel "includes autonmatic galn control
circuitry, a | owstqragemediungrandar read tieapnely for receiving recorded data from
the storage medium.
10 Information is typically 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 selected data track. In ore type of coding, known as non-return-to-
zero-inverse (NRZI) coding, a digital “one” is represented by a magnetic

15 flux reversal from one magnetic domain to the next in the data track, and
a digital “zero” is represented by a lack of a magnetic flux reversal from
one magnetic domain to the next.

In retrieving data from the disc,' the servo subsystem controls the

electromechanical actuator so that the data head flies over the desired

20 data track, senses the flux reversals stored in the data tx'a;:k, and
generates 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.



25 digital converter or sanpler, a sequence detector and a decoder. WO

02/ 01561 PCT/US01/20311 -3 A Viterbi detector has been used in the past
for the sgBWedisgr detector in the read channel. The Vit gepiyssi@losigt or acts
as a maxi mum |ikelihood (M) sequence detector when the Input to the
detector consists of a signal plus additive white, Gaussian noise, and
when a 5 typical branch netric (the square of the error in the signa
provided to the detector) is used. The detected bit sequence is then
passed to the decoder for decoding into the original user data. Al
channel s, including disc drive storage.ghannels, introduce -noise into the
signals they convey. To detect and sonetines correct 10 signal errors

caused by channel noise, a | arge nunber of .coding techni ques have been
devel oped. These cédVﬁgrhldematoqdesbeﬂnmdtmdhepastdatﬁlaﬂeqwceor med of a

nunber of dat J word ol ] nmber of . code bits.
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fromthe chanmahs:sfﬁltifa&‘@taiiph:sraﬁlduﬂ)ve)ﬁrhitb,ﬁmmhnrnoﬁe,md!WMata bi ts to t he
nunber of code bits, IL.s, known as_the code rate of the code.
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each additi on&j_ecbdérﬁddgebghﬁ hﬁemgﬁgﬁmﬁma@ﬁses the tinme and energy
needed to transmt the si gna% throug?s t he channel. Several types of code
const raints have b ¢ drive storage channels, introdtice
noise into the signals they convey. To detect and sometimes correct
10  signal errors caused by channel noise, a large number of coding
techniques have been developed. These coding techniques convert user

data words formed of a number of data bits into code words formed ofa -

number of code bits. Coding constraints imposed in the code words can
be designed to avoid bit sequences that are prone to generating error

15 eventsand can permit the detection and sometimes the correction of
exrors in the signals received from the channel.

The average ratio of the number of user data bits to the number of
code bits, m/n, is known as the code rate of the code. In general, the
ability to detect and correct errors in a received channel may be

20 increased as the code rate decreases because a lower code rate means a
greater amount of redundant information in the code word. However,
each additional bit added by the encoder increases the time and energy
needed to 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



25 exanple, in a disc drive, the rotational speed of the spindle notor that
rotates the magnetic nedia varies over tine. This results in non-uniformWO
02/ 01561 P 0311 -4 time intervals between read fage

pul ses. A §ﬁg§§&%d%ked |l oop (PLL) is used to lock the p ase gﬁ%ﬁirequency
of the read timng clock to the phase and frequency of the read signal

vol tage pul ses. To ensure that the PLL is updated regularly, a code can be
used that limts the 5 nunber of consecutive "zeros" in the read signal to
no greater than a maxi mum nunber "k". This kind of code is known as a
run-length- limted (RLL) code with a "k'j_constraint. The smaller val ue of
"k", the better the performance of the L. However, the smaller the val ue
of "k", the nore difficult the code becones to inplenent. 10 The code nmay

also linmt the m@&ﬁmﬁls%mweaaﬁgn@mﬂfagépuﬁes Aphaselbchéd lodpr eam t o
limt the effects of inter-synbol interference, which occurs when
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codes w't
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“K”, the more difficult the code becomes to implement.

10 The code may also limit the number of consecutive "ones" in an
encoded bit stream to limit the effects of inter-symbol interference, which
occuts when consecutive transitions in the transmitted signal interfere
with each other. Such codes are known as maximum transition run
(MTR) codes with a “j” constraint, where “j” is the maximum number of -

15 consecutive transitions allowed in the channel signal. For example, to
avoid three or mote consecutive transjtions, codes with an MTR
constraint j = 2 can be designed. Although MTR codes reduce inter-
syﬁbol 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 (E(l:Cs). 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



having a data field and an ECC field. The bl ock of data is mapped into 25
the data field, which is divided into a nunber of mul tiple-bit ECC

synbol s. {BR2Bsk sSynbols in the data field are applied ;g.r,%s ?lﬁlom al WO
02/ 01561 PCT/USOLl/ 20311 -5 function, which generates addi t1ona

mul tiple-bit ECC synbols called "parity bits" that formthe ECC field. The
nunber of additional ECC synbols that are concatenated to the data field
det erm nes the nunber of ECC synbols in the ECC code word that can be
corrected. For exanmple, 5 with a Reed-Sol onon type of ECC, two additional ~
ECC synbols are required to correct ong synbol in the ECC code word. An
ECC code word having 24 additional ECC synbols concatenated in the ECC
field would have the ability to correct error events in up to 12 synbols

in the ECC cdusction, whidDgeneraiecadditivnel, nidtipleshit BEEsymbalsealledad channel
to detect and,k cqrr rrors ode Eor e ynbol -in the
recei ved ECC“PB’&B'%@% 6%%@ gmnPﬂ‘igEBfﬁgM@ynbol in the
transmtted Eg?ﬁ%%‘%ﬁ Pﬁe%%gd BRAES ﬁg%ﬂgé&ﬂﬁﬁ, Iﬁ%mf synbol
based on the other sy %ﬂ%s I'n the recel ve&aco e wor g%lg‘?et e 15 pol ynom al

function that BEG symbdlstin tieBECabde Wordahal danbexbreytedo Fer exatiplep t hese

codi ng techni ques are effective in _avoiding gertai errpor. events and
provi di ng & mo¥ith aReedSel 9@9’2‘9&@?&@@ ‘@“ﬁlﬁ;ﬁsylﬁ BRALe they are

the code and CRCRERefePptt %mﬁ%"ﬁng ﬁﬁﬁﬁP v, BABOCR | venti on
addr esses t hesgollhvehd24 addmionalECCayhbols consatehited in dyBOCERRS over the
prior art. WO 02/01561 PCT/ USO1/ 20311
would have the ability to correct error events in up to 12 symbols in the
ECC code word.
10 - AnECC decoder is then used in the read channel to detect and
correct errors in the ECC code words. For each symbol in the received
ECC code word that does not match the corresponding symbol in the
transmitted BCC code word, the BCC decodet determines the correct
symbol based on the other symbols in the received code word and the
15 polynomial function that was used to generate the additional symbols.
While these coding techniques are effective in avoiding certain
error events and providing a means for correcting most remaining error
events, they are difficult to implement with high code rates. This limits
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.



