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LENGTH LI M TED CODE W TH SHORT | NTERLEAVED CONSTRAI NT BACKGRQLB\IDg,@m
| NVENTI ON The WP 8%€1i8+ i nvention relates to digital communication y 4

and, 5 nore particularly to an encodi ng and-idecodi ng system in BCTUUS®/1312¢
drive. In the field of digital comunication systens, digital information

is conveyed froma U r ppsE recei ver through a channel "Channel" is
a generalized termthat caﬁ?ﬁ&%i%ﬁﬁfﬂlﬂvﬁm&m CODEVITHISHGRT
recording nedia, telephonic Ii nqpnaé]gl( netic spectrum In data
storage 10 devi ces, such as magnetic Fé%?ﬁ&S?MI annel includes a
storage nmedium and the di gi t BAGKGROBIIPAFBHE"T ' to the storage
medi um and stored f e\s}%rée I)%e_ri od o I me vered and
delivered to the re eI Ipyenteern relaign es degith <o riifiuteedtigs 4des_one or
more rigid g sgg, #ig‘gllafrlort rotati on on a hﬁ%l or spi ndl(:e.%‘llegg Etafr?@“ﬁas an
associ ated data he or ed PHNBCRAMgIARd freodingmatémdnantis@dtiyansducer
for communi cating wr ﬂléﬁéld%frdigﬁ of the.disc. An electronmechani cal
actuator noves the dgta head radi al (Y BVEHcaton ssems digitebirformaticick seek
operations andctipieyedfhemta masdunes i o6t ver a desired track on the
disc surface for track follow ng opergti g%]ngr %"%Hg\%leag | |<hannshtis al S
the disc driveSBESEFShtesanthandan QleMma\f?CHﬂ‘ffeP&tamQHﬁﬂrﬁﬂgéhem;[e% retrieve
information frapyLhe.discs. @ig\g to store information on the dr5¢% drive
control ler is conpfised GFCREs a0 elerboysagmsic dpeptaah) Yn ngalsqgliagg a "host

i nterfacelOf oxdewidEaiiichald gdowidh fhe host system a "servo subsystem for
control ling theéla%tE (l:ﬁat or, an aﬁgggﬁgrﬁ’ﬁéﬂ%l&%ﬁl retedesrd stgrageanediegn dat a
fromthe storaget igital idfornd Rt H: s, typically stored in concentric
data tracks orf’n%rt he %Ii sc auc{gf ace. The %lg'rnlé%&efio tOFf stQrass fhedinmoanh stoned
transducer is CoitPoPREAA tine baforabegngt iceolbibl LReLS 40N .t he surface
of the disc within,the selected data tr ecf(_:k. I n onéeﬁqéggg‘%)rf‘?dc%df‘?\be,ce%vm as
non-r et ur n-t o- zer o° 1 AVATR Anagnsficdisc drive Wbcleabﬁaﬁgbrlih&e]ﬁ%id@9§ mounted

. PCT/ US, 99113f26Gotatior HRZ! ing,,,adigital "1" is repredented by a
magnetic flux reversal frc%%lbg(%gé%ﬂfilepc%c i HpC has anasaexatedniathRegpiantdack,

and a di git al ofzehpdicd yrepniesrated Y of magneti ¢ flux reversal
from one bit $o itiqon to the next. Ingggﬁ%f%%rngrﬁgﬁwq%?ﬁmﬂew&h%@ t he
drive controlT8F€ tq"%ldssctH’el‘tsleetreﬁtercﬁﬁﬁﬁﬁﬁéﬂtﬁﬁlorarﬁgﬂgé fle gac%ai]ha the data
head flies a%ggil%%et i :ﬁﬁd data track, senses the flux reversaf$ stored
in the data track,’ an S‘S TatEEacs ferlrdck beplabpbaaithsemd ROgs fd ux
reversal s. TheartseladeSHFBA vy | i.cal condi tioned and then decoded by the
drive controller to recover b?ﬁéyggfléegr \éﬁF]é§8rfh€dilﬁﬁlsmﬂfece‘ﬂom>traltmi@lﬂ@.ahﬁ3 10
Al'l channel s OPeRSlUI. Yy detiveccotitiolRr S5 e.channel s, .introduce noise into
the signgls the% C ﬁvey. To det ect rangﬁggsn%lt%icﬁ%% f’gec%sﬁéep@rfgﬁamdferrors
caused by t hf& é?lmﬁé\iogbs,ysaemaogeumwrénﬂfo&ﬁaﬁm?bq?ttﬁ&!?l%‘cg“e have been
. . g t
devel oped. Tnggpmgggm)glti\ec ni ques convert data words forne of "R nefber of
data bits into code words fUFffed ¥ ddvecemeolief iscodephbdsof Gashng 15
constraints sulpesedndiybirgl] ds.pernit the detection and sonetines
t he correcti}gnséof &rrgﬁ; i ng;?ﬂgeiu}s&?%gn%l OFtIpEST{ace” feb AP euRicating itFhghe
aver age r at i 3°98ystean,rmutdeevo etibdatdnbi e nunber of code bits is
known as the,code rate of the c%?e. Iﬁ&zcéanrgféil?l?gtqﬁ‘g aHtPEAndR regdet  and
correct error$ 117 d¥Eeervsingiagnaded d@fa%@xsth’éssté%e%qgidhﬁte decreases
because280 a Iomqrnf&qggﬁr ate neans a greater number %f additional bits in
the code word. However. FathtyRically srad imi coraddade Hytd hecleNGPERIqjiNCT eases

the tinme anduefaeeJThRRRARE; transmit the signal through the channel.
Thus, to minimze the ti rreO&ﬁ%%ﬁ%ﬁﬁﬁ%@&é@ﬁ‘@@%ﬁ&&hﬂ@ﬁdﬁledi& code

rate shoul d €pgode magreeid 1 20rdde i the detectjon schenme, the code

i mposes cert ifﬁgtr(r;g]?s%rai nts on fﬁgﬁgggéé)g%r acep%fﬁlﬁﬁi‘?c#ﬂﬂuéﬁbﬁml@qteﬂn a

di sc drive, -ath enaltyppetcbdihef KigowRi PR Qhekhhat rotates the
magnetic nedia varies over tine. Thfgls res&la{gghlﬁjn nonftl}%ir}t%?'hﬁ“ﬁrﬁ% interval s
bet ween read si gnal T~~~ Ofi JAN 200 WO 99167784 PCTNS99l 13 t 2b
-3vol tage pul ses. A phase |ocked |Ioop (PLL) is used to |oc e and
frequency of the read timng clock to the phase and frequem’mmIW@mm%ad
signal voltage pulses. To ensure that the PLL is updated regula ode
can be used that linits the nunber of consecutive zeros to no {f@%ter than
a 5 maxi mum nunber "k". This kind of code is known as a ryp-length-limted
(RLL) code with a "k" constraint. Smaller values of "k et’ﬂ,ﬂ‘m[wﬂﬁtmﬂmﬁyer

m ni mum update rate for timng, in the PLL. However, small

"k'', produce nore constrained codes with a | ower achi evabl e ¢comae+rate. In
a magnetic recordi ng channel that enploys Partial Response, 10 Maxi num

o \ r 1 N



13 odd i ndexed binary digits of the stream and the other of the ,
sub-sedquences is forned by taking the even i njgke di. gi ‘he
stream Si NE@VHE®+i" constraint directly af P@ﬁs‘%m dei!ay"fg#ﬁlgseggg%ﬁtlgn in .,

the Viterbi algorithmand also influences2the | ength of error propagation,

it is advantageous to keep the "i" constraint as short as possible. 20
Suppose that the sequence of binary inputs to the channel is |abeled (co,
ci, cz, . . (YRZgodipgmdigitebt b seprepentpd by-a magnetic Hyxpgversal fsoef er r ed

to as the "D-transforn of . .the input sequence which uses the unit delay
operator " D‘?n%gﬂi Rosf%oxkﬁoom ‘l‘eﬁ“luﬁgnq 5?%&5%% and f’o‘ﬂgﬁf)lrze%é 5 Ay e?erﬁ'geAZS
coefficient 6K aQhcllks 4 Bnddiet iuxi /2R safHohhﬁn@gﬁgf&lﬁorﬂ%rﬂkﬂexfesponse
channel s for ‘magnetic recording condition the received output of the
storage nmedium I setGANMROdRa frdithd dEI9(He326e coMDIER/ONEBIf the , ' SO
that the sanpled response of the systemto an isolated input bit is given
by a char5act@ﬁ?%@ﬁ@cg@mpﬂlaacm@t@péﬁéleatptbmam herd fliegabopp g dpsiradadather

e o par et e B AhRORSARG USRI b e BRRE ERGRGGT
2 wh i J kol i . t e noi { put of
the channel > oTByooEd O UEERRSrplgioaR, THFRRRT B PR B
taken by norared tipal de@ded byrtHet dbéd Edtitkillerkd rBesaiaRe dhtd hpréskndd ByD)

factor of P(D), the channel” has an all-zer o response to |ong runs of
consecut i ve therfbwbraversali.nput synmbols in the even and odd i ndexed binary

the conioned. gl obtichaBaasrETuhnE SRS BHeSBLsR HATTE b B SR RO et
t hey containglit it ud ~ 1.nfor ' - | oop
control of {} Hg SE%IJ&%S ch nﬁoe . 9’01%?%%#0%\%?0%%%&(2 g? %’ %\%)HF %tcem%gisli%?g) ®channel

i nput  sequeng@sed Hy!thidiGtardie] 8620 Tar 88 Audntel @F 088 ngiechiguedBbive Béeri e
dat a channel The encoder converts usef data words that are to be stored in

t he charnel devedopetelheredwding tarhniplescbeasentalaa mairds sorsned bas nitmebarode
~n~or ds avoi(%sémd sirable bit 20 sequences. The pr ecqa?geraf rther conditions
the code word<CHAPEARNERA® Wordsipsmed FimpuimbsT 8f c@ b‘l*brﬁgr?d‘rngl D~ Eq. 4

L o e e R
precoder is thaeoehaBbRlofienittt i€ (HY sigHalé@Bcdie £ fidhn ThdéAreP) Eq. 5
The average ratio of the number of data bits to the number of code bits
is known as the code rate of the code. In general, the ability to detect and
correct errors in a received signal increases as the code rate decreases because
20  alower code rate means a greater number of additional bits 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. Thus, to minirmuze
the time and energy needed to send the code, the code rate should be
minimized.
25 Depending on the detection scheme, the code imposes certain
constraints on the code word pattern. For 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 time intervals between read signal
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words- are then provided to the channel. 4Vllen the noi sy output of the
partial redb8i%e78hannel is received, a detector and decoderFGYESI94&st o
estimate the original user data. The presént invention addresses these and
ot her problens, and offers 5 other advantages over the prior art. SUWARY

OF THE | NVENTI ON One_ aspect_ of thquioresent inventjon relates to a nethod of
encodi ng suc¥ekageBulsss-a Anphase lpekesl logpdBLdi) ieusashie rek e PRRseanghs i ssi on

through a channel is provided. E~. . h successive d rd is, divided into
firet Cana 107 20cene bl sne ming diprsfo iR, ot lufied ok adidhd Gy o
~-ord is mappedal H5Ra gﬁfsEE.S?QQﬁéﬁ}% t}}am{ PLoss HgH&ﬁHGe&GQr@,QQBH%&?nd' ng
state variab according to a selecte cofe. The Second Porti'on of each
successi ve dbé aisedEithtilimite pRe duimnbied ofl cOddcasipe rdtdtosecgredtaralen pat t ern

that is associated with the state variable, according to the selected code.
The firstd anthasémondnuoteer!'s" pBhisdiind ohrede imknewa as@ fuarengdrhmited: he

an encoded b{TLSYRERTHE 1o SGreFainbi PERISF VBl S s0art FONGE SATFUR | ength
const raint. | g hIRGREG Akl 5 AELEAL S GAIPISUCH o MRkr LIRNCAMRA dpiL: StT eam

has a nmaxi mum poss run of seven<consecutive sane binary synbols i'n

adj acent onegrefudehfiord tb@ltidiNe Pboddst w8 PR drl RPFevable dotleatateave
constraint is inposed on the sel ected code such that the encoded bit stream
has a maxi mum poski bingagnaticafechidieg chased thavempbows Pirbal Resporsel s in every
other one of the plurality of bit_ posi~ions. Another a ct of the present

