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) (57) Abstract: A data storage channel encoder (150) includes a data word input (152), a code word output (153) and an encoder.
= The encoder (150) is coupled between the data word input (152) and the code word output (153) and is adapted to encode successive
~~ data words (Xy,) received on the data word input (152) into sucessive code words (Yy) on the code word output (153) according to

a selected code having combined maximum transition run and parity constraints. The maximum transition run constraint constrains
the successive code words (Y,) such that, when the successive code words (Y,,) are concatenated to form an encoded bit stream (260),
O the encoded bit stream (260) has a maximum of one consecutive transition beginning at either odd or even indexed bit positions (268)
3 in the encoded bit stream (260) and a maximum of two consecutive transitions beginning at the other of the odd or even indexed bit
positions (268).
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storage channel encoder (150) includes a data word input (152), a code

- word output (153) and an encoder. The encoder (150) is coupled between

the data word input (152) and the code word output (153) and is adapted to
encode successive data words (Xm) received on the data word input (152)
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constraints. The maxi numtransition run cons ins the
successi ve code words (Yn) such that, when the successive code words (Y")

are concatenated to forman en GROLND OrRMHEFRYENTIDRE encoded Dit
stream (260) hgs a maximu egg [Qne consecutive transi egi nni ng at
either odd or even indexed Bt "PEEHe Giéesto dmjtal ¢omrbinecaions shatknkl dndSt r eam

(260) and a maxi numrepartivilar® AS ALY ILions_beginning at the other
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NOV 2003 PARTI AL SPIORISE SEERNEL  HAVI NG COMVBI NED  MTR AND PARI TY

CONSTRAI NTS BACKGROUND Gk | ON 5 The present invention relates to
di gi tal communi cations ns3}2ﬁgﬁﬁkgyéwcom%m%%oﬁsﬁmra&Idygitaﬂ afamaging @di ng and

decodi ng system i ¢prvextidsoommn itrd@sngiteOh RGEce; orage system In the
field of digital C(,:(_:omﬂ[midrr:ati Qn syst ens, Cdeil\g?{dgﬁ%hnq‘ %%Hﬁétﬁl ohﬁ?@el ddfveyed
froma transmttef t8 &4 ETRiNbeantineludayhany diftarmemedueRAARE LS rdeSrthe 10
general i zed tenn hbdh, t618phdnB Ghids: di fferent nediunms, such as~ ~
“recordi ng medi a, tellmephgélhe Tines g%ﬁ?@égl}e&ﬁﬁm% Igdlatarstarage dyntechaf a
storage systemns, SUSghmagnetragisetiiices(lihg ChahneVBSiudbes: el udes a .
storage nedi um ??@tatl hﬁ‘o dit.gi tal information i s? tﬁﬁgﬁggp%gl“{‘b aP(ﬁ €st or age
medi um and stored Tor SONE P& TETEtedte the suhgsr mediemnngdseeavEr Ssnand

del i vered to the pedo@of@ihie bdBrefelnbi ti.c djsc drive includes one
or nore rigid.discs munted for ot afﬁlgﬁﬁgaﬁﬁgekme fo thereseiver.  Each di sc

has an associ ated head ¥WpicAlgnagsetiadisc drive includes one or more rigid discs mounted
for rotation on a hub or spindle. Each disc has an associated head formed of a
hydrodynamic bearing and a transducer, for communicating with the surface of
the disc. An electromechanical actuator moves the data head radially over the -
dise surface for track scek operations and holds the transducer directly over a
desired track on the disc surface for track following operations. A drive
controller controls the disc drive based on commands received from a host
system to retrieve information from the discs and to store information on the -
discs. The drive controller includes various subsystems, such as a “host

. » . .
interface” for communicating with the host system, a “servo subsystem” for

iy . _ " .
controlling the actuator, a "write channel for recording data on a storage

medium, and a “read channel” for receiving recorded data from the storage
medium.

Information is typically stored in concentric data tracks on the disc
surface. The direction of current through the transducer is controlled to encode

30 magnetic flux reversals on the surface of the disc within the selected data track.