SUMMARY COF THE | NTENTI ON One aspect of the present invention relates to a
nmet hod of ‘-encoding data words ‘in which a block of at | east one of the dat a

words is into an error correction code (ECC) cod ﬁg %nmh

cade 5 wor |§§®g]ined by a plurality of nultiple-bit Ecgcﬁgf %?’ ich are
separated by boundaries. Bit patterns are constrained fromoccurring in

the BCC code word based on a relative |ocation of the bit patterns to the
boundari es. Another aspect of the present invention is directed to an
encoder 10 for encodi ng successive data words into respective, successive
code words. The encoder includes a dataéMord I nput; a code word out put;
and a first encoder unit. The first enco unit maps each successive data
word received on the data word input into a respective, successive code

word on the code word out put SUNMMARYODE THE INVENTIONe. The first 15 code
boundaries b

identifies in each code word etween nultiple error

correcti on code (Emmdmrmmﬂpnr@@ﬁtoesw@%%t rai nts-on

bit positions in e t hat, a than bi t
positions in ealf %‘ﬁﬂﬁ ‘H‘”f‘“?a’f‘ peh gf‘l‘%é’?aﬁe%%%f\ﬁg?g% a?vfog(gsg Anot her
aspect of the pr ihfa/ﬁﬂéﬁmdxnfecﬁbﬁesd cBdélverd IThy BGC2Qdst or agé
channel which inc es a transducer and aér?@gr%oder. The transducer is

capabl e of conmwordds defined bya plutality of moultipte-bit BEC symbolswbisharei s coupl ed
to the transducer for ncod| ng dat i nto successi Ve d rror correctlon code

(ECC) cotle wor d$ep@a Yo‘?o BP‘ite@E:@ a code.
The code constr g pg Cﬁo %&rﬁ(géﬁﬁ]&?g}@%%ﬁﬂéﬁdx{&twgﬁ?%mﬁ@%‘El?éje wor d

based on a relative ca i on atterns to ndari es between the
mul tiple-bit EChounmdhaéss. The WO 02/01561 PCT/ USO01/ 20311

Another aspect of the present invention is directed to an encoder

10 for encoding successive data words into respective, successive code
wotds. The encoder includes a data word input; a code word output;
and a first encoder unit. The first encoder unit 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. The first

15  code identifies in each code word boundaries between multiple-bit error
correction code (ECC) symbols and imposes different code constraints-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.

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

20 storage channél which includes a transducer and an encoder. The
transducer is capablé of communicating with a data storage disc. The
encoder is coupled to the transducer for encoding data into successive
error correction code (ECC) ccl>de words formed of multiple-bit ECC
symbols according to a code. The code constrains bit patterns 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



-7 encoder then transmts the ECC code words to the transducer as a code:
word stream Yet another aspect of the present invention is directed to a
disc driweogb@ende channel which includes a transducer papgs@rgngoder. The
5 transducer is capable of communicating with a data storage disc. The
decoder is coupled to the transducer for receiving a read signal fromthe’
transducer and for decodi ng successive error correction code (ECC) code
wor ds represented by the read signal into successive data words according
to a code. Each ECC code word includes a plurality of io multiple-bit ECC*
synbol s, and the tode constrains bit pafterns in each ECC code word based
on a reI ative location of the bit patterns to boundaries between the
mul ti pl e-bit ECC synbols. 'BRIEF DESCRI PTION OF THE DRAWNGS FIG 1 is a
per spective vieagodgr the@branmr#éﬂleﬁ%ﬂ@deu@p@wsﬂ@tmn@ucqas preedent

I nvention may be pract ced. FIG 2 is a block diagramof a data storage
channel withi St drive shown in FIG 1, according to one enbodi ment
of the present inwRphhsther &d of3hd pAddentinveritich didc@Mo\Wdish i1l ustrate
portions of BCC 20 code words that gont ain illegal NRZ bit patterns, which
are avoi ded b;dﬁmﬁmﬂgeshan&lddﬁdnﬁmhdesadrmadu@andwdgedahéﬂwel shown in
rang which_ illustrate ns of ECC

El)(cjie ﬁorglscs;'?hatf“@éﬁgeg“gc%ﬁe?iéj EF&%@%N@@%@% Fear ?%‘1"% ¥ch are
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transducer and for decoding successive error correction code (ECC) code

()

words represented by the read signal into successive data words
according to a code. Bach ECC code word includes a plurality of
10  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.
BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a perspective view of disc drive in which aspects of the
15 present invention may be practiced.

FIG. 2 is a block diagram of a data storage channel within the disc
drive shown in FIG. 1, according to one embodiment of the present
invention. |

FIGS. 3-1 and 3-2 are diagrams which illustrate portions of ECC

20 code words that contain illegal NRZ bit patterns, which are avoided by
encoders and decoders used in the storage channel shown in FIG. 2.

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
allowed by an encoder and a decoder used in the storage channel shown

25 inFIG.2
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.8_ FIG 4 is a graph which plots a corrected bit error rate as a function
of an event. error rate for codéd and uncoded channel s having concatenated
ECC codes. |s a diagram which illustrates an enc ess 5
per f or med b‘gbﬁl?l rst, bit level encoder shown in FIG 2, @ggfct%?gf"gg to one
eribodi nent of the present invention. FIG 6 is a flow chart illustrati ng a
process perfornmed by an ECC encoder and a second bit |evel encoder shown
in FIG 2, according to one exanple of the present invention. 10 FIG 7 is
a-diagramillustrating the data flow through the ECC encoder and the bit

| evel encoder shown in FIG 2. FIG 8 isga block diagramof an encoder
circuit according to an alternative enbodi nent of the present invention.
DETAI LED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENT'S 15 FIG 1l is a
perspective view of FGlidsis agraptewhith plotsattordectel bit qrrazgretetasianvent i on i s
useful. Disc drive. 100 includes a hou5| ng wth a b&l e‘i and a top cover
(not shown). Di mm&m@mfﬁﬁﬁ@@'&lm& ﬁﬁ?ﬁ‘ VIhich i s
nount ed on a spindl e M hown), by a disc clanmp 108. 'Disc pack 106
i ncl udes a pl ursz"f‘?a)?u I ?\?C?’gﬁéil di scs, 20 which are nounted for

co-rotation about cemiEd isadisgraf)whitdcillustrates ad endoddsg &N associ at ed
di sc head slider 110 which is nmounted to disc drive 100 for comruni cati on

with the disd spetfacmed by afiret, bitdeys! encosdesghown irFIG. 2) accordingtaong o are

supported by suspensj,ons which .are.in turn attached to track accessing
arns 114 of an f&%?“ﬁ%éﬁe?ﬁe%ngﬁ%or shown in FIG1 is of the type

known as a rotary no i BOC MOt or
(VOM . shown gener al %@%ﬁ%ﬂow%ﬁ@&a&@apﬁfd&b%&nww

encoder and a second bit-level encoder shown in FIG. 2, according to one

example of the present invention.
10 FIG. 7 is a diagram illustrating the data flow through the ECC
encoder and the bit level encoder shown in FIG. 2.
FIG. 8 is a block diagram of an encoder citcuit according to an
alternative embodiment of the present invention.
DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
15 FIG. 1 is a perspective view of a disc drive 100 in which the

present invention is useful. Disc drive 100 includes a housing witha
base 102 and a top cover (not shown). Disc drive 100 further includes a
disc pack 106, which is mounted on a spindle motor (not shown), by a
disc clamp 108. Disc pack 106 includes a plurality of individual discs,

20  which are mounted for co-rotation about central axis 109. Each disc
surface has an associated disc head slider 110 which is mounted to disc
drive 100 for communication with the disc surface. In the example
shown in FIG. 1, sliders 110 are supported by suspensions 112 which are
in turn attached to track accessing arms 114 of an actuator 116. The

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.