C asp
i nventi ot remxé@u%Lg\Tﬁlg?ﬂ%jd@mefs@ﬁébﬂg r@@ds‘éﬁ?éé‘s‘élitvg‘ gé‘te&t%? decqvit o
respective, sucecessiv ode r.ds,whi ch 25 are conc naped. t m. an
encoded bit ser(gagtﬁ’laﬁ%‘ggreﬁ%%sggq’ln eI GHELSBRE HGET POt gé(glr\%l}e Old(r%pgé?{ or
recei ving th&eﬁg%@ﬁéw&rté?él oWRHASThER» RoRitkaikQHE sWOAHH oPEddRUbordNd 1 1St
and second encoders. The first encoder includes a p-bit data word input
coupl ed to tiepraserlss thedadoamuns dinilegaih of @eros b ¢ach od ewavortetleaved sub-sequeicé&s JA N
?nt~~ ~1'0 99167784 , |'CT/US99/ 13126 . . out put coup‘%?ed iglgge n: bi t
code word oubigRipary shigitsavidhigithe srrmatpRe Rfihp Grb-SSEENEE Loloameh RYHEME thE | udes
a g-bit t e 1 : o) i L ~hi.ly code
nord outpat Sonr e AL ALt bl SR R e e
i nput coupl egl {aRirdghRe sVe Q¥R e AR REthe WRAKE Fthcdtheli” Botrainand v are
i nteger variables, p+tg=m a+v=n, and a<p. The first and second encoders
i mpl enent a dodelypaffedts theidehyoffdacstiomimtter Vitbridailgedtnnm esdsdaee bi nary
synbol s appearjng in_a sequence of adjacent bit positions witlun the,
encoded bit S¥herseoielrasH 6f errepREORAEREBuitarIVANRSRAYS KT theeven and
limts a secondh%umer hof consecggt?i ve same binary synbols appearing in 10

e

subsequencescotﬂS SRS 8a PPRARYed bi t positions in the encoded bit

stream g the n- bS&p SRt aiRke bpbfhaﬂ’gﬁhﬁmg ©f thk icH8anANR i ftsled $pect
of the present invention relates to a disc drive storage channel which

i ncl udes a tmaosduger Thadompuact hetatiwannel . The transducer is capabl e of
comunicating with a data storage disc. The v~rrite channel is 15 coupl ed
to the transducer for encodi ng successive data words into successwe code
words according to a selected code to farman encoded bit stream which is
t hen precoded and applied the t rdif2duc &sPa channel i nput. The sel ected
code constrains the successive code wor'ds such that there is aéﬂ?ﬁinum
possi bl e run of seven consecutive sane binary synbols in adjacertt bit 20

ositions in_the encpded,biistxeam and maxi mum possi bl e.r jye
_(F:)onlselcuti yle léziﬁger.fﬁ(ﬁ%'?/s?l ] g(r}sﬁoréveﬁf ﬂ'hedg)i’g‘ggﬁﬂﬁe%%ls‘fvhcgn%ggﬁide Iéh%
i ndexed bit gagyidpapsior " I6s &S oW Pid trif 1i@RMure, to express that the

25  coefficient ck of DK is the kth input to the channel. Partial response channels

for magnetic recording condition the received output of the storage medium



BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is % pJEAN)Q@(JB\/e view of a disc
drive in whingdwddrgssencoder and 25 decoder of the present i nveatiesy/car be
used. FIG 2 is a block diagramof a genegalized communication systemin:
whi ch the encoder and decoder can be used. 0 6 JAN 20B n 9c~/ ~, ~~g~
PCT/US99/ 13126 '7_FIG :. i~ a diagramillustrating a division of input
data words i nfohheaResHnhMRdREGSdnse Jf Phe §EAHIB%n iEdIGtedlinphit Bitfid gweﬁwt
illustrating a method of encoding according to one enbodi ment of the
present i nverd ¢lomactéribtiGpafiial sespdnlse pobyjramiual, [drifgshaateltepraferdtihogorf,
decodi ng accordi ng to one enbodi ment of the present invention. FIG 6 is a
bl ock di agr arR(&d- g’ﬁf%ﬂd@&l@?ﬂfﬁ&@b@ﬂﬂelﬁéw wagnetieraseadingriter havea prgigdnt
invention. FIG 7 is bIocH Qis am of a decoder according to one

enbodi nent  of P ‘%?’88%? AR %F‘ﬂri"?)n. DETAI LED DESCRI PTI ON OF THE
PREFERRED_ EMBODI MENTS E;E}l_hs ByRer Egctive view of a disc driyve_ 100 in
~~hich t hg present inv A ontlis ef Disc drive 100 includeékhzhousing

~~ith a base 102 and a top cover (ngt shown). Di drive 100 further

i ncl udes a di‘éRersdeke al%%‘BV\%FHﬁgQES ' ﬁﬁmn%bf%ﬁ’?ghesmﬁ%ﬁ%ﬁ WHPYE Of Breot
shown), by a gl C 108 . B sc pack 106 includes a plurality of

i ndwi dual dié@gaﬁﬁh?@gpgié%ﬁgu ted fox co-rotation about central axis 109.
Each di sc surface has ypied head 110, which is nounted 3di sc
drive 100 for connunicggioﬁﬁaf?h t'he disc surface. In the exang%gjshomn in
FIG 1, headsvli¢ie the predppads tadndyy sospansilpnsmidi2nuttiplecdatid are in turn

attached to track accessing arnse 114 of an actuator 116. The actuator shown
in FIG 10is of t%C@V%O&ﬁe%-laglaﬂ)éqca@wofrﬂ@)ngwec@lmﬂéhhwwﬂ-aﬁaﬁ

i ncl ud i il t \Y/ \ ral | t, 118. ;Voi il t
e vora: s RbEEAREI R Bt e IR ESERY) YaBle b hont LB sF ot
120 to positipp hepdsita BNLly s%bdfeaufﬁéesdﬂ%@tot1b§9i&ua%%@901%@caﬁwat e path

| 22 25 between a disc i nner dianeter: 124 and a di §c outer di aneter 126.

Voi ce coi | matternatieg atpes syndeils cothiercomtdhied, ilebaladeqainoi Thepe $&@uen\ds t €
circuitry wwthin internal circuitry 128 encodes the data to be stored into
successi ve cabaultbb@avaisedhesgsse they cogrindidsphaseand pophtedea 0 6 JAN

2003 -p ~6779; YCTI L) S99/ 13126 ser. al al o ite . signal to the wite
transdyc§¥ oﬁnﬁﬁgﬁ’f oW 5ﬁ§iﬁﬁ%ﬁﬂgxﬁﬁgﬁg?f%§%&%?“F%versals within a
magnetic layer ondhe dissd SHEERAGSinDAd BesiFRACHARR %Sﬂ)@crk%quyft%s headuse
transducer in head 110 senses®the magnetic fiux reversals and generates a
serial anal ognreeaddsr gnal.prébedanaltivginead shgtdata danmet ofveen®@dernt o a

sepal digital signal, which is provided to detector and decoder_circuitry
wi thin int er SANVEts et d3ta poardsdhpl argue bestereddndhaghapnel 18fofivde WeIds 2 i s

a bl ock di agram of eneralized co icatjon system.148. according to one
enbodi nment ofha'?’hné %eﬁe%ggﬁ?n?tﬁ%}é‘ﬂsﬁoowa}ﬁ% “caR” San%Fin%ndie%Ha@\{eﬁ%Pn di sc
drive 1089 fQeq&XRRB! §he PREFBHY: GREtheN GYAHERE it8cdichidesard canrgder 150,
whi ch receives successive data words 152 and encodes the successive data
wor ds into sucoessifuectodef vwor dsm]53. Each data word can include any numnber
of synbols. In a binary system for exanple, each synbol represents one

| ogical data bit. In dié@Dygivé applications, commobn data chtquéi | engt hs
are eight or sixteen bits”/ Aga@pdcribed in nore detail below, sutcessive
data words are encoded into successive code words using a Run length

Li mi ted codeWirarR "&K degwgesar exchirive-8ikhegerajigey Ehe igacoder pigddices? RINaTY as
smal | as possihle for a en .code rate. .In order limt, error
propagation,CBQEﬁSgﬂﬂg“ﬁépgng“&bFHQH“5§’g@ﬁ@§?8§%ﬁhﬁ§‘Fﬂbgtﬂggﬁorter code
wor ds. Emecod %Q% I et | code words are carefully
chosen s%%h ?%% réégﬁgfe caﬁuﬂ%héﬁ?éﬁﬁgﬁé using a snmall nunber of bits,

such as the | eading fougDpEUQE»qupach code word. Encoder can bggq.5

i npl enented with conbinational logic or in software wwth a | ook-up table
for maki ng the conversion between each user data words and its
correspondi ng code word. Ot her hardware and software 25 inpl enentati ons can
al so be used. Parallel-to-serial converter 155 receives the successive code
wor ds 153, converts each code word into a serial representation and
concatenates the serial representations to produce a serial streamof the
code "'n.-~ord bits 154. 0 6 JAN 200



WO 911G778-i PCT/US99I 13126 c~_ Pr ecoder 156 receives thQ SedM Zﬁﬁﬁa
wdr d ‘st‘'ream 154 and conditions the sequence so that it is optimized for the
type of det®&¥Y67ifled to recover the sib al fromthe channel PCTABRE3126
enbodi ment, precoder 156 conditions the séguence according to the

pol ynom al given in Equarion 4 above. Precoder 5 156 produces an encoded
wite signal 158, which is provided to channel 160. In disc_drive 100,
channel 160 ilh qaaelitionad wpeds angrtbdngrovidediedbie channeli Whasetdle ndg; and
t he read transducer head 110. The encoded w.ite signal is stored on the
(i 'sc sur f ace PHRG TR 7 EARORRARAnRd rigeal F LA SREis e I SPRE: A

trar~ducer r?ﬁgaéﬁgg"&g‘%&fﬁ%&ﬂé’f‘gp‘?&{id}ftgr mati on fromthe disc 10 surface

and conveys lon to receiver/detector 162 as a read sib
al 164. Receiver/ dgiegsreséntihderdioh hdHRSséheld hh@ bShdrgndbidis, aindléHersand

t hen recovers the encoded information fromthe read signal using one of
sever al khowotliat attantagesetveodise pHor artnst ance, receiver/ detector 162 may
use a Viterbi detector, Decision Feedback Equalizatjon (DFE), Fixed-Del ay
|5 Tree Search with Decisi on EMARY OFHEEBMVENI RN ced State Sequence
detection (RSSE). After ting and anplifyin I | (fr charul el
16U, receiver/ detcgftlz oy egfgéﬁt%recg)cfg%e lﬁvr%%%gellae%stégglﬁ%%ggo “C6de ord bits
165, ~I ~hi chsgF&sBke\dadet ok Qs HRbisAkedsOnRabakhpdr ZBY Bahsmidsich tHBeghequence
of code word bits 165 is in a serial format at the input to

seri al -t o- pachahed] i pronddeerE2O sizdessSay data-wordordivided iwemfiesttaerd 163
groups the bits into code words and converts the code words froma seri al
format t¥H a pegand eertiossmhhe fisu@osgsnwélepch seesessive datbue o idmappsdiaie

| engt hs corresBondi n Iogcé)rhe | engt hs of the code words enerf’lai7 d by encoder
150, Seri al - £ SOPAPRPTANEIHTL ErTEPATEE THLA COFORRRUNE YAE CRtlSsi vel y
recover ed COQ&dé’H([)r?fté@@elb{}eH%ﬁb.‘ Fhe ;éyogahp&rgoﬁqg%g@!ﬁ s&@&ss&@@‘&%@ﬂvo}ﬁs

uses the inverse the coding rul es use y enco 150 and converts

successi ve cipdgappedsntbbbedrésporeBRE sédorl AMFrAsthar 3. assoaedrA¥h~nn~
Nr~~ yy/~,77gq PCI/US99/13126 , -10 Encoder 150 inposes several constraints
on the bit pthe grisvanadeacsprdingte damsadaded spdecl hhbratangtsespad codeoci ty