WO 02/ 01561 PCT/US01/20311 -9 Voice coil notor 118 rotates actuator, 116
with its attached heads 110 about a pivot shaft- 120 to position -heads 110
over a degphgtsgata track along an arcuate path 122 bepue &nﬁ¥%§sc inner

di aneter 124 and a disc outer dianeter 126. Vol pe coil is driven
by servo electronics 5 located in internal circuitry 128 based on signals ’
generated by heads 110 and a host conputer (not shown). Wite circuitry
within internal circuitry 128 encodes the data to be stored into
successi ve code words, which are then precoded into a non return
to-zero-inverse (NRZI) format (or, altegnatively, an NRZ format) 10 and
nodul at'ed to forma serial analog wite signal. The wite transducer on
head 110 encodes magnhetic flux reversals within a nagnetic |ayer on the

di sc surface B&wmmﬂ&m@smmrﬁﬂgmﬂutsMOhedheadsilmaer ations, the

read transduce 0 nses Ih netic qux reversals and
genera{ eg a tséf’f”é{' éﬁﬁ? °d?°§ﬁ¥9 ?lgomaa zﬂi‘t%ffg t|st |
converted in [ lfétgz@ 0s.det ector an
decoder ci rcu?%(?lf thin |nt erna rcuffé&ﬁﬁ%%(ﬁa{r%{e%\r{lggggg d"‘gecover ed

data signal . Ehﬁrdiameteal% OVbicel coilifrivtorf18ds deiven bl iséfd deigaidscat i on
system 138 used g h the present invention, For the disc drive of FIG 1,

20 conmmuni éat {# %mmcglmbﬂ’?é@%@mﬁémm@éblma@m i nt er nal

logic in ci rc ﬁg@g[ﬂ#l syst em 138 i ncludes an encoder
circuit 139, | cah Phel m es [ rs | evel encoder 140, a synbol |evel

Error Correction %(cﬁ@@&;ﬁﬂﬂﬂﬂ%téﬁéldﬁuﬁ&ﬂﬁ@é%ﬁésﬁﬂe&ie&&@oﬁe second

bit | evel encoder 150. Bit l'evel encoder 140 Teceives successive 25 data

wor ds 142 and stredinse sueresgivie cadeswordsgwhichwre dben pregoded inte ainve-
return-to-zero-inverse (NRZI) format (or, alternatively, an NRZ format)

10 and modulated to form a serial analog write signal. The write

- transducer on head 110 encodes magnetic flux reversals within a
magnetic layer on the disc surface based on the analog write signal. -
During read operations, the read transducer in head 110 senses the
magnetic flux reversals and generates a serial analog read signal. The

15  analog read signal is converted into a serial digital signal, which is
provided to detector and decoder circuitry within internal c1rcu1try 128
to produce a recovered data signal.

FIG. 2 is a block diagram of a generalized communication system
138 used with the present invention. For the disc drive of FIG.1,

20 communication system 138 is formed by head 110, disc 106, and internal
logic in circuitry 128. Communication system 138 includes an encoder
circuit 139, which includes a first bit-level encoder 140, a symbol-level
Error Correction Code (ECC) encoder 144, a multiplexer 148 and a
second bit-level encoder 150. Bit-level encoder 140 receives successive

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




data code words 143 according to a code. Each data word 142 can WD 02101561
PCT/ USQOL1/ 20311 -10 include any nunber of bits. The greater the nunber of
bits, the the code rate that can be achi eved by paRefI03H40. The
code const%glsﬁis’ ?lhe successi ve data code words 143 on a bit Ie\%lljl to avoid
code words with bit patterns that are known to cause certain comon error
events in 5 channel 160. For exanple, the code can include a Run Length
Limted (RLL) code with a "k" constraint. The "k" constraint limts the
nunber of consecutive zeros in the read signal to no greater than a

maxi mum nunber "k". The code can also lggnit the nunber of consecutive ones
in to an encoded bit streamto limt the effects of inter-synbol
interference, which occurs when consecutive transitions in the transmtted
signal int erferi@cludé Snenainbet dfcbits. Fhe igreatetcthe aumben ofibitz hagreatenm

transition run (MR) codes with a 'r onstr nt " is .the maxi num
number of consed’hﬁ mt%’qhgt@arvdqesacmelv ‘i@ié‘l@m‘gﬁ’ﬁ]@de}s‘i"mmaher i s
types of codes g”ﬁg epl ace of
t he code types %ﬁ%?‘?cgﬁséﬁ'eea%agg &E\‘&&g{ﬁeﬂég odi nen %lttgescrl og'g“rdril‘démre det ai |

bel ow, the code vﬁ@Bﬁ?&ﬁéﬁfsﬁ%ﬂékﬁ@d@ﬁ% aduisk setsindofrimsreatrobéventsinsi t i ons
I n each data code word 142, based on the relative position each bit wll

have in nul tispl ehhnnel 260 synbol s. This requires the code 20 inplenented by
encoder 140 to identj oundar i;es code wor d
143. Encoder 140 canbpﬁ 'afﬂbF?)ﬁcaé‘r’ngng? #%%P%B’AEEWM@%&? |)ven and
al | code words "idde g &%*%Bf&&éin&fn@awé&s&mmnﬁmmrbhat cause

comon error events ncoder 140 can be inplenmented with
consecutive zeros in the read signal to no greater than a maximum

number “k”. The code can also limit the number of consecutive ones in
"10  anencoded bit stream to limit the effects of inter-symbol interference,
which occurs when consecutive transitions in the transmitted signal
interfere with each other. Such codes are known as maximum transition
run (MTR) codes with a “j” constraint, where “j” is the maximum
number of consecutive transitions allowed in the channel signal. Other
15  types of codes can be used by encoder 140 in addition to or in replace of
the code types mentioned above. In one embodiment described in more
detail below, the code imposes different constraints on different bit
positions in each data code word 142, based on the relative position each
bit will have in multiple-bit ECC symbols. This requires the code
20  implemented by encoder 140 to identify ECC symbol boundaries within
each data code word 143.
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
c:cmse common error events. Encoder 140 can be implemented with