Che phasts anboRPURAREY TR fFaRoRa 2LG o e RS BHas g
frequency of o &RGisk 90AL wids al SR LA (dR R eRbbld oHRIALE having

in
regul arly, encoder uses a co e nunber of consecut“ve

zeros in codg pherdlity lof Barpokiforisd ANALDI@RtR bohdtPdindisTRxpdsed ditieaelédkéd  Thi s
kind of code is knotsivm asrpa Run Length Limted (RLL) code with a global "k"

or "g" const cadasuctEriwotee enaoled| bstreaintlmstahmarnerimupessilple repdgifiseven zer os
in each of two interl eaved sub-sequences wthin code, word stream 153,
whi ch ar e of TRRFCHOVE e A TIDIB IR AR EGPRS G AL VE ! Phidexed

bi nary djgi FEOﬁi‘h%?@.egH ¥&ldeave o?@g'ggﬂﬁg ﬂn@&gﬁﬁgﬁ}ﬁg’se%&ba doldRdueh trede
constraint i nown as an interleave [ onstraint. Since the "i

constraint dthestdodeditiestréarhhts dahayinthndgsdsilefuiod (Wd esrdecatigosahbm and
al so influences the | ength of error propagatiocl, the "i" constraint is
preferably keptarysympolhiorevesy opoesoid ef fherplarajityerf ibgesitiane. | n one
exanpl e of the presen encoder |50 uses a 16/ 17 rat

i nventi on, code with
a "k" constraint “Oéé%re?ﬁpﬁﬁﬁoétg‘e"ﬁres‘?f&ﬂlé‘i’?%ti‘?ﬁr PteﬁitQ(?,r‘ eé}?&dfiﬁgtge
constraints &R&cﬁﬂ%gﬁﬁ&@s@te FHeh WUEERAd &Ep?&%?ﬁ‘cc@gisi% @BHe GRS PRS-

25 are concatenated to form an encoded bit stream. The encoder includes an m-

bit data word input for receiving the successive data words, an n-bit code
word output and first and second encoders. The first encoder includes a p-bit

data word input coupled to the m-bit data word input, a u-bit code word



In a RLL code of rate min, mbit |ong data words are rrapped@@t‘gArNgna?]O
| ong ‘code Ry gssbdat satisfy the selected RLL constrai nt's, WwagRSosn mg .

are positive integer variables In independent block coding, 2mn-bit code
word patterns are required to nmap all t h& m bit | ong data patterns. For
exanple, a 16/ 17-rate code maps successive 16-bit data words (or two 8-bit
data bytes) | I 4= b) , the
encoder 25 bdedgggr{ag e?éﬁggﬁ%ﬁi%g%%ﬁgﬁgdwﬁt B%%&éﬁ%i%%%%@dég?%er
can be seversecditd en&rd@Rcliudes & Pbie dlaeiwore iepadedoupded th helesbiedatr m bi t
data word pattern 152 into two snaller patterns, as showm in FIG 3. The
first patterwoidinpua s-bibaedeawdrd betpeconglehte drem-bst epds werd ongpwsuch
that p+q = m where : q 6 J AN 203 1V0 99/ 6778-} 1' CT/ US99113126 -1larid
q are posi t~a~“~d~a~5tEFﬂ£@‘é‘?b § APPUHfRP eq i the fiate Yasrblaqt P Wodiepalty & Bs ar e
mapped to u-hj . terns, 1d = Di rd

V§to ity LBP%@Qg&b\V%}Eﬁ% %’%%g@arﬁ, g5, t”??e‘?‘ré‘ ,fhvéqr?&@aﬂé‘ts&d)‘%@ e

patterns are’napped | I (% e ‘'word pa ere a an

positive i ntep@edensafipAbinRat AREdABHhich Tmiks d firdt MRLELE & ddnstcltive dagtg code
patterns and N~, v-bit long code patterns that satisfy tile code

const r ai nt s bindrgrsyitb@sdpiNearing én e Begl@ttetaf aglgreent bithpesitaores withid ieent | y
large to map all of the 2P and 2a data words, respectively. Since 2P u-bit
| ong code woRaeded BitsEgam en thenrhipceda werrutPeg gmaximum phsevenpad

Equation 6 : tisfied 0 2P S.Nu E .Sim | aril since 2q v-bit

| ong code V\orrl‘r.‘]%tés %gee(soﬁ}'éfqﬁ‘inrng’ﬁr PEERSCapYe a%’gfe?”rl‘w&ytﬁ%?ésa Pﬁ%r,m%ﬂrén
Equationg/ musledifenedd bSdv&fandddd ndbxed Bl poditidAs 8 YRE enESHERL biPB§eHmaNd 7
are not the only ~. ~ay to satisfy the 15 regwremant. An integer "t" may be
defined suchntthatn-biEgod8 word dithuk t@nang-AMkirh of 6Ne, Eq 9 Equations b and 9
are variations of Equations 6 and 7. Equations 6 and 20 7 are not changed

i ndi vi dual |y, butArgtiehaspashafthe pregenthavention regtestp endisg daive storager

exanpl e. Equatio ensures, each of, the p-bit data patterns can be mapped
Co one of T ALY PhEBIE el A Freatne aius el Sece} afhe aiifudien
pattern wt I&a%a@%%? BoPHRATca Bng WK & ditd storage dist 1 The Syrifélcdh@PisThi s i's a
one-to-one mappi ng because 2P € (N' * tf. ?—‘br the g-bit data patterns,
Equati oh59 guapkiadl iweehe atdnsi¥lcyr foir tenk6dighgCn@deesbreddata amohts ithky buledssive

code words according to a selected code to form an encoded bit stream, which

is then precoded and applied the transducer as a channel input. The selected

code constrains the successive code words such that there is a maximum

possible run of seven consecutive same binary symbols in adjacent bit

20 positions in the encoded bit stream and a maximum possible run of five
consecutive same binary symbols in even indexed bit positions and odd

indexed bit positions in the encoded bit stream.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a disc drive in which the encoder and
25  decoder of the present invention can be used.
FIG. 2 is a block diagram of a generalized communication system in

which the encoder and decoder can be used.



0 6 JAN 2QC3 vW 9H ~778d PCT/LJS99/13~26 , , _1~ ' 96 AN Zq) oups
whi | e each group .includes at |east 2y code words. Each dgroup can be | abel ed
V' ~ith a st¥e&Yflither S Wthin each group, each of the 2a dafQUyal¥8i¥s can
be mapped into a unique v-bit code word. Figure 4 is a flow chart show ng
an encodi ng process for mapping an 5 mbit data word into an n-bit code
word according to _one_enbodi nent_of the present invention. At step 172, the
mbit data word 133G gy diagaam iustratipgis dividen of RIHEAa 406 igat t ern. At
step 173, the g-e%hge%% tern is gﬁg ed into a ubit code word and a state
nunber S, wh&FEEEYe DTS ERLeNPH N e o bit pattern is mapped in~o one of
the v-bit code wo i i ol 42€ U= bi t
and v-bit code V\Drrpgg %E%; gg%?lﬂazgﬁg%ﬁé#g\g\él %t?%@%ﬁsﬁ]%ﬂggﬁ%?r? mé%%eor\'s\ébrd
153. Figure enmtdinidnovf ttwplessmoiivagtiandecodi ng process for mapping an
nbit code ~n.~ord 166 into an mbit data word 170 according to one

enbodi nen? of t he Flzed én flowehart dhistratingtamettiad of Hecodibgaceardingitsr enel b6
is divided int .15 u-Pit code pattern and a v-bit code pattern. Since the
group of v- bFP%ﬁa‘?‘@Pﬁg the REesEnSNYeRtEAinber S i's unique, the state number

S f_or the v-bit p‘ﬁ@.eéféacﬂl% Q%i?grt %&Qﬁ%n%d?xl 0 cZi%t:, té‘ton te%pocgcﬁ enE he
v-bit code patternis mappeé iNto the corresponding gbit data pattern.
Based on theosueg,tprelggm)jgﬁzeﬁﬁdﬁt ermned in step 179, and the u-bit code
word, the corresponding p-bit data pattern is 20 recovered at step 181. At
step 182, the p-bFiGaht ablick dagmnpaf b elensdar & coodipigrtedrtecnhlordmtemé of n- bi t
data pattern | 70 0 6 JAN 2@QB8 WD 99/fi 7784 PCT/US99/13126 -1 y Exanple In
one exanpl e, tREPERIERt TWENHAR- decoder' 168 are configured to inpl ement a
16/ 17 rate RLL coge N _E) 3 i D i

DETANED DE N £ TEE PREFERRED EVDU
satisfying the "k§i@ngis'd %e&@la?ﬁ\v@mk@pfé'a%cedr%@u&%rp&rh?cm@%?

configure the encote

code words avail able and 812  of a possible 1024 10-bit code rds avail abl e
(i.e. N'=87 aneniend8iiRgfull Disd drive 18@edtiées 4 hoasinglwithradmseflok apdanpl e,
then Equation 8 is satisfied, as shown in Equarion 11: 10 2p = 26 = 25b _<

[Nu * t) _ (tagreeves)net sipmwiy, Dist dapeplO0 fgthariineludes g disg pagki 1§, whichshown
in Equatjon 12~ [2g * t1 _.(2$ * 3) =768 < N,. =.812 EQ. itht, = 3,
Lher o arts t npapobfthdet b epid & maih G5 il birg alb P 88, Plssbhouoh
10-bit code ygy driuddi& %QJ‘IQ!IF)! SOPRVRLAP dles 8RR NUre IS ARHEE: dRrSta@bRS Can

be carefully chosen such that' the state of anyT particular code word can be
uni quel y det gbowtudeetiral axistl®p. E4ohafisddibfade s HeandeiatddbBead 110, aghith it | e
nunber of bits as possible. This arrangenment helps lirrut error propagation
Tabl e 1 shownaargedipiditg divatlbiar cosumupitationnsithithe dissspetacey 8 Hieat es

bi nary 20 vaPTunBle i in = 1ade 110 85 fietia G bpctie RO rere el
Pl 20000000 HRRIORACORSHAQIHIARIAERLEIOCHHEBAI A6ARAAIHA3._ BRO0OK Thi s

grouping allows the state of a 10-bit c&de word to be uniquely determni ned
by the four amsttaispomn raRIG.H isofafe tiyge RadenwsrLrotAsy ravingeoidactdstaer r or
burst is seven bits or less, the error_of the decoded data wi |l be confined
to two consedtd indudes aveisedeil matg: BiEMyrshowmgeneralliitdAds Yaice ¢l | ast

0 6 JA N 2003 BY [ Q77b4 PCT/ 12599/.13126 , ~-1Y, it f 10-.hi 1 d
word and t he™q ?’g}%ﬁ’f‘i atgp atcﬁéatﬂé;(fg!w-‘ ts 838‘31%}?%?6‘5% %’3{}&5’ éj}ﬁ?gsehltecggeg
words to be fﬁ{&g&ﬁqmg@aaﬁw@beﬂa @gpﬁe?%@mﬁ&k %ﬁﬂgﬁ‘?sg&%@é%dﬂngode

r table Tor ch data

words by using a state I'ven code mappi ng rd pattern

to a resitect batevdercodrc ek dikheetsi B2Eafld b\AS: 6@ke didbkteril26gdvireadadld by
collecting, all the 7-bit and 10-bit patterns that satisfy the chosen

constrai nts olot@e=gperades uiderfedsiteol dfjigteanal ctaidydgBam whi ch maps each
B-bit data word H5:8]. tQ a corresponding 7-bit_code r nd next state
value SO-S2 in th %@1{9%%‘6@%@%@&5&%@&8&8% tg? affr&sﬁ%ed in
the colums ét%pg& ﬁ'ﬁo S%Ié%sivet&%e words and sends the code words in the form of a