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



25 conbinational logic or in software with a | ook-up table for nmaking the
WO 02/ 01561 PCTI USO01/ 20311 11 conversion between each user data word and
its correwpesgdiseg code word. O her hardware and softvvai,e,r' Ilzggggnt ations
can al so be used. The successive data code words 143 generated by encoder
140 are provided to one input of nultiplexer 148 and to ECC encoder 144,
which 5 together encode successive blocks (or sectors) of the data code
words 143 into successive ECC code words (al so known as ECC bl ocks or
sectors) 149 at the output of multiplexer 148. Each ECC code word 149
includes a data field and an ECC fi el dgg-whi ch are each forned of one or
nore nmultiple-bit ECC synmbols. Miltiplexer 148 maps each bl ock of data
code io words 143 into the data field of a correspondi ng ECC code word 149
to form one clonvewstord@twesnpadhsuser tatawotdanthitacdirespondirigRodacoder 144

dTbo s 1t e OB PR AB4 SRMere IplememiAtions Gan ABebesfbol < can be
geneat o a0y ity e oo V100
ot wor . Tor axamml e e Sl
synbol s for eée&etﬁg%éﬁmswlgsl%rsmhef@edmmsmy type of
ccodes the aditabscalvl B Bodli i BRRRAoRT ag IO bl pr SERRET °°

constraints ag49et thexpputof maltiplbdr 148l EROREC tdde Word $0TRERIGed 40 Agai n,

t he code i nposes gi fferent_constraints on different bit positions, based

on the rel at i Ve@geldangaroBCeield, yhich are each formed of one or more
multiple-bit ECC symbols. Multiplexer 148 maps each block of data code

10  words 143 into the data field of a corresponding ECC code word 149 to -
form one or more ECC symbols within the data field.
ECC encoder 144 generates additional ECC symbols 152 for the
ECC field based on the ECC symbols in the data field. For example, the

additional ECC symbols can be generated by applying the ECC symbols ‘
15 inthe data field to a polynomial function. The number of additional
ECC symbols concatenated in the ECC field determines the total number
of correctable BCC 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




25 ECC synbol. In one enbodi nent, each ECC synbol is encoded into a
correspondi-ng encoded ECC synbol 146. Since there is a smaller WO 02101561

PCT/ USCt/ 2 -12 nunber of bits in each additional E 52 than
i n each dasgaaz\/\%lrsé 142, the code rate of bit |evel encoge?ﬁ@ﬂ%%ﬁsnal | er

that the code rate of bit |evel encoder 140. In an alternative enbodi nent,
a plurality of additional ECC synbols are encoded together into a
correspondi ng code 5 word.  The resulting encoded ECC synbols 146 are then
pr-ovided to the other input of nultiplexer 148. Miltiplexer 148 maps each
bl ock of data code words 143 into the dgja 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 i o corresponding ECC code word 149 by tinme

mul ti pl exi ng t hewiniti o bité in ddok atditiitional BRErsymBoht32 thiu iicéathadatand met hods
can be used to concatenate the encoded additional ECC synbols 146 to the

data field of avedlddsthesadeptectbitlayel eraoden1ps is small tithegede

enbodi ments. Parall el -t.0-seri verter Jeceal v } ve ECC
Coda 15 wor do TS O iIgLsRooler 148 B s il e R AURRET S
representation g@%ﬂﬁs @nésde EHRBY 1 QE@%’?&. dydeduce a
serial stream Qfaaagig(i:ﬁgode rd béir'?s 154é.dad‘cr)§ansmﬁt&?er./pr cogg% 156 receives
the serial codevewl Thetressdting vcoded EEXhalinnbals $46 dre thaypravidedsto theat it i s

optimzed for t t, ge %T éi]g& ctog%gused to recover the signal fromthe
channel . 20 Tra HHRRG of e “produces an encoded wite signal 158,

Lt 15 Pl oen e, P prd AR R L S B 1
in head 110. Thelata field of a corresponding ECC code word 149 and maps a respective
set of additional encoded ECC symbols 146 into the ECC field of the
10 corresponding ECC code word 149 by time-multiplexing the inputs of
the multiplexer. Other structures and methods canbeusedto
concatenate the encoded additional ECC symbols 146 to the data field of
a corresponding ECC code word 149 in alternative embodiments,
Paraflel-to-serial converter 155 receives the successive ECC code

15 words 149, converts each ECC code word 149 into a serial representation

and concatenates the serial representations to produce a serifal stream of
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



encoded wite signal is stored on the disc surface by the wite 25
transducer. During a read operation, the read transducer reads the stored,
encoded iypesamki on fromthe disc surface and conveys th %%8156'1

PCT/ USOL/ 20311 -13 encoded information to receiver/det ect or as a read
signal 164. Receiver/ detector 162 anplifies and filters read signal 164,
and then recovers the encoded information fromthe read signal using one
of several known detection methods. For instance, receiver/ detector 162 5
may use a Viterbi detector, Decision Feedback Equalization (DFE),

Fi xed-Del ay Tree Search with Decisi on Hgedback (FDTS/ DF) or Reduced St ate
Sequence detection (RSSE). After detecting and anplifying the signal from
channel 160, receiver/detector 162 produces a recovered sequence of code
word bits 165 enmdedmﬁmmaphm\/hmecmv@'/detec’@lrlﬁamrmdsagnal|164converter 163.

conver (5 1 Fir%eew'e Bilefral oA e8 ShA ere epasignal o4 ane dhen f“giﬂét?‘”d
convert !
the. ongt hs” of KRS HAE ‘BoeRfqich 08 oY s%ﬁ%ﬁcoﬁﬁ&%ﬁfp” "9

Seri al -t 0- par abveral kmowr detsctionh sndtheds. For finstandelweceivertduedtorclé recover ed
ECC code words 166 in paraI | el fornat tog@é:(: decoder and correctlon
circuit 168.. Teay usga Viterhi detestarnReqisipn Fepdback Hom HH) es used by

encoder 150 ¢ SRRy ite %%%W@a&@%sy@?sﬁ@w&azt vord’
166 and the p@iateSeiwdnce detiction (RSGE). After Qefecting afldaniplityingeher m nes

whet her any of the ECC synbols contains an error. As |ong as_the nunber of
ECC synbol s c&ignal fromychannel 16§ recgiver/ detector 162 produces a recovered

sequence of code word bits 165, which are provided to serial-to-parallel
10 converter 163. _
Serial-~to-parallel converter 163 groups the bits into ECC code
words and converts the ECC code words from a serial format to a

paralle]l format. Successively recovered ECC code words 166 have .
lengths corresponding to the lengths of the ECC code words generated

15 by encoder 139. Serial-to-parallel converter 163 then outputs the
successively recowirered ECC code words 166 in parallel format to ECC
decoder and correction circuit 168. .Circuit 168 uses thé inverse of the
coding rules used by encoder 150 to decode the additional ECC symbols
in the BCC 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 greatef 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



not greater than the maxi mum nunber of synbols that can be corrected by
circuit 168, the original transmtted ECC synbols are recovered. 25 The
data field | stripped fromthe recovered ECC code W@é§h ecover

t he orlglné# % cElof dat a .code words 170, which is then 03%%?