3
10 correspondi ng code words are provided In the colums Iabepeﬁ Jé”,zgaﬂnd

t he correspendivreg7ssext states are prcwi ded In the col unms | aBETESYINKS" The
bblt data words and the 7-bit code words -gre each represented by 't~n~o '
hexadeci mal val ues. TABLE 2 State Diagram of 7-bit code word mapping for
16/17(0,7/0 code [Mn HM ="Z] Dat aC41~ NXSDat a | CWN?CSDat aCWNXSDat aCyYl |
~NXSOUCESO4 0 4ESEBUCHSORM RS gl (tn S@1Mv6ite Gagsdusoainelesd 110wb&bancodes
E?27S0C~53S~:i0 . . . . .

i 36S04. i 435161 AFEHSII I GE e maEstrdarE - Hhegtise apdace. SIWHRE 6asa06h

0454991 591 6 SO S IR B AT AP aSRE STt BB coocs ac
4CS| 8%2@6&&%@%@3@@%&3 'ME&W AHS14FAFS
18FOFS2CFOF52 WO 991 67784 ~5_ 0 6 JAN 2003 PCTI US99/ 13126 Stafe Di agram

of 7-bit Zodeonwedednimoi ngpriad digi€d]l 5iral, Abichdegeovided to detector and

[ M nl -i wt =ZJDat aQWNXSDat aCWAXSDat aCWXSDat aCWRXS10! ESO505ESCO01FSODOBFSOL12
45051745091 2566PASSSIALD Ty & Bhuvigigpabapqpay 328 19 praduceaiereysrssidag 52141950
5459S09939S0D979507518505~5BS00~3H50D57BS01616S15656S19616S2D656S21717S1575
7S1971752D7~ 18S1585851981852D858S521919S15959579919S' ' D959S2I Al AS| 5A5A
S| 9Al A52D. 45A5215|F$@7§555§§ﬂ&@|<§%{12§5§52 CRERliDER CHRIA R EER S diLag! SD5DSI
9D1DS2DDSDS2! El ES15ESES19El ES2DEBES21F1ES15F5FS19F1 FS2DFSF52202ESC06ES0ACR
FSOECS: SO' ' 1348061t 61008 e BOEHEHSACAIRSGE AR HRCEBROE Whizh 802 Bé 2GOhaB3S1A31
3SOE36352242451646951A429S?E4~S22525516565S1AS2~S2E565522626516666S1A626S2E
666S2272¥576 reftunaisy dpire d $6 fpsecanpbs CSungsoscrETCateBd48e069dena7 8 SOE969
S22 A1 DS06A3DSOAASD: 7DSQ2B3ASO6B6BS1 AB7 ASOEB6BS22C2 CS16C6CS1AC2 CS2EC6C522
D2DS| 6D6DS| ABBB%%&’%%@?’?&%&‘T%E’é—‘éé&%@?%%%éé&"e‘gfﬁészﬁg%‘#%ﬁ%‘i‘%’éﬁ SEF6FS2303E
SO707ESOBCBF j 7 3333517
It L Y ed s L B e IS el U ot o it Ll Ve

PCTI US99/ 131 #r2Guét ahg riimalgeradh inbbifli In £BERYEYste FRBRI Ogthple, ddthlshtthol/ 5)
code (M n Hwm =2] Dat aCWNXSDat aCWNXSDat a

~COWNXSDat aCWRER3saESsIor8 168rBEdag it s disc drive applications, common data word
~S23636S77676S1B636S2F6 68237,375%77751 737%2F7.77523§%§s%87851653852F87852
393951797951 PE/YEISRBASICLRAS} Bﬁ&%‘%ﬂi‘ 9d 4B TRISLieral BRNYASHECHS BT 8SH 3. 03
CS17C7CS1BC3GSRR RD3! 7 ER17EZESTRES 7ES23F3FS1
7F7F ISlBFSFS?FF?ég;ﬁ%%?éL?ﬁeQ?S-SP(é%r%gJ%s@?t%gﬁgl dgr%znﬁgv\hi ch Rap each
8-bit data whimhitBfl zodp wiehdktand &% peftidigts] Qeiré tleodecomtthifibis astsatadlsasSO,
S1 and S2, respectively For each data word D[l7.0], either Table 3, 4 or 5

i s used, depereiibls fonatdhesen gode raiebbr orkes de lianie erwic tHoPp g8V eafht €Pdg s

deterrruned in Table 2. The 8-bit data v,~ords are listed in.t . ef t
Col unuu-of  THBIEaS g P SoienehaSubed SAPar GraSosiinEastudsiS0 i

second @it ciate h i u - 1 ” i
T ong the top o S R el R LBl S g TP B o
be mapped i nHeteamlifediuk:rgoal ematirdimBEHDf, bitshelich ddehe"l@4ding (6UOBIts,i&f each
translated into a two-bit Dbi narg val ue. And the "0" and "B' arc each
transl at ed i Aede Woue- Bincodensay b inplesnertpe withicombiraiqnel degiR 05 it e SO S2

St ate can be tPBFaPAt BPEP R e PHEARHEE (R R APEER EHo SR o d
resi des. 15 FABLRoRl aRd 1dGoStaban SR bid. GRS sHBESRL A 1BIATLD. 71 5)

code 3456789 A8C 5 049 2X 06D 121 04D 03C
078 079 TIb8 OhPl&NIabdnd ¢an hlD bkOgsed3D 07A 07B 0O5A 05B 116 119 11A1IB 11IC

| 23 124 125 126 1Z7 072 129 073 12B12C D a |lOD IOCE |I1D 11E 12D 12E 10F IIF
| 2F Parallel-to-serial converter 155 receives the successive code words 153,
converts each code word into a serial representation and concatenates the

serial representations to produce a serial stream of the code word bits 154.
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S. Encoder 15Q is divided into two parts, part A and part B. Part A

i ncl udes Zddelé®kster (A) 202 and encoder (A) Z04, and part 8 includes code
tester (B) 206 and encoder (B? 208. Encoder (A) 204 receives tile eight
nost significant bPesaborpasyiiebfonverss 1§8tgronpathelhitainore@deerdsarg ong

i nput bus 220. These .eight bit re denoted as A~:0 i coder (A) 204
whboh 15 shor ERRFE HIE s Phids £put el gproa: -rBALlEBg e iokr o ey

ei ght bits recgl o : i t he

| east signifi g(gdr?&%gecg??g&ggﬁ%% é&é\%gﬁ@%@?}gﬁgﬁ}g ?‘%‘é@%%?ﬁ%lﬁ;“%%éz‘\,ﬁzﬁeong
bus 222. 10 Cogdiée hastiegefiéyated By Rhoddees00 Hepidl-td-Aa2@ilelwonebries16thdn t o
encoder (A) 204. Based on TA 203 and inputs A~.o0, encoder (A} 204 produces
a 7-bit cbde OHtpwedhysuesessivelytigoeverad cede werdsddérin(payraltedformngbtPpr oduces
three state variables_ Soq, Si., and S2 and two part B bits 4YyB~ a VB9. One
of the state GRFeHI&LE: ,C°§ier$€8 S%eﬁtg‘eé’é’(%é? Oéélb%ﬁ%‘%lﬁ‘& rb\l/estll‘f?gﬂ@&t state
associ ated wi - D . Y6, 0, teryp art B
bits WBs and %@%éé;eﬁé%éz%ﬁfécinc}% g%%é%?éésg‘[vgrco )‘ggﬁ%’ f@gﬁgﬁ%%@ip}%@bggétgnd 218,
respectivel y. wepde ivgster (B} 206 al so receives the | east significant eight
bits D7:0] of the input data word al ong i nput data bus 224 These bits are
denoted as input bits WB~-0 m code tester (B) 206. Based on inputs WB; o,
20 WB~ and WB9, code tester (B) 206 produces an output TB 214 which is
input to encoder (B) 208. In addition to receiving TB 214, encoder (B) 208
receives state variables So, Si and S2 along lines 228, 230 and 232,
respectively, and the least significant eight bits D(7:0] of the input data
word al ong input bus 226. Wthin encoder 25 (B) 208, the |east significant
eight bits of the input data word are denoted as B~:0. Based upon all of

t he input val ues, encoder (B) 208 produces ten output code bits Z9:0 al ong
out put bus 212. These bits are concatenated to bits Y6-0 to forma 17-bit
code word out put. 0 s ~aN zoo3 WD 99/ Gr78.1 PCT/US99/13126 -19Encoder 150
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Code tester (A) 202 produces output TA 203 based upon inputs \&&)JA'\hanﬂﬂe
equations i Wdaéres6: TABLE 6 15 7-bit codeword tester (A B%Eﬂé%g/ml -
EQUATI ONS | nputs W A6, 61' A5, 6VA4, v' A3, I v' AR, 1~:" Al, WAC (7 bits) f: 1A
20UAO:V\A6~~NAS~4'A4~V\A3UAI = WA3 ~ WA2 ~ WAl ~ WAO UA2 V\A6~
WA ~ WA2 UA3 = WVAS ~ WA3 [ WVA: UM = WM ~ WAZ ~ WAO 25 TA = UAO&UAl do

UA2 d_ UA3 & UM Ehocsdler 1@ mposes s@l&z@@@@s‘sgymyb AWObir Yt | nput
bits A7 0 and TA, 203 and the Bool ean equati ons shgvvn |n\£)'?'l %%nyéll“g)gjl fow. 30

TABIrE 7 7- bi ¥OEhSGERIR 104) B@@.tEAn\pEQdﬁAlrmwsnrymmme disc can yary over
A7, A6, AS, Ad, In Quiput: Y6, YS, Y4 Y3 Y2, V1 Y0 Gufplt:
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GhZOGh0= Gb Sowm’elwﬂ@s&nﬁ:@@e@m@st@eaﬂ%&m af® thin Am&idm ) 25Cc4=

G & ~ A 3= 2 SACGc! = Ge 8 AO)GO0=G R( Ai ~
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GdGdl = Gd ~: i 4T NA = Ge & ABGC5= GoGed= Ge &
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S = 1A7 & TA fcé)élsgjd*’ﬁiégéﬁi S0 \Rgerl 15cnSHRING B the C US99J13126

10 Code test@msﬁa)mznﬁed@lryog;&@ssth@qe@%&moifﬁeaé 1?%‘955%’ i bifs, WBs p of the

i nput data word, bits WBS and VB9 enco
equat i ons shipfluangas thelbéregtB.of error propagation, the “i” constraint is preferably kept

15 asshort as possible for a given code rate. In one example of the present
invention, encoder 150 uses a 16/17 rate code with a "k" constraint of seven
and an "i" constraint of five, and these constraints are enforced at all
boundaries between adjacent code words.