PCT/ USOL/ 20311 -14 provided to decoder 172. Bit |evel decoder 172 uses t he
I nverse of the coding rules used by encoder 140 to decode the successive
data code words 170 into respective data words 174. As nentioned above,
bi't-1 evel encoders 140 and 150 provide 5 unequal error protection for
different bit locations in each BCC symhgi. In one enbodi nent, nore error
protection is provided to bit |ocations near the ECC synbol boundaries
than to the bit | ocations near the mddle of each ECC synbol. This is done

by appl yi ng one pteﬁdeﬂwdd@deemmmia-levbbdécodeﬂﬁzmﬂmmiaérsebfﬂiat i ons of
each ECC synbol and angther to set_of code cqgnstraints, to the i nner" bit

| ocations of eacRdingzuieshised by enpoder 44 tq dﬁ%ﬁ@?@&%?w agai nst
error events th - qr . e ability of ECC decoder and
correction ci rcﬁ%’?}@égoru %%E%%‘%:E{W &?géfs{é%he code used by encoders 140
and 150 provides gr e@s@hentitredbble bitlgaélvatodirs MdPBarid 80 mpaideECC synbol
boundaries than errors is that do not span ECC synbol boundaries., Error

events that sSparmreqgaal eryorpsptactiom fradifferenthiblacationsdnese BCK symbobonsecut i ve

El?gb:)r/mc))?l SE'(:CBysI?%g;egl‘bng thetie rrul tiple-s nbol es{ggr1 !eé%g@gg%otg‘ge t ot al

reduced, and thghegen@c b%odﬂdéﬁbé&ﬁﬂ@oﬂi@&ﬂdc&ﬁéﬂstnéﬁﬁl&an recover
all ECC synbols 20 in a given ECC code word. Also, by allowi ng certain bit

patterns to occuniddbe ofrench BQsyminlt This is done by applymg one set of code
constraints to the "outer" bit locations of each ECC symbol and another

10 set of code constraints to the "inner" bit locations of each ECC symbol.

This provides greater protection against exrror events that have
greater impact on the ability of ECC decoder and correction circuit 168 to
correct errors, The code used by encoders 140 and 150 provides greater
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 etrors in two consecutive ECC symbols. By
avoiding these muitiple-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.



positions of each ECC synmbol that are not allowed in the "outer” bit-
positions, a relatively high code rate can be n®intai ned, since only the
bit pattwonestf ecti ng the ECC synbol boundaries are CP@E%&ﬁhﬂﬁg- Thus, a
25 greater nunmber of the total possible nunber of bit patterns can be used
WO 02/ 01561 PCT/ US01/ 20311 Wth magnetic recordi ng channels, the nost
likely error events are one-bit and three-bit error events. A one bit error
event will always result in a one-bit BCC synbol error. A three-bit error
event can result in two ECC synmbol errors if it spans an ECC synbol :
boundary. In one 5 enbodinent, encoder g5140 and 150 use a boundary MIR code
for renoving "tri-bit" error events at the ECC synbol boundaries. The code

elimnates two NRZ patterns (or one NRZI pattern) that results in a td- bit
with the nmiddte tr mmeaﬁrqcnedxggdwwﬁe; eﬁpeszemsl and 3-2

are di agrans LIl ust.r at ort| E e} code that contain
i 11egal NRZ bvg?é@?‘t’g?ﬁ'?é%ﬁe? 8CC§?"‘ 838?"3 Waxa 150. As
ment i oned abovgsulerd o bit m@gmﬁd Eﬂgﬁg{,&{ﬁ

mul tiple-bit ECC synbols that are concatenat ed wth one gir}g%( Min t he
data and ECC ftimelSC symbb] @rom-iflit spi® andEECwpmbol Béindarg) rdene 10 bit ECC

synbol s 301 and ,30 th ch have is a_ boundar 303 bet ween
them Each?® EM@P@%&@M Mk 914?( "outer" bit
posi tions 304 ,aRdv 'tﬁrblﬁ’% tEEtF :;m{ag?li% 6 whi ch
may overlap one anotther. The patter gfﬁﬂ%ﬁ%y a a‘? "outer"

boundary bit MMﬂMomWomhﬂamQﬂm@ésm@maQﬂl er
boundary bit %su ﬁ&s of _ECC 20 synbol 302 results in three transitions,

with the m ddl middle tnsition ot sheECCaymbol haundaryo3. 1n FIG 3 2,. ECC
code word 310 incl %&F&%%@'&ﬁ&&m%ﬁﬁﬁﬁﬁ@&&n%@%ﬁccm ch have a

boundary 313
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 ovetlap 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




between them Simlar to the pattern shown in FIG 3-1, the NRZ pattern
"1010" results in three transitions, with the mddle transition occurring

at 25 the ry 313 between the two ECC synbols 311 a ese bit
il Wikl

WO 02/ 01561 /20311 -16 patterns are avoi ded 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 diagrans which illustrate
portions of ECC code words that contain‘some of the | egal NRZ bit
patterns, which are s not avoided by encoders 140 and 150. In FIG 3-3,
ECC code word 320 includes BCC synbols 321 and 322, anobng others, which
have a boundary 323 between them Although the NRZ pattern "10100" results
in three transitions, the mddle transition does not occur at the boundary

313, wi thin "outipittert dre ROSided dfendéters 140 drd1503n 4he oukert boendaydi830 10
i ncl udes BCC synbols 331 and 332, ampng others, which have a boundary 333
bet ween them Sipesitions 864 thws arealiowed intbelinner” bitgositions 30e.ne NRZ patt ern

"00101" lts int bt but t ' I | Lol d t
oceur at ' the boundar 1G5 HEEEA Arerithe WAEHGrse oA dART00C%, 50
Elimnating the d&ﬁé%ﬁﬂ&@@&hﬁ&oﬂéﬁ-métegamﬁz%iﬁpa&éms,%eﬁefes 140 and

150 and i nposing the correspondi ng constraints on decoders 168 and 172,
renove the two pedsivbidedbyienbddersi4band:158n s FiG. 3B ECCHmIgwbrd 32boundari es

oy Lo 0or S SRS Ml s ol S AR ST symoel
O e et
bit error rate [nolebittans¥ionahe hiiddledransitionzdoes hot occanaii€boundary
313, within "outer" bit positions 304. In FIG. 34, ECC code word 330
10 includes BECC 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 middie
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 exrror 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



synbol. MIR codes that elimnate all td -bit error events have the 25

di sadvantage of a large code rate penalty, since a |arge nunber of code
bits nustwbezeeed to avoid all bit patterns that result tﬂwﬁnb&hlb't I n
t he WO 02/ 01561 PCT/ US01/ 20311 -17 above-enbodi nent of e present