Ina RLL code of rate m/n, m-bit long data words are mapped into n-bit

20 long code words that satisfy the selected RLL constraints, where m and n are
positive integer variables In independent block coding, 2™ n-bit code word
patterns are required to map all the m-bit long data patterns. For example, a
16/17-rate code maps successive 16-bit data words (or two 8-bit data bytes)
into successive 17-bit code words. When m and n are large, the encoder

25  becomes very complicated and error propagation in the decoder can be severe

To overcome these problems, encoder 150 divides each m-bit data word

pattern 152 into two smaller patterns, as shown in FIG. 3. The first pattern is

p-bits long and the second pattern is g-bits long such that p+q = m, where p



WBS ~ W87 =7 2 1~VBS 20 uBl = wB4 ~ WB3 ~ wB2 ~ WBl ~ ws BBy ~
W87 ~ WBS ~ VB3 UB3=WB8 ~ WWB6 ~ WB4 ~ VB2 - UB4 = WB7 ~ WB5 ) WB3 j WB1 UBS
—1NB6 ~ WB4 ~ WB2 ~ 4YBO 25 TB = UBO d: UB1 & UB2 & UB3 & UB4 & UB Encoder

(B) 208 pro Sraoasfl.at bits 21 Z9.0) ihng_t,he least siagnificant 8
bits of Lnotrndore pgptlSirtenvagbics dndip B 1805 Al WOPd pliePl ke 3™ o0
and Sz, TB H%l&h@-lﬁp@n%%d%qy&td ?meﬁgpiﬂcmtﬁ@qmbﬂoﬁg%a-w‘%dg 10- bi t
Encoder (B) BOOLEAN EQUEATI & vTS | nput B7, B6, B5, 84,B3, B2,’B1, BO (8-bi t

Dat awor d) 3patiteymstare S2affledStitd FebdnidaGo)e wopdipattdhs( wiere Garid) v axd put :

79, 78, 77, 26, ZS, 74, 73, 72,71, Z0 (10-bit Codeword) NAO =~B3~~B2&B 1 & BO 40
NAl =! B3& BPRiBr&Bterpovanddensnd ugves BO NA3 =~B3& B2& B | & BO Ha = B3 9:J
Ha7= Ha ~. (S 1 ~S2) Ha6= Ha & (SI~SO Ha5= Ha & !BO Ha4= Ha ., WO

99/ G778 | i a2= Hd the®@arpiN u-bit org BRla-patternsaRd I8¢ vebit ilgng-codspatdas H6 7=
Hb & (S 1 [S2) HoG= Hb ~:. (S| [SO |fbS= Hb& Bl Hb4= Hb 1~ Hb3= Hb Hb2=
Ho & BG HolfhakbagsPAnéBOF: FbntrainBOHen g andNRQ 2l redii@ d&olste bf thegardic6=
lic d. (51 jSO) Hc~= He&(S1[SO Flc4=fic & S2 He3= He & !'B7 lic2- He & ! B6

He 1= He & ! HcQ=lic B.'B4 251-]d_= j (S| 3)Hd?= Hd R
(Sl S2) HdG:S‘Eﬁﬂ‘e&a( dRieSAPHRAR aﬁkﬂ?]fige %&%@%ﬁawfﬁ Pectipgly -&ﬁéﬁ%p 1= Hd
& B7 j BG )HdO= Hd BS ] B4 )He=NAl /(SO8~NA3) 35Fl e7= He 8: (S|
[ S2) He6= Heu-ézltéppiéy;eg‘ e 3ep sy et toEnag %bn«ézazzlqrtgeiﬁw:itqsc@f% & ! B7
d; 'BS )fict=s )£1¢c0=He & B~ j B4 )Z9 = ( TB&(S2jS 1 ))45z8
= (TB&( SZlS%%Ajgmfé Fﬁé&%’?)%%‘% ( Ha7jHb7[Hc7j Hd7j Hc7 ))Z6 = (TB&B6) [ (! TB&(
Ha6][ HbeHCGj Hd6[ He6 ?_%PZ? ¥ (TB& BS)[ (' TB&( Ha5j Ho5[ Hc5[ Heb ))% =
(TB&B4)|j (~TB&( HaO. [ Hb4 I%ﬂ[ Hd4[ He4 ))50z3 = (TB&83)j (! TB&( H jﬁch/ Hd3[ He3
))Z2 = (TB&B2) [ (! TB&( Ffa2[ Hb2[ Hc2j Hd2[ Hc2 ))ZI =(TB&BI)j (! TBB, (
| fal j Hol [HcSimiﬂrbHemc)a)Zz@- it (TMBRBOI¢ WMoFB&arHaQue] tdo0RpladiGjHedony 0 6 JAN
2003 1' CT/US991t31~6 , 55 Figure 7 is a block diagram of decoder 168 for
decodi ng t hirte odawisr denpiqeiced’ byustbesdasf1db0, accordi ng to one enbodi nent
of the present 0 s ~ AN 2003 WD 99/ 67784 PCT/ US99/ 13126 23 invention.
Decoder 168 includes Zphht A and a part B, where part A incl ide8 code
tester (A) 252 and decoder (A) 254, and part B includes code tester (B) 256
and decoder (B) Hb8evihdidieaishssignl 7 aeanbdt tHe dilysvaf tesabsfg ddewor d (Zq o)
are input to part B 5 of decoder 168 al ong input bus 260. Code tester (B)
256 red€i va§IuFemeate ATOINdeRRs b1 mayabodgfinegaucibthat262, but denotes the 10
bits as WB90. Code teﬁtg{gléa) 256 uses these input bits to pr%%u e out upt
TB 264 using hte Bool®&an uaft]i ons provided in Table 8 above. “Thus, code
tester (B) gpPp contains the sanF conbinational |ogic as code tester (B) 206
of Figure 6. The code tester

[2a*t] <N, Eq 9

TABLE ~ 10-bit codeword tester {B) BOOLEAN EQATI ONS 15 Inm- ODQ/\B
bNB9, W68, %6,9}%3278\4/\/85, | h' B4, WB3, WB2, \B1, WBO (10 bits) Qutp l,ﬁ@gﬁ;) ~="W\AB9 ~
o
)

Equations 8 and 9 are variations of Equations 6 and 7. Equations 6 and
20 7 are not changed individually, but are be changed together into Equations &
and 9, for example. Equation 8 ensures each of the p-bit data patterns can be
mapped to one of the u-bit code word patterns and also associates each data
pattern with a state number S, where
0,1,..,t1eS. Eq 10
25 This is a one-to-one mapping because 2p < (N, * t). For the g-bit data

patterns, Equation 9 guarantees all Ny v-bit long code words can be divided



10 circuit 206 may be shared by encoder 150 and decoder 168 O[J]t?)uT,Alr\é 220913
is input tovdescedss (B) 258 along with the ten | east signifiRIAYSBHIIBE6Of .
the codeword (Z9 0). Decoder (B) 258 usesjithese inputs to produce state
outputs So, SI and Sz, along lines 266, 268 and 270, respectively, invalid
codeword indicator FB on |ine 272, and the eight |east significant bits 15
(B~:0) of théntoeguoeapesdvisi eachogeup iongdes b piehstldsod@ 4vandsabach gmagwor d
indicator FB is sinply the inverse of TB 264. State variables So, Si and Sz
and recover e€2he dabaled vath a state ngndriGe dVithimepdyE oBRot A PR 40 id8fs shown
in Table 10. TABLE 10 20 10- bi,t. coder ( - B),- B(X%i EAN EQUATIO' S I nput.
79, ZH, 77, 76, PAUOHISLaIVE ﬁ}a,Pféf‘fBE'ﬁi‘ HNEH eV &&Pﬁﬁ&ﬁ? “TB( Fr om CT- B) Qut put :
B7, Bb, B5, B4, B3, B2; - bi QU RHdi ¢ Qut put :
FB(i nval i d Codewor B né%gé"?{lf?‘f’?g‘rg%{(&%%%ﬁZG) 9%13)85‘% 0%5&9;%) nApPiY iy

( ((Z7~Zlp B: Aepit(dadd &Zd)d n€d4& nZBRQotle wordZ68A8&hg &) one ¢Xib&H7B&N 7S thE) Hd
( ((Z7~26)88~z4)~( Z78Zb) )& ZS&Z3He=(!Z6&ZS&Z2~(Z7"Z4)) ~ . .. .

( Z78Zb&~Z~&~pugiensinvendipn. Hat gepd 725thegn-bitfatg word 13235 digidpd intomp&izo
WD 99/ 67784 1iaO= Ha,& !%SfihG: Flb cC lib4= HoB. Z1 5 |lih2= Hb Hbl = Hb
& 17S Hbo= | PAtern osl APl Ratiegny A4 siop g the gDl PP AR TIARREIFNIO £ 31 ica=

He 8. ~ZO Hdi= = (7 & = & ZO
Tohdns ra & sy Wobfs gt Ues o <, 41960 174 H TR p¥fioge,

Hetr= He & &m&pabdlintiorre blethk(v-BR BdewWards thiddite Hesoifatéd vBti Qake 25 Hel
He&Z3 HcO= He -24 72Z =179 & 'Z8 s? = ( z9 a: zs) ~ (zzs~z~a~~zo) 30 si
z9 a: !'zH) ~n@per-S8Thb)u-bt and(v-bg codeagdrds afe cormbiged Bmtep {ZyREIOrM) the
(ZZ&( Ha7[ Hc7[ E3d7~He7)) .Bu_=(~ZZ8r.Z6)} (ZZ& Hb6f 1t c61Hd6[ |- ! e6)j 35 B~ _
(12282S) [ (7z&ffedewosdids] He5)) B4 = (~ZZ&z4) [ (ZZ& Hb4[ Hc4[ Hdaj Hed)) B3

= (~zz823) | (22& % (+77~822). | 21 A~ .
~( e ) % ( zzg( Hal' Eﬂ%ﬁﬁ\é%%‘é fc)*‘%g‘s%‘-‘é) ‘Fgf%gg?@‘%féﬁ(ﬁféé’f%ﬁ‘%ibm )
g:fgg( Ha~Nb~Hgeolid Wisd 1683mkd a8)mibif 44 wold) 1A4Palofdidd tH o2@QRIndo Gifled: 5991t

of the present invention. At step 178, the n-bit code word 166 1s divided into a
15  u-bit code pattern and a v-bit code pattern. Since the group of v-bit patterns in
each state number S is uruque, the state number S for the v-bit pattern can be
determined at step 179. At step 180, the v-bit code pattern is mapped into the
corresponding q-bit data pattern. Based on the state number S determined in
step 179, and the u-bit code word, the corresponding p-bit data pattern is
20 recovered at step 181. At step 182, the p-bit and g-bit data patterns are

combined to form the m-bit data pattern 170



Code tester (A) 252 receives the seven nost significant blgﬁ f Nh%ﬂ[):}
codeword, i ch e represented as WAb.o in code tester ( on

i nput bus %69$/6£83e tester (A) 252 uses the Bool ean equations s 53%3'?%

Tabl e 6 above together with the input bit%s to produce output TA 278, which
is 50 provided to decoder (A) 254. Thus, code tester (A) 252 contains the
sane conbi national |ogic as code tester {£ Q2 of FIG 6. 0 6 JAN ?. Q03
WO 991 67784 PCT/ US991 13126 - 25Decoder ( Ay al so receives the nost

signi ficant seveinbhbexaple)enebdéBCaiEwbisH1680ré boniolites t380 and state
vari ables So, S1 and S2 from decoder (B) 258 along lines %66, 268, and 270,
respect i vel ymplasenter 1¢/4)7 28¢ Risewdehwhere nptitd, nal ldss1angreddae t he ei ght
nost si gnifiﬁﬁant bits (A~.0) of the recovered 5 data word _and_an invalid

codeword in EéqurW?—YA“gF%‘hfgg‘&?t‘bﬁtenﬁQéer%Ej derpder petlel P=Begpatirang) .

I nval i d codgw (afe] [ Y L pl he i nyer 78 1 r de
tester (A glégdqﬂescg:g\%@?éé ﬂ&‘gf}é %Ii@sl A\C&’Shﬁlgsdt eéé%egégdgﬁ%%ﬁgsﬂ?lﬁgﬁgggl ean
equations shewBdk vdidh|aaliAbIABlES hloflpdsdthik 1096 209t e RORUEAMIBRHATI ONS
| nput. Y6, Y5, Y4, Y3,Y2, Y1 YO (7-bit Codeevor d) I'nput. TA(From CT-A) I nput.

S2, S1, SD( Fr o DEESBRhAML FRE2). A7, A6, AS, A4, A3, A2, Al, AO(8-bit

Dat awor d) Qut put. FA(invalid codeword indicator)G = Y38;. Y2& Y 1Gh='1"'3C
Y2R Y1 2~Ge= Y38, H("t( wsisatpd to vogal thgye, Yadexanyplg, theyplqyatimn &isystigd) Y

| G =!'Y38_! Y2&hY1~. Y4%56azl: (ﬁ g YOGEG* G & Y6Gay= Ga & YSGad= G &
Y430Gh7= G RTYEH2EEER ‘YbGol = Gb & Y~Gb0= Gb & Y4 ~5 Gc7= Gc R YG Geb=

Co &( Y8 & Y2 ) b= GrBok Yol (X8 ey XR)g)s 3260 Coi = G &lparyd ~ YO)

4~ GcO= G & ! Y2 Gd7= & Y6 'Gdd= Gd & Y4 45 (U= Gd GdQ=
Gl & Y | GeAroGEq&atibh 9 iV Q&I 48 Sh&inEoannth B85= Ge & Y4 & ~Y6 ) 6ed=
Gc & YG ™ ~ Y4 ) 6e0= Ge 5 Gi= Ga. Yo GOG= GF& YG 6f5= GF& YS ( Y6 )

6f 1= GC 10 Gin= G &([29Y8] & (RY'S3)=RB<Bl, FRI226 A7 = S2 [  Eq 12
(SO&( Ga7(G7(Ge7(Gd7(Ge7[Gn)) 15 A6 = (S 128Y6) &
( SO&( 6a6[ 6¢6[ Gd ef%g'lj'erAare_ thrge ptaigsy §0) ST andSR( CaRfeddBIEAB{WPF9) A-1 =

(S12&v4) E&%%;?gé(n%%%%?é{t%%éé)wo@%sf thﬁe%!o-gi@c(c?)’gie Lf«o(ré(s)%(x %gé)l z)f 'tAhze tﬁ:éeS]'Z&ll 2) (

( SO&( Gh2(
15 states can be carefully chosen such that the state of any particular code word

can be uniquely determuned in step 179 of FIG. 6 by decoder 168 with as little
number of bits as possible. This arrangement helps limut error propagation
Table 1 shows a grouping of 10-bit code patterns into respective states
according to one example, where “X” designates a bit location having a binary

20  wvalueof “1” or “0”".

TABLE |
STATE 10-BIT CODE PATTERNS
50 01 XOOOXXX B00XOXOXXXX
St 20XO0OOXX 00112000
52 TTXXXXXXXX 0010XXXXXX

This grouping allows the state of a 10-bit code word to be uniquely
determined by the four most significant bits of the code word. Aslong as an
25  error burst is seven bits or less, the error of the decoded data will be confined

to two consecutive data words. An 8-bit error burst, which spans the last



20 Al =(S12&Y1)[ (SO Gbl (&I [G1)) AO =(S12&Y01 | 05 JAN 2003
(508. (6b0[GQ\Qg@;|g[,zge0| @G0)) PP=(&GEG ~ &G ~ G ~ &) G ~ G‘jpclfA]g-gg,ﬁﬁTé) (
( SO&!PP) 2 §~~~C~~~,~~3 | n sunmary, ,pne aspect of the present - ,
i nvention provides a nethod of ell CQdl n~ “§ticcessi ve data ~n~ords 152 into
successi ve code ~~ords 153 for transm ssion through a channel 160 is

provi ded. EachveHEHE%$LMO-BlatedRiotd Lo fhs rgswlgsfitﬂ%&tfusl%t:o&n@«&acOnd
portions A;-.0 and B~.o0. The first portion A~ o each successwe dat a
word 152 is rrappealussmﬂimeeade@rmﬂ&ponﬂh ﬂ)gbéd:d’rShdede pattern ~'h o and a
correspondi ng state vari able So-S2 according to a selected code. The second
portion B~-o of ed&rPnagiobedinmentdencodenldl genetatesthissodeiwigsdy using a
correspondin sec nd cod tern Z9 o that is ass ted with the state
vari abl e So- %ﬁa é@b‘ ﬁ%tgéfetfﬁé”?é?%@g@aa@ga@ WK PF??E‘? 'LALESPEERHR code
S5 patter8s Y848 s ZhOs@HEASORPLORE A [YdMLEAEH B cdiREnALGRGHS S, code
wor ds 153. The successive code wor ar e’ concat enat e orm an
encoded bi t wdemxbhwwammksﬁtaéfyttueelﬁoéyntcop@&tamt@@sl\—#\ahun beTyia 2 is
constraint "k" is inposed on the selected code such that the encoded bit
stream has a ardxierdiagrassivbich maps e&c}s&«betrdat@mdu@[kﬁe&stamecomeﬁaoyds}gmol s

in adjacent 40 ones of the plurality i £_positions. An i nterl eave
constrai nt I%bll f Oferyuadpnd @e’%sﬁﬂlmgﬁ?&s APl RAPYBHIRYE - 21 on

the sel ected 40de,aR 3L pHIRIBNSAYEY bl be 811 BBMRFAATRKLIUM POSST bl €

run of five consecutlv S eVt er’ one of the
pluralityoof cbidesposdin evé@ﬁ&hﬁé ASPRE 18fthE lashﬂﬁﬁmuelé@@m,lé}m fied ates
to an encoder 150 for encodi ng successive data words 152 into respective,
successi ve cedzepponding5Exnhiates aeeroondat m'tzhﬂeedlumnﬁ(babnlah"l“é%bdéeb i t
stream The encoder 150 includes an mbit data word input (A~.o, B~.0) for
recei vi ng thi’ ‘s‘gac,téé‘é%" dpearygbihg mb‘rtdgd&%fdéﬁf?]%ﬁhl%ﬂ%ew YéWput (Ys o,
Z9 0) and fir nd_encoders 204 and 208. The first encoder 204

i ncl udes a ph%&?@%g é?&glrg input A~ o 10 coupled to the mbit data word
input, a u-bit code word output Ys~o cqugedrto the n-bit code word output,
and a state variable output So-Sz. The sécond encoder 208 includes a g-bit
data word input Skxte® @@tithed 7tisit tdide MRHIMARS_gWOE d6 ) DPQI7,/ 53 c¥ddjMuc0ode
wor d out put ¥90 coupl ed to the n-bit code word output, and a state varijabl e
i nput coupleg¢l to the state variabl e outlguttz2l~~here 15 m n, p, g, a and v
are integer Yyereables—r—p+ra=m —aAd—a<p Re—-sirand-—secepd—eneqdders
204 and 208 {rAtengnt Ke@&k%@cﬁ% AXS| Rt | §an?%%r[)éfa ¢oMS ety e
sane binary sympot CEPPEE T NG 3 a5 e b[btpﬂ{ﬁe%@l agiacent] bt —pogitTons
wi thin the epcqded g tl stream, 153 onjthe In-bit code yorid output to &
I ut i
i z
5
4

i mts| a segond;nunber ~of 20 ¢oi LSecut i Ve_ ane_bi nary
sub®equerited of |even afid odd | ndexledbi jr30>|t?on~= in
t he encoded bit®st}eéam 1¥3 lon4t he #- hi & cod& word output o a fraxi ntim gf
five. Anothe[ aspertwof #hel presenty iinwenti en rnedrajes tjo et dijse driwve
st or age chanhelos 148 sahji ch iInckyudesssa |t EANSAECET 5’1:1(5 and acsrilt@ chaanel
150, 155 and 5 (156{ Jhe &ransducer 110, sl cgpabl g cﬁf rmygn dagéi g with a
data storage|disc {106. '(Ij'ge wri g e chamnel 1150, 155 and ¢oupled,tojthe

57

2N

B

maxi mum of shven an 1
synbol s appeéri‘hg

transducer 1{0 for| énclo ng SUCCG}Sth (eSIdat as’wor dd |nto slyiccessi ve dode
d<bit %t teath 154,

wor ds 153 actorfi ng% o a*se] eét ed EodgeSt g f & mjafr ¢

which is thep gPecpded s\WJ 991G(784|PET/|U 899/ 4 3 & 26 49 52
0A 0o | S0 4A | so gA 4D | S0 ca | éD 50
0B 1A | S0 48 4B | st &8 5A | S0 CB 4B s2
0C oC | st 4C i | 9 8C oc | 2 cc | o4C s2
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0E 0E | st 4E 4E | s 8E E | s2 CE 4E 52
OF OF st 4F aF | 9 8F oF | 2 CF aF s2




-2s~ 0 6 JAN ?.003" and applied the transducer

110 as a
The sel ect ed code constrai ns the successi ve code words 1

BouBN T,

158.
her e

is a maxi mMNe P8l e run of seven consecutive sane bi nary~sHABHEPY/i3me
adj acent bit positions in the encoded bifisstream and a maxi num possi bl e run
of five 5 consecutive sane binary synbols in even indexed bit positions and

odd i ndexed
under st ood t

functi on of

illustrative

bit positions in the encoded bit stream 15~

Lt

s t

0 _be

hat StateeDidgrongbf Trbitarosiesy el
vari ous enbqdi ments of the present
f or egoi ng descrlptlon

“Bafy| @ﬁ[%

d@%tamaQ%éq%ﬁmYﬁ;%:

Al
AV

fregipdng €dri 106/ 1(Q)7 ABvaaled s Of
i nvention have been set forth mthe
together wi th dehwfid of the structure and 10

Fal I C

d@%@ﬁﬁ*gu

3 i

a\.u

g1y

<

ters

of structure

d{{p qrigaiiy

invention tqg the fu&

ternms in whi
particul ar d
t he codi ng 1
runctional i
i nvention. |
is directed
t hose 20 ski
be applied

phone syste
i nvention.

decodi ng t al
nunbers may
be partiti ol
met hod of el
transm ssi ol

mappi ng t he

P

ch th

| ebfent]
et Kod
y wit howt

n add
to,a
IIed
Bt h
1S\M'
arisou

)| e ey

be,us

1ed or
codi ng 'S
h t¥Rr ough
di vidi ng ea¢

h Suc
fiest

ea
st

anl

il g
(040)
iin
er
{ hié
$ 09

©lg

ﬁ:

first code
sel ected cod
into a corrg
vari abl e ac
code patter
t he successi
of bit posif
code such t
consecutive
positions a
encoded bit
bi nary synb

gat iotl

e;, (¢

pspondi

rordi n

s 10 1
veucoleswor ds

i Of3S;

nat. t he

sane

hd %n
st¥eam
bl S291 n

2A
2B
2C
2D
2E
2F

al
%

DI N

R
9§
1D
3A
2C
D
2E
2F

giwgsgyv

7Sy

ke

ant—ge

i ef | &av

e e
ppendeq
“may *Val
d| appal
depal
OH,gﬁH
ne ar
ste
é’ep<
NeE1 C

t

u
t

Fhe, d;
over
bcdss
éha
vél d
Ll en

1

L

s,

1 §d|

t %nd
clai

y dep

at¥s

tiang

hoggh

tem f or
t%]at

Yi ke
Ar t3ng
bdes
| knked sthog
At 8,25

ap _as
ve“dat 3
nep,

it &bt wordEi
bf seach ssu

Y ~on

mRys9 &

paft
cat
i

A |
[ rsen

tshe

al

the
% o
f# o
eghe

des

ﬁ@

nol:

St
e

Hwhe

| 0

|red

by
axe e
ng! ol

e Shai

[ et
a Q£sv
tea¢
S|
mst h

Glai
ge<

h

L

i
)

b

51 we d

higg—t

e
hlngs

SF
br

ed.

pat t
ny

and

@W

"l

ad

I stlb
e
Fég

t & comtlni ¢a

s€opie 1&an
e gaseld e norse |
nal
theB

dighi 0
tg
etc.

i nfo

i rogt

dSsp

Ore, d

encod
ds ~A
slcdessi

pd Bonpt? s
angd

ata

i 1%
Seto
wae d

i cal ar
Sbs!

piEs
1eQ§I
pxanpl e
%pp
arfBi
i toaof
,nth,de
I[Qe
hr esen
o¥ o
ri® o

f far e
Pl §,500

zo
ye "cod
5t &P's
nd ogor
i niro

han on

ISF l.