I nvention, an efficient conpromse is achieved by avoiding all tri bit
error events at the BCC synbol boundaries, but not the remaining tri-bit
error events. Since the renmining tri-bit error events are limted to a
single ECC synbol, there is 5 a greater likelihood that these error events
w || be correctable by the ECC decodery. Avoi dance of these errors -by an
MIR code on the bit level is not necessary. The MIR code constraints can
therefore be relaxed, resulting in a higher achievable code rate. As an
exanpl e, assumbovéambotliimen of the plestmbinventidri, &n effjcidritcomyontide)is W - bi t

errors. Assune }hat  ECC engode forms 10-bit synbols _and ECC decoder
168 has t he céﬁér‘@f’ @EY &%éﬁhﬂ'&tt%mf?’ﬂlﬁaé G symbobach ECC code
word. Wth nopead §D1%ﬁg}[\1%&fl n FIG 2), it
takes 7 error even (%ugﬁ&%gg&co e rd #o exceé[g:s ?ﬂﬁ% capability. If

the 7 error ev&nbhmgm-bﬁwfm&eﬁ@amﬁﬁédb@hsﬁ%é@m@@&ﬂboﬂﬂmszﬁ ECC

synbols will have errors, which exceeds the 12 CC synbol error capacity.
| f one par Ptya@?amghh@éwmhaﬂbesmw@wﬂbem@byﬂmmcems in an

(o oh avor os eFeey ESRatRe ok maRRRE b NN bl e letell o Do 1

it takes 13 emophedd&itys The MIR Esde cottiaRAS caDihdrdfSreCRReline ECC
capability. FIG 4 is a graph which plots the corrected b|t error rate on
Y-axis resulting in a higher achievable code rate. :

As an example, assume that channel 160 (shown in FIG. 2) has

10  only tri-bit errors. Assume that ECC encoder 144 forms 10-bit symbols
and BECC 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 -

15 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 BCC

20 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

25  (sectors) divided by the number of bits read. Line 402 represents the
corrected bit error rate for the uncoded example, and line 403 represents




400 as a function of the event error rate on X-axis 401 for coded and
uncoded channel s havi ng concatenated ECC codes. The corrected bit error

rate isth f the nunber of uncorrectable ECC cod

(sectors) ﬁWéﬁggﬁﬁﬁy t he nunber of bits read. Line 402 rgbresents t he
corrected bit error rate for the encoded exanple, and |ine 403 represents
WO 02101561 PCT/1JS01120311 -18 the corrected bit error rate for the
boundary MIR coded exanpl e. The boundary MIR coded exanple clearly has

| ess uncorrectable ECC code words than the uncoded exanple. FIG 5 is a
diagram which illustrates the encoding_ﬁ ocess 5 perforned by encoder 140,
according to one enbodi nent of the presen I nvention. At step 500, encoder
140 receives successive m-bit data words for encoding. At step 501,

encoder 140 nMapsheasftestid bRelor fatéforthé bedhdary MITR codédeamislepThé i ve,
successive n -bit code word accordln? to a code. The code identifies in
| &

each code word dlestrly hasdess ompayzedghlp BICE ¢addet wi | | be
E R L T A e R
E0C boundari o, Al stan S5 SarAngaRia ARSaE b R o 5 Code wor ds
to ECC encoder Ipefforirediiy@ncodersi4l, dccandinghtar dnei dohbrstiment ofghe prespnocess
mvent i on. At Sregrsy, AtsteD s e 1 eonien Bscerosh SRR G aot o
Gata words 1o CHECEng: B Bbf ot Heodeh huPRaRTEIch HcBiBe nEBI B D DT %20
divided into a pibfdintd i réfpettivd, sublcesshietn-biCtode/wosd accordiag B cederbol s
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 positioris 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 lﬁrocess 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



in the data field are applied to a polynom al, at step 601, which is-used
to generate additional ECC synbols that will be concatenated to-the data

field Atwgoohisf03. bit-level encoder 150 maps the addi synbol s
i nto encoded ECC synbol s according to a code that irrposiééﬁpﬁﬂé/z%?s

constraints as were applied by bit |evel encoder 140 to avoid tri- bItS at’
t he ECC synbol boundaries. At step 604, the encoded ECC WD 02/01561

PCT/ US01/ 20311 -19 synbols are applied to the ECC field of the ECC code
word, which is concatenated to the data field. The resulting encoded -BCC-
code word is then output to the next gpage in the wite channel. FIG 7 is
a diagramillustrating the data flow t hrough encoder 139 5 according to
one exanpl e of the present invention. Encoder 140 (shown in FIG 2)
encodes a bl ockmbblscHeapphecﬂmtTB@GGlﬁdd&fhh@E@Gdodewmﬂng}nmencoded dat a

words 701. The bl ock of e t r 701 is ied directly to the
data field 7050’6‘@%"&@@'&5%%&3 WQQ@Q%C‘P‘?WPW?&M into a
plurality of ﬁ%(ggr) %@afh{aﬂal ternative enbodi ment, ECC
encoder 144 ap |es a po%henom a unc?i one 8%e bl ock of encoded data

words to produce t FIG.EGE adiagratsillustratidgitheldata flovOBro blek13% encoded
data words 701 is also applied to a polynom al 704, I ch generates

addi t i onal SECeceopding to ongzxample ofthe preseat inuentions Emcoden14(shewd t o
TRl ST e BRI R A A iy SRRSO,
to ECC field ZAfddd dﬁ@@cﬁaslwowvtme ﬂaéiq of léticdéd daR wam il a
"systematic" type of encoder. FIG is a bl ock diagram of an encoder
circuit 800 aépphed diyeetly toithe data field 702 of an ECC code word 703. Data
field 702 is divided into a plurality of multiple-bit ECC symbols. Inan ‘
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 fieldofa .corresponding ECC code word 812 at the output of multiplexer

804. Again, the data field of each ECC code word is divided into a




20 alternative enbodi nent of the present invention, which can be used in
repl ace of encoder circuit 139 shown in FIG 2. Encoder circuit 800

i ncl udes a evel ECC encoder 802, a nultiplexer 8Qg-raRd it |evel
encoder BOééxgpggﬁg of successive incom ng data words 81gﬂére 1‘lglﬂfzdglied to a
first data input of nultiplexer 804 for napping into the -data 25 field of
a correspondi ng ECC code word 812 at the output of nultiplexer 804. Again,
the data field of each ECC code word is divided into a W 02/ 01561

PCT/ USOL/ 20311 -20 plurality of ECC synmbol s as di scussed above. The bl ocks
of successive data words 810 are also apglied to ECC encoder 802, which
generates additional ECC synbols 812 for the ECC field based on the BCC
synbols in the data field. For exanple, the additional ECC synbols can be
5 generated by atity of EO€ siiboks)asididcassed dboee.dEhablocks of suiocessivel ynomi al
function. The additional ECC ;%nbols are _then applied ép a second data

i nput of nulti pldatewosds8l0aye alsprppried tECE & §9¢ gergatefe sets of
th ddi ti | . ' y ' d
wor de g12. 10 5AAEIRCE bt bbhdoc el apfnMERCEIRALT Code

applies simlar jgeRedaaeld Fdeample Hicadtifibng EOY syabslslearsbd 40 and 150
in FIG 2. In one enbodi ment, encoder 806 is a bl ock encoder_ which encodes

each ECC synisol gemefotl byepplyingfheECL symbolaintedatplelditng pobmosaiall ECC
S R RS AL ol RSl e AR
ST e L P AR M Sl oRci RS 1, cach
is smaller that thhedditional ECCaymbplst8i4 idtodhe BECHiglds ofuiccessize EOGh
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
BCC 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 éncoding 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 sinall number of the bits are encoded at a lower rate onan 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)



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 |evel encoder 140.
Only a siw@lbopyrber of the bits are encoded at a |ower ,rate lggslgn ECC
synbol basis by encoder 150. O her encodi ng variations can RS e used in
accordance with the present invention. In summary, one aspect of the ’
present invention relates to a 25 nethod of encodi ng data words 142 i.n

whi ch a block 700 of at |east one of the data words 142 is mapped into an
error correction code (ECC) WD 02/01561 PCT/US01/ 20311 -21 code word 149,
701. The BCC code word 149, 701 is defined by a plurality of nultiple-bit
ECC synbol s 301, 302, 311, 312, 321, 322,331, 332 which are separated by
boundari es 303, 313, 323,333. Bit patterns (such as those shown in FIGS. 3-1
and 3-2) are codewaxdlds, 701oThe B codeiwigrd W9, 7@l Edefinedbywor d 149, 701

based on a relatiye |pcatiaqn. 304 30 f e _Dbj tterns to the
boundari es 30 q’é@ﬁ’é@%@ &HFS@%PY’QS’B@@&S’«U%@:%?%? 22880t i on i s
directed to a &&ﬁ#&s AH4E t i hto
respecti ve, s?ggggg%%rec%égmﬁ?}gg e e%ﬁ?ﬁ%&%e@t%& wor d i nput
142; a code wisuthmstthode shdwindis, FIGS(3-3 ahidr3s2) 28 eonktrained frod0. The first

encoder unit 140 npps each successive data word received on the data word
i nput 142 Pnt W%ﬁéﬁ?ﬁ@gc@ﬁmﬁweﬂﬂd@ée%ﬂﬁr@@h?ﬁ@QB%W@rd out put

boundar o | 0% S5y BikBirG AL sEbbuniihihe S8 B4, 350 aa. B0 1 COET L0 ode ¢
(ECC) 15 symbol s 3QhotR@2spadbf tklpresd bavediidn i8 dlrectdd 2o afl nécdeRSes

different code_ constraints on bit positions 304 in each code word that are
cl oser to the 13Béenanspding susegssive dafowprdsdnto mepedtivessushessivésoder d i hat are
farther from '

words. The encoder includes a data word input 142; a code 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 input142 intoa -
respective, successive code word on the code word output 143 according
to a first code. The first code identifies in each code word boundariés -

" 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




t he boundaries 303, 313, 323, 333. Anot her aspect of the present invention is
directed to a disc drive 20 storage channel 138 which includes a

t ransducer v%g g{gg‘ an encoder 139. The transducer 110 i%@g&ﬁb&a%um‘
[ 1 |

comuni cating w a data storage disc 106. The encoder s coupled to
t he transducer 110 for encoding data 142 into successive error correction
code (ECC) code words 149, 701 formed of nultiple-bit ECC synbols 301, 302,
311, 312, 321, 322,331,332 25 according to a code. The code constrains bit
patterns fromoccurring in each ECC code word 149, 701 based on a relative
| ocation 304,306 of the WO 02/01561 PCT/4$01/20311 -22 bit patterns to
boundari es 303, 313, 323,333 between the multiple-bit BCC synbols

301, 302, 311, 312, 321 322, 331, 332. The encoder 139 then transmts the ECC

code words 149, &@mtb%dmﬁaﬁmsﬂezmmbmwuplem 154 5 Yet
anot her aspect of resent invention is directed to a dis

st orage channel Eﬁzésym ols 30h A0, 312; 21,320, 881, 332.0Thgence 168 172.
The transducer 0 | f _co n LAge di sc
106. The decoder @?ﬁ@%%ﬁﬂ%@h%ﬁ%@%&%%@aﬁéw ecei ving a
read signal 164 5 eddagy ig@nsducer 110 and for decoding io successive

error correction code (ECC) code words 166 represented by the read signal
164 into sucdessive Hatmmmmmvmt@m@dﬁeﬂetmhm code word

321, 595, 531 Febesprabe Aearih el RicR tniidenn edee il and s mpdtt s cone
1t 550 1528 gyt a0 i e
301, 302, 311, 312,sbé&hg8disc166., BiPdecoder 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 (BCC) 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



It is to be understood that even though nunerous characteristics and
advant ages of various enbodi nents of the invention have been set - forth in
t he foreggp cription, together with details of the 20 and
functiongg?aeggﬁgus enbodi nents of the invention, this ﬁ?@@ﬁ@é@%@ is
illustrative only, and changes nmay be nade in detail, especially in

matters of structure and arrangenent of parts within the principles of the
present invention to the full extent indicated by the broad general

meani ng of the terns in which the appended cl ai ns are expressed. "For 25
exanple, the particular elenments may vagy depending on the particul ar
application for the channel while maintaining substantially the same WO

02/ 01561 PCT/ US01/ 20311 -23 functionality wi thout departing. fromthe scope

and spirit of funofiopabiyewithowtdepariing frommthedsdope and spitit obthgipresent enbodi nent s

described hergin gre .directed to r an (ite chanpel,s far a disc drive

system it wi Fvegiion,Inad MM@%@E@“&’QHWW?@?&@%M t he

t eachi ngs of i 1 ; j ystens, |ike
WiScRi0 50 and PR A Tr AR Rl plel o WAL

conmuni cati on syste or ot , parting fromthe
scope and spi appreefated by thuse skilllediin eedrit tiat thé teachihpe of therprésemtipl ed” used
in the specification and clainms can include_a direct, connection or a

connection5thﬁ@@@ﬁoaﬁ@nb@ﬁpﬁﬁﬂéﬁ?ﬂﬂ@?ﬁﬂﬂ@ﬁ%éﬂ@GﬁH@WSﬁﬁﬂxﬁvﬁWUQP%1561
PCT/ USO1/ 203_1%1_ o%&éége%@@%vﬁ outd o‘%ﬁ‘%o? g@&g%gggpﬂq{@f wor ds, the

met hod conprising steps ) mappi ng a one of the

gat a wor ds i niie presaiitifventtdt. rAlsd, the taatiotifled) usatlin thespedtication s def i ned
y a

and claims can include a direct connection or a connection through one

or more intermediate components.




plurality of multiple-bit ECC synbols that are separated by boundari es;
and (b) constraining bit patterns fromoccurring in the ECC code word

based on a | ative location of the bit patterns to the s. 2. The
met hod of c §0%$§¥ erein: in step (a), each ECC synbol rlgégﬁa
plurality of inner bit positions and a plurality of outer bit positions,
which are closer to respective ones of the boundaries than the inner bit
positions; and in step (b), constraining the bit patterns conprises '

I nposing different code constraints on the outer bIt‘*ﬁGS—l—t——L—OﬂSJM
the inner bit positions to avoid sel ect e§4_b| t patternsf : ar e al | oned

In the inner bit positions, fromoccurring in the out Wi
The nethod of claim 1 wherein step (a) conprises: (a)(
word into a dat ayspg¢e sdi ng to a code which constrains the Dit
patterns fromoccurring I n he dat'a code word based on a |ocation of the
bit patterns Thils sheﬁeﬂlet‘lla:dtﬁwmdiegldawwordslmemqﬂmd!?{!@rmmﬂ?l%l

PCT/USOl/20311IA#IIIIIIIIIIIII Ilillj. 1 IN- L MSx -25in the data co

(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; and

(b) constraining bit patterns from occurring in the ECC code word
based on a relative location of the bit patterns to the
bt.)undaries.