"@?”

|Péa
| 153
trh e
SG§ |
appr
i
I CG
5§ h
@9 4
NtA S
1
e
ofP
t o
a sed

ent
of t he
tthe 715
ti 6h flor
t h& same
psesent
bed, hefrei n
ecisat ed by
vention can
|ldta
e ﬁ%esent
ncedi ng or
take
odgs
29
rd§2fo
(af?
s; s{b)
rrespo

IIU

may

A

r

ndi ng

PPLNg

t e
e&ch

b

dj (&)
ncogpd

ary sy

a)

”

ap &
el ysot
S0
S0
s1
S1
s1
s1

N

second c

el®@ct
ofé3t h
o dior
”RQSi

S
rb&‘

6%ns

max i S5un]

ereson
6A
6B
6C
6D
6E
6F

pat
ed? ¢
B 65U
Meann
ngs a

trea

;ﬁél
Bes
p 60 f
3D
6B
6C
6D
6E
6F

M3
eac
i &° 3
orbi
ode

it24§

e
h su
SSOC

nishg

t reea
nst r
mpo

ct’ad

i @

ob

S0

S0

S2

S2

52

S2

WP d§;

fth(

CCessi
ated

t e f
Re)
n havi
Al g O
bsi bl e

a)
cgﬁe
corfSec
Di tESPO
EA

EB

EC

ED

EE

EF

’L,L,Exd‘l' el

Idy

N%{h

st
&
ng: 4
N 6t

r

et

urpl |t
7

sdeh
ut’t v
5168 |
7D
6B
6C
6D
6E
6F

He sel e

LU@I
ata_woyd

the state
and second
catseénat i ng
plsuraj ity
ct ed

ven

t

[ he

of,, se
f b

yt %at

e sAnme

ons?

S0

52

52

52

52

S2

30
3
32
3
34

3E
31
32
33
34

S0
St
S1
S1
S1

70
71
72
73
74

7E
71
72
73
74

S0
S2
S2
S2
S2

FO
F1
F2
F3
F4

7F
71
72
73
74

50
52
S2
52
S2




2. The method of claim 1 wherein: the successive data words @&RJAN20E8 m
bi'ts,'\/\hergv(g’b;;,?s”gp i nteger; the successive code words each gci@bdég3m¢ bi t 'S,
where n s an integer and n=m+ 1; 0 6 JAN~t~03 -30 the dividing step (a).
conprises dividing each successive data word into a corresponding first,
p-bit portion and a second, g-bit portion, where p and q are integer

vari abl es; the L T ) CONpTISgs ITH io r P i on
into a first ug%?q? @gggalﬁ%f?Eeyrltrlféoc\i/%‘évroerge{n?%&g‘ﬁqlgﬁwgefr(b’r\zzgrsz %(g{egwgﬁd al < p;
and the mapping step (c) conprises naquag=§]he second, qg-bit portion ipto a
second, v-bij_code pattern that is associated with the state variable.} 3.
The nethod of Ddtai f[CW WkSell Data TCVB{ NXS| Déta PCW BNXS$|=DBta pCW |7 Naxgl Vv =
10. 4. The npthod bf_claimi? and{furfher |conpriising stgps. (f) defining a
plurality of]v-it| dde Patlt efns|ahd|dfvildi By {h€ pltraliPy pf°q v bit| code
patterns intp & plurallity qf Zets;76(h)sassoed atiitg| e&ch oft theéplusalify of
sets with onp of af prurahitly of s$tate waljues;, whergian tthercof rrespondi ng
state variab] esgn thg Jmahpi|ngssSt €pg( b) shas ghejofs [ he QI ugsal | ty |of sstate
val ues and whergin g secand,, q{bit {portliop i$ bped {i nt,o p of .t he
plurality of v-3§it té‘gde ﬁatte?gns i;r? { hg1 get E'gt hat??s %ss oc%gat 339 'tﬁ’gthe
state val ue pf *8tep3tH).*'5.| THe net*hod>of| ctai m m%rai N E’Ad and

wherei n: the} débi nj /¥ stFép' (g¥® consr i s&s idi ¥ diing 1t h& pgl urBal | '} |of S¥-bj t
nds2t he msspecgti vy st ep

code patternpg Bato Berists1 gdecond|amd|t fi rid set $;3ca

hird setss WM t7h |f i k5t ,
S -

e

(h) conprises gssoch@t|i ng tlhe;Fi sk, | sgcandgand b
second and third statg val yes,, res,ge{ptglvel Yer | O

encoder for pncodijng guccegsive datajwords | nto respectiive, sucgessivel code
wor ds whi ch fr&° cong%teric’ét d fo 1r0m an dncHded Bit Btrdeam tHe lencodel
conprising: an mbit data word input for receiving the successive data
vords an n-bit cougI eIt QURldiadrdrh! SuNRRHRLach YT ko DIRO) rglat a
word input coupled to the mbit data word 1 nput, a u-bit code word out put
coupl ed to taeofrebpdndinge Ovisik dodetiit, foabehtes SO, Sl endddd, abdpectutiputpr a
second encoder conprising a g-bit data word input coupled to the mbit data
word input, eadhdite verdeDibPH eshepliablecupglad sosededepysiding eadhosiade out put ,
and a state variabl e input coupl o.the state varj.a oyt put, where m
n, p, q, %ta aﬂ‘d”\y’eéf‘ésqcr‘#ﬁéﬁﬁ?/g)r{fgﬁi b‘gi,lgb‘%éeden—f“iﬁe‘idnﬂz\%lgan, and a < p;
and a code inpl engAt edpy ke drhE ke ﬁ&‘@d%ﬁ%@@?ef?@&l%% of MAbeh 3l Withgwa
first nunber of consecutive sane binary synbols appearing in a sequence of
adj acent bi t hpogictimalsdightshdurhtdae’ 0efc orledsdabhd stigR AN aranteverthbi t code word

output to a maxi rum of seven and limts a second of nunber of consecutive
sane bi nary Bgserimabyaes 0, mhiclybsehstededeng fhetppr oy Pl theddblesdexed bit

positions i he_encoded .bi,t stream.gn th -bit code wor tput to a
maxi mum of Pﬁ}%r.efgf.e' %ﬂg%ﬁéaﬁe‘?’o ‘?%Baiwﬁ _ e’F‘éPReﬁfg_olaGgo'ﬁH:C% Lii?,woprd: 8,
= 8, a 3¢/ anthp’ whidle tBe “Thi: W@%%éﬂslaﬁkghﬂﬁo@a WS ﬂn‘érfvé—l@teaﬂﬂdt he
code defines first, second and third sets of unique v-bit code patterns,

and wherei n thee OFiarat 7B'S eaoatthanghdldfeddnsetEuasiebaaeh vakseciTateeddai t h a

first state value, a second state value and a third state val ue.
words in each state S0-S2 are unique. Therefore, when decoding the code

2 |Ng—~r,z31 6, An

words, the corresponding state can be determined by determining the table in

which the code word resides.

15 TABLE 3
State SO of 10-bit code words for 16/17(0,7/5) code
) I 2 3 3 5 3 7 3 5 A B C D E F

0X | 06F 034 04C 03C 078 079 058 059 070 109 071 168 10C 10D 10E 10F
IX | O6E 035 049 03D 074 07B 03A 03B 118 119 11A 1B 1IC 11D lIE HF
2X | 06D 121 04D 123 124 125 126 127 072 1290 073 I2B  12C 12D 12E I2F
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TABLE4

State S1 of 10-bit code words for 16/17(0,7/5) code

0 1 2 3 4 5 6 7 8 9 A B C D E

F

ox [OEF 0C4 OCC ODC OFs OF9 206 207 OFG QDO OFi 0Dl 20C 20D 30L  20F
IX | OEE 0Cs 212 213 OFA OFB 216 2107 28 219 21A 2(B 21C 21D 2IE 2IF
2X | OED 0C! O0CD ODD 224 225 226 227 OF2 OD2 OF3 OD3 22C 22D 22C 22F
3X | 230 231 232 233 233 235 236 237 238 239 23A  23B  23C 23D 23E  23F
4X | OEB  0C6 242 243 OFC OFD 246 247 248 249 244 24B  24C 24D 24E  24F
sXx | OEA  0C7 252 233 OFE OFF 256 2357 258 259 25A 25B 25C 25D 256  25F
6X | OE9 261 262 263 264 265 266 267 268 269 264 26B  26C 26D 26C  26F
IX ] 270 271 272 273 274 275 276 277 278 279 27A 27B 27C 27D 27E 29T
8X | OE7 0C2 OCE ODE 284 285 286 287 OF4 OD4 OF5 OD5 28C 28D 28E 28F
9X | 290 291 292 293 294 295 296 297 298 299 29A 29B 29C 29D 29C  29F
AX | OES O0C3 OCF ODF 2A3 2A3 2A6 2A7 OF6 OD6 OF7 OD7 2AC 2AD 2AL  2AF
BX | 280 2B 2B2 2B3 2B4 2BS 2B6 2B7 2B8 2B9 2BA 2BB 2BC 2BD 2BE 2BF
CX | OE3 2CI 2C2 2C3 2C4 205 206 2C7 208 2C9 2CA 2CB 2CC 2CD  2CE  2CF
DX | 2D0 2D1 2D2 2D3 2D4 2D5  3ID6  2DF 208 209 DA 2DB  2DC 2DD  2DL 2DF
EX | OEl 2BV 202 2E3 2E4 2ES 2E6 2E7 2E8 2E9 2JEA 2EB 2EC 2ED 2EE  2EF
FX | 2F0 2F1 2F2 2F3 2F4 2F5 M6 2F7 2F§  2F9 2FA 2FB  2FC  2FD  2FE  2FF
TABLES
State S2 of 10-bit code words for 16/17(0,7/5) code
0 1 p) 3 3 3 6 7 3 S A B c D E F
0X [09F DA4 08C 303 O0BS 0B9 306 307 O0BO 309 OBl 308 30C 30D 30E 30F
IX | 09E ©0A5 312 313 0BA O0BB 3i6 317 318 319 31A 3IB 31C 31D 3IE  3IF
2X | 09D 321 08D 323 324 325 326 327 0B2 329 OB3 32B 32C 32D 32E  32F
3X ] 330 331 332 333 334 335 336 337 338 339 33A 33B  33C 33D  33E 33F
4X | 05B  0A6 342 343 OBC OBD 346 347 348 349 34A 34B  34C 34D 34E  34F
SX | 09A  ©0A7 352 333 OBE OBF 356 357 358 359 35A 35B 35C 35D 3SE  35F
6X | 099 361 362 363 364 365 366 367 368 369 3I6A 36B  36C 36D 36E  36F
7X | 3710 371 372 313 314 315 376 3717 3% 319 3ITA 3B 3IC 3D 37E 37F
8X { 097 38t O8E 383 384 385 38 387 OB4 389 OBS 388 38C 38D 38E  38F
9X 390 391 392 393 394 395 396 397 398 399 39A 39B 39C 39D 3I9E  39F
AX | 095 3A1  08F 3A3 3A4 3AS  3A6 3A7 O0B6 3A9 OB7 3AB 3AC 3AD 3AE 3AF
BX 3B0 3Bl 3B2 3B3 3B4 3B5 3B6 3B7 3BS 3B9 3IBA 3IBB 3IBC 3BD 3BE 3BF
CX 093 3ClI 3C2  3C3  3C4 3IC5  3C6 3C7T 3C8 3C9 3CA 3CB 3CC 3CD 3CE 3CF
DX | 300 3D 3D2 3D3 3D4 3D5 3D6 3D7 308 3D9 3DA 3IDB 3DC 3DD 3DE 3DF
EX 091 3El 3E2 3E3 3E4 3ES 3E6 3E7 3E8 3E9 3EA 3EB 3EC 3ED 3EE 3EF
FX | 3F0 3F1  3F2 3F3 3F4 3F5 3F6 3F7 3F8 3F9 3FA 3FB 3FC 3FD 3FE 3FF

FIG. 6 is a block diagram illustrating encoder 150 for producing a 16/17

rate code with a global run length constraint “k” of 7 and an interleave
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Cal oa] cal cal oa) cdiEERURLATEG By iR ahi tlabf SahiRreE bR TapEa) €167 ca) ca
cal ena) ool cap e p X ARG T S g BN o ek it el

U ca] cal] ca a&z@;o in encoder (A) 204, which is shorthand for a string of eight bits:
j - 1T#nv| zupkf® ] ca] caILc"a] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca ca] cal] c™a] ca] ca]

ca] ca] ca] ca]%?.f]ﬁéa]‘\eé]iéé\ J4a] ChiheaigBthitajacalved iyl ercpie) ADRJ4 gbdbLedte] ca] ca
Lfggfggfggfg%??g# %%,tgla?eas g‘l\ff? a%?;%a Cgl:not!eg ]S(]N%]sca &5 eC{'i sgear](c )a] cajc