2. Themethod of claim 1 wherein:

in step (a), each ECC symbol comprises a plurality of inner bit
positions and a plurality of outer bit positions, which are -
closer to respective ones of the boundaries than the inner
b1t positions; and

in step (b), 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, from occurring in the

outer bit positions.

3.  Themethod of claim 1 wherein step (a) comprises:
(a)(1) encoding each data word into a data code word according o
a code which constrains the bit patterns from occurring in
the data code word based on a location of the bit patterns

-
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de word relative to bit positions in the data code word that correspond to
t he boundaries between the multiple-bit ECC synbols; and (a)(2) mapping a
bl ock of whoeke@et one of the data code words into a daj ,{Ih{ﬁ}zglllf the ECC
code word, which conprises a first set of the ECC synbols. 4. e met hod

of claim3 wherein step (a) further conprises: J_auﬁg)_m;tsi_;gﬁg second
set of the ECC synbols, which are separated by boundari€s, | ynom al
function of the first set of ECC synbols; (a)(é)(“ﬂﬂml I bi t
patterns fromoccurring in the second set of ECCIH ilmfu'm” ﬁ a

relative location of the bit patternsggo the boundarie$ of the »second set
of ECC synbols; and (a)(5) mapping the second set of ECC synbols into an
ECC field of the ECC code word. 5. The nethod of claim1l wherein: the bit
patterns include bit painthedatheadewgordwelativeda bitpasitions inthndatai ons bet ween

first and second binary _states, wherein m e one, of the transitions
occurs at one of the b8 gm%gﬁtﬁ?"ma&&%‘gm%m&essive
data words into respect WiipleEREEH fPggqwor ds, the encoder conpri sing:
Thi s Sheet Has Beon Replonple e Sybot ot (0 pery UsoL 20311 26
(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 symbols.

4. The method of clalm 3 wherein step (a) further comprises:

(2)(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;

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

5. The method of claim 1 wherein:
the bit patterns include bit patterns having three consecutive
transitions between first and second binary states, wherein

a middle one of the transitions occurs at one of the
boundaries.

6. An encoder for encoding successive data words into respective,

successive code words, the encoder comprising:

This Sheet Has Been Repla
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a data word input; C a code word out put;

conprising: an ECC encoder which receivegg
the first encoder unit and maps a bl ock of
into a data field of an ECC code word and

and a first encoder unit which
maps each successive data word received on the data word input into a
respecti ve, sive code word on the code word out putpcgafigiishsfild to a
first code;waggfégﬁ the first code identifies in each coé% mo#gbgbundaries
between multiple-bit error correction code (ECC) synbols and inposes
different code constraints on bit positions in each code word that are
closer to the boundaries than bit positions in each code word that are
farther fromthe boundaries. 7. The encoder of claim6 and further ——

the successive code

Concat anat M A

i

the data field basedaqatd werd itqtut; fi el d and a predeterm ned ECC pol ynoni al
function, wherein the ECC code word js defined by a plurality of

mul tiple-bit ECC synBspdewordiontputcansht a fiel d and the

cach ECC synbol 1 n  RETHAEOR A PR s A BEERAEE R

ECC field. 8. The

nit which maps
according to a

second code, wherein t her&eﬁ@a@n@@laaﬂadwﬁiiﬁp@ﬁnmmm, Thi s Sheet Has

Been Replaced 1 111121121111 111 till 11~~I1 .
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) symbols and imposes different code constraints
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,

7. The encoder of claim 6 and further comprising:

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 BCC field onto the data field based on the
data field and a predetermined ECC polynomial function,
wherein the ECC code word is defined by a plurality of
multiple-bit ECC symbols within the data field and the

ECC field.

8. The encoder of claim 7 and further comprising:
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

This Sheet Has Been Replaced
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WO 02/ 01561 PCT/ US01/ 20311 -27 between the encoded ECC synbols in the ECC

field and I 1~1111)111111 UP 11111 inposes different code constraints on
bit positwo@soisey €each MI1 1"l encoded ECC synbol that Pé‘ff’ﬁ Lz&ﬁgr to the
boundaries in the ECC field than bit positions that are tarther fromthe

boundaries in the ECC field. 9. The encoder of claim8 wherein the first
and second codes prevent selected bit patterns fromoccurring in the ECC
code word, wherein the selected bit patterns include bit patterns having
three consecutive transitions between first and second binary states with
a mddle one of the transitions occurpyng at one of the ECC synbol
boundaries in the ECC code word. 10. A disc drive storage channel
conprising a transducer capable of comrunicating with a data storage disc;

Woupm@nmemdmm@mm ircthe HC@ fiektbdred i nt 0
successl Ve recgion ca&; ECC), code words formed of nmultiple-bit
ECﬂ mgwﬂmgrmwz%g t GROSEP ,erémpéﬁ gongtraints omcbit positiong eaght patterns
fr ch _ f ion of the
bit “pat‘t efnsHt s ndaféggge%%w%e rrulti P g@#k%ﬁsy%%s, and for
transmtting the ECC cothe BEC field thah bit gositivrd uhatare fartheréfude thr d st ream

Repl aced 11. A disc drjve stora channel . conprising: This Sheet Has Been
Rop 11 111 boundaries it the HUC field. 7 9

9. The encoder of claim 8 wherein the first and second codes prevent

* selected bit patterns from occurring in the ECC code word, wherein the
selected bit patterns 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.

10. A disc drive storage channel comprising:
a transducer capable of communicating with a data storage disc;
and |
encoding means coupled to the transducer for encoding data into
successive error correction code (ECC) code words formed
of multiple-bit ECC symbofs according to a code, wherein
the code constrains bit patterns from occurring in each ECC
code word based on a relative location of the bit patterns to
boundaries between the multiple-bit ECC symbols, and for
transmitting the ECC code words to the transducer as a
code word stream.
-
. ) cen Replaced
11. . Adisc drive storage channel comprising: _ Thid
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~[111"1 W 02/01561 PCT/USO01/20311 111111211 1121121211212121121121f -28- C L
MS a transducer capabl e of communicating with a data storage disc; and
decodi ng gpl ed to the transducer for receiving alrcqﬂﬁm,ﬁﬂlnal from
t he transducer an for decodi ng successive error correction code (BCC
code words represented by the read signal into successive data words
according to a code, wherein each ECC code word comprises a plurality of

Code wor d based on a relative 1ocation of the bit pdiRHHANARAMAA o5

between the multiple-bit ECC synbols. Thgs Sheet Has Been RepFacid *
111111211211211211 11121111

a transducer capable of communicating with a data storage disc;
and

decoding means coupled to the transducer for receivingaread
signal from the transducer and for decoding successive
etror cofrection code (ECC) code wozds 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.

This Sheet Has Been Replaced
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