GTf $3% &l
c”a] ca] ca] )éggb daléy#%?3?3%?53535?1gﬂ:gﬂ:gﬂ:gﬁmgl C?;ﬂ’?zg][ ﬁﬂf%(ﬁ?g\cs\]}
&}

] ca] ca] t@] cal] calQulecbeal spITpisRlceabah el & 20b clieRlis Binalkes tatéddcal cal ¢
a] ca] c(a] ca] ca] ca]ca] ca] ca] ca!
EqJdl ' qF- q9} X4nRe4. 2]3]33?]610@} d4] w]mmtcapcama]iea]&)a]@a@m:]@a] ai}haa] ca] c: aj
| 0OM +t [ FO {

?ﬂv? ﬂqgil]nc? | 53}38‘&5} 6]’ zgg]fg,g] @&]Lié%)g%\gg C?df‘diﬁpé a&ﬁ]q:aqqﬁa}%ﬁérgrééatéav] cal c
?ri] gi]sgg} \C/g} ga ‘3\?1 c%})ca] ¢ a%%ﬂ]l R}rSia}arE\‘é ]lbctg]gggf %n%]vggi cg]"‘ca(ﬁf 5%] 881, a] ca] ca]
ca] ca] ca] calaahblealdh ok Glcaltr] aapaadinalaadeaiexGiavd 555@1’%@&&&911 H@F10%#&
"()-) @10909& ()-! *@10%v& ()-!AS 10%°()- "F10%&' () -
zX9! f #yB109&-Hi) code W@*mwle(t)m@neg lyy) @RRZR () - G$SOS#10%& ()-!ts
SH109& ! N@#lO Y 10% [ & t! 109

- & () -t l() s$10%4k NRE! % itg V§Bg %1% 9&’” {%Uiép) %iemﬁf@m%? along lines 216

I zX9{ Y7! L"1 ) % | p@109&
() Towr L 10856 EBoge () oy 48 %%Es%/o%’ﬁzé% a5t %%%?J%otﬁ%]%%? R P ()3
1) " 109 () edgHt BHsWHIv0) f l@é’/dfrfp%t(d)ata by A QEREI{Put) dat&BAYRRE (Thedd bits
&109AWN&' () -)! &lO%?LRL& ()-)! &0%j & ()-)R 75 <=dYNC! 0, 10 10t 10t 10tf6@
10% & () - 4“&@%@9@)383ﬂ2ﬁﬂ0% ¥WhHpinfade 1@%@(80 )296$@i@%>&u(lpus&]\’ﬁf 0, YNC!
~LSt ! 1009 ' () - u%&' () -
LSt 10262'?&\/\9%3 %Wﬁ, gode tester (B) 206 produces an output TB 214 which is input to
encoder (B) 208.
In addition to receiving TB 214, encoder (B) 208 receives state variables
So, S1 and 5; along lines 228, 230 and 232, respectively, and the least significant
eight bits D[7:0] of the input data word along input bus 226. Within encoder
25  (B) 208, the least significant eight bits of the input data word are denoted as
B70. Based upon all of the input values, encoder (B) 208 produces ten output

code bits Zgg along output bus 212. These bits are concatenated to bits Ye0 to

form a 17-bit code word output.
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10XSXS
“1X” represents the inverse of X

In addition, ir the following tables, the subscript numbering notation is
10 replaced by a single script notation. Thus, Sp is represented as SO, By is
represented as Bl and so forth.
Code tester {A) 202 produces output TA 203 based upon inputs WAg

using the equations in Table 6:

TABLE6
15 7-bit codeword tester (A) BOOLEAN EQUATIONS
Inputs  WAGWASWA4WA3WA2WALWAC (7 buts)
Cutput: TA
20 UAD = WA6 | WAS | WAL | WA3

UAT = WA3 | WA2 | WAL | WAQ
UA2 = WA6 | WA4 | WA2
UA3 = WAS | WA3 | WAl
UA4 = WAL | WA2 | WAD
25
TA = UAO & UA1 & UA2 & UA3 & UA4

Encoder (A) 204 produces output 210 (Ys o) using input bits Az
and TA 203 and the Boolean equations shown in Table 7 below.

30 TABLE?7
7-bit Encoder (A) BOOLEAN EQUEATIONS

Input:  A7,A6,A5,A4,A3,A2,A1,A0 (8-bit Dataword)
Input: TA (From CT-A)

35 Output: Y6,Y5,Y4,Y3,Y2,Y1,Y0 (7-bit Codeword)
Output: S251,50 {To ENC-B)
Output- WB9,WB8 (To CT-B)

NAO =tA3&IA2&'A1&IAD
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-#10% & () - 2?9 QADAMAABASAWTL A00AL0%T & () -1 1109%0& ()- “1109%& () -
10907& ()-sf 1090& (NA23 +ATOABOE () - dAABHBBC DdEr S1! T!'10 " 109%0& () - 9&-
1090& ()-M ! 1090& (N1 T1OVFR4AL Lg 109%& ()- L, @ 1090& () -
D\ DDDPEEEaBr S1! T! 10&F£1 109F°& () - ) F1090& () -
't & 1099 T& ()-9° $1%B BAT) 29" 10%F& ()- 9 10%& ()- E/FzZFFGSG'G G GJdE:/ 10T
10T5109F& () - 41090 &4)) oo LRz 1090 () -s0z 10967& ()- & 1094& () -
& 109& () - GaGnGEdadkJdaPat ! K@ 10%0& ()-S$10% +& () -1\ *S$109%&' ()-! kS$10%)J
& ()-1dS$10%0& () @189 0& () - 10TKLbMNOOOOM [ M ! k@#10%0& () 1000 1000
1000! a, ){&#10%08&' ( )Qa%ﬂgﬂ

= a

Gal= Ga & A7

Gb = Y(A6|A5|AS]AIINAD)
15 Gbé= Gb & A2

Gbs= Gb & Al

Gb4= Gb & AD

Gb2= Gb

Gbi= Gb
20 Gb0= Gb & A7

Ge= ITA & A3

Geob= Ge & A7

Ges= Ge &( A6 AS & AD))
25 Ged= Ge &( A5 AD)

Ge3= Ge

Ge2= Ge & 'AQ

Gel= Ge &( A1 & AQ)

Gel= Ge &( Al & 1AD)

Gd= 'TA & NA45 & 'Gb
Gd6= Gd & A6
Gd3= Gd & A7
Gdd= Gd & A4
35 Gd3= Gd
Gdl= Gd & A0
Gdo= Gd

Ge= TA & NAT & 'Gb
40 Geb= Ge & A6
Ges= Ge
Ged= Ge &( A6~ 'A4)
Ge2= Ge
Gel= Ge & A7
45
Gf= 1TA & NA23 & 1Gb
Gfé= Gf & A6
Gf5= Gf &( A5 & 'AD)
Gfd= Gf
50 Gfl= Gf
GiO= Gf & A7

Y6 = (TA&AGN('TA&( GablGbb|Ge6|Gd6|Ge6|GE6 ))
_ Y3 =(TA&ASH(TA&( Gas|Gb5|Ge5|Gd5|Ges|GIS ))
55 Y4 =(TALAD|(ITA&( Gad{Gba|Gea|Gd4|Ged|Gf4 ))
Y3 =(TA&ZANN('TA&( Ga3|Ge3lGd3 )
Y2 =(TA&A)(!'TA&( Ga2|Gb2|Ge2|Ge2 ))
Y1 =(TA&AD|(TA&( Gal|Gbl1|Gel|Gd1|G!1 ))
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Input: TB {From CT-B)
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NAO =!B3&!'B2&'B1&!B0
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Ha=B3

45 Ha7= Ha & (S1|S2)
Haé= Ha & (S1{S0)
Has5= Ha & {B0O
Ha4= Ha
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10% c& ) unction 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 withun the principles of the present
invention to the full extent indicated by the broad general meaning of the
terms in which the appended claims are expressed. For example, the

15 particular elements may vary depending on the particular application for the
coding method and apparatus while maintaining substantially the same
runctionality without departing from the scope and spirit of the present
invention. In addition, although the preferred embodiment described herein is
directed to a coding system for a disc drive, it will be appreciated by those

20 skilled in the art that the teachings of the present invention can be applied to
other systems, like satellite communications or cellular phone systems,
without departing from the scope and spirit of the present invention. Various
other codes may also be used, more than one encoding or decoding table may
be linked together, additional or different state numbers may be used, the data

25  provided to the encoders or decoders may be partitioned or may overlap as

desired, etc.
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220.

WHAT IS CLAIMED IS:

A method of encoding successive data words into successive code words

for transmission through a channel, the method comprising steps of:

(a)
(b)

(d)

(e)

(®

dividing each successive data word into first and second portions;

mapping the first portion of each successive data word into a
corresponding first code pattern and a corresponding state
variable according to a selected code;

mapping a second portion of each successive data word into a
corresponding second code pattern that is associated with the
state variable according to the selected code;

combining the first and second code patterns to form each of the
successive code words;

concatenating the successive code words to form an encoded bit
stream having a plurality of bit positions; and

imposing a run length constraint on the selected code such that the
encoded bit stream has a maximum possible run of seven
consecutive same binary symbols in adjacent ones of the
plurality of bit positions and an interleave constraint on the
selected code such that the encoded bit stream has a maximum
possible run of five consecutive same binary symbols in every

other one of the plurality of bit positions.

2. The method of claim 1 wherein:

the successive data words each include m bits, where m is an integer; the

successive code words each include n bits, where n s an integer and

n=

m+1;
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correspon ing first, p-bit portion and a second, g-bit portion, where
p and q are integer variables;
the mapping step (b) comprises mapping the first, p-bit portion into a first,
u-bit code pattern, where u is an integer variable and u < p; and
the mapping step (c) comprises mapping the second, g-bit portion
into a second, v-bit code pattern that is associated with the state
variable.
3. The method of claim 2 whereinm =16, n=17,p=8,q=8,u=7and v =
10.
4. The method of claim 2 and further comprising steps:

(g)  defining a plurality of v-bit code patterns and dividing the plurality
of a v-bit code patterns into a plurality of sets;

(h)  associating each of the plurality of sets with one of a plurality of
state values, wherein the corresponding state variable in the
mapping step (b) has one of the plurality of state values and
wherein the second, g-bit portion is mapped into one of the
plurality of v-bit code pattemns in the set that is associated with the
state value of step (b).

5. The method of claim 4 wherein v = 10 and wherein:

the defining step (g) comprises dividing the plurality of v-bit code patterns
into first, second and third sets; and the associating step (h)
comprises associating the first, second and third sets with first,

second and third state values, respectively.
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“HSY&' ()*+, - ./ 0123456789;
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RomanAri al Couri gf sdignd RnES@r doiipristivs 8906y @Bl word input coupled to the m-bit

data word input, a v-bit code word output coupled to the n-bit code
word output, and a state variable input coupled to the state variable
output, where m, n, p, q, u and v are integer variables,p + q=m, u +
v =n, and u < p; and
a code implemented by the first and second encoders which limits a
first number of consecutive same binary symbols appearing in a
sequence of adjacent bit positions within the encoded bit stream on
the n-bit code word output to a maximum of seven and limits a
second of number of consecutive same binary symbols appearing in
subsequences of even and odd indexed bit positions in the encoded
bit stream on the n-bit code word output to a maximum of five.
7. The encoder of claim 6 whereinm =16,n=17,p=8,q=8, u=7andv=
10.
8. The encoder of claim 6 wherein v = 10 and the code defines first, second
and third sets of unique v-bit code patterns, and wherein the first, second
and third sets are each associated with a first state value, a second state

value and a third state value.
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9. A disc drive having the encoder of ¢laim 6 and further comprising:
a transducer capable of communicating with a data storage disc; a channel

coupled to the transducer, including the encoder, for encoding

successive data words into successive code words according to a
selected code to form an encoded bit stream, which is then precoded
and applied the transducer as a channel input and decoder coupled to
the transducer for decoding the successive code words received from
the transducer into the successive data words according to the

selected code.