In one type of coding, known as non-return-to-zero-inverse (NRZI) coding, a




- hydrodynami ¢ bearing and a transducer, for communicating-w th the su flaNgy 2003
of the disc surface for track seek operations and hol ds the transducer
directly over a 20 desired track on the disc surface for track follow ng
operations. A drive controller controls the disc drive based on commands
received froma host systemto retrieve information fromthe discs and to
store information on the disc. The drive controller includes one or nore
rigid discs mounted for rotation on a hub of spindle. Each disc has an

associ ated head forned of a hydrodynam ¢ béaring and a transducer, for

comuni cating with the surface of the disc. An el ectronmechani cal actuator

moves the data he&tB'RREANST isyemsomentet bg a Higetis Hif AS rack seeK
operations and holgs, er over- grsgl eosr%lroxé%m?g%{eg‘ﬁ on the

] transducer directl
di sc surface for tr acl}gr??&elngﬁ ’Hg"ed{?éar‘éf!qkomf/ a digitali“wero” &oepriednke@rbycoRLY ol S
the disc drive bastdmagnetio MRS HEGE Y roma host systemto retrieve
information fromthe djscs. and to st%bg%?rﬂagp%q%‘??ubw thgexdi scs. The
drive controller incl Uddstriguing dais fioubty sl he ssys by St@m"cwt?él i nterface"

for conmmuni caty n%lwt&%&%im%@:ﬁ%ssteﬁ%ﬁ& "servo subSyste § the

25
controlling the actuator, a datg beadifieort tig ddsiteal datn teack,

Storage medium tniptmation 1o cynrodl 1 CRUPEK I sctfitint oo steael (1 acks

storage medi um blngéiornr%ﬁtion is typical

on the disc surface. rhescdiuxdetartsis. oFhearad sipdal i plgly @d?,@it;oqlggngrq#ﬁ?,ﬁ] is
controlled to enm&%edggtﬁga,ggg%ﬂaﬁnfltux reve{lsal S on the surface o e
disc within the selected data FFask O feqogHd ¢ Yerepresensed hythekhown' as

- non-r et ur n-t o- zer®wersalse s ypichRELJ cle@féNfoludes 2utnrFY 2003 -2 digital "one"
‘i's representgq béovg_ggps%ﬂgti c flux reversal fsr%gg% oneg%rIQJHBF%cc‘rcgﬁ%?n to
e data't

the next in t k 21 R0 tutligitakdonvertr of sarsplec et YA | ack
of a magnetic fl axd4éaspdsal from one magnetic domain to the next. In
retrieving data fromthe disc, the servo subsystemcontrols the 5

el ectronechani cal act Bt BHseresponstt oftthecltahal 16 ashhi; 11?‘6‘3%11 é@%lige?i red
[ ata tractk,

data track, sen versals stored in the ng 2
generates a readﬁﬁgﬁgﬁnfﬁﬁ%@%ﬁ;@ﬁ%@t o th fore(@ R8I $+DYheheremom sh@pal i s

typicall'y condi t4ropestivniltdgt@and D is a delay operator. A number of different PR targets

15 have been developed, such as partial response class 2 (PR2), partial response

cla:ss 4 (PR4), extended partial response class 4 (EPR4), and enhanced extended
partial response class 4 (EZPR4) channels. | |
A Viterbi detector has been used in the past for the data detector in the

‘ read channel. A Viterbi detector acts as a maximum-likelihood (ML) sequence .
20  detector when the input to the detector consists of a signal plus additive whitc;,
Gaussian noise, and when a typical branch metric (the square of the errér in the
signal provided to the detector) is used. The detected bit sequence is then
passed to the decoder for decoding into the original user data.

All channels, including disc drive storage channels, introduce noise into
25 the signals they convey. To detect and some times correct 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 of a number of code bits. Coding constraints

imposed in the code words can be designed to avoid bit sequences that are prone




‘decoded by the read channel to recover the data represented by the fQuxNOV 2003
reversals. A typical read channel includes automatic gain control
circuitry, a 10 lowpass filter, an anal og-to-digital converter or

sanpl er, a sequence detector and a decoder. The pul se response of the
channel has conventionally been equalized to a suitable partial response
(PR) target of the form (1-D)m (I +D), wherein in and n are positive
integers and D is a delay operator. A nunbeg of different PR targets 15
have been devel oped, such as partial response class 2 (PR2), parti al
response class 4 (PR41) . extended partial response class 4 (EPR4), and
enhanced ext ended© &5B7TRHRE CrFs spansandchn permdit hEBRNorCAHANB Rl BmeHnY T €1 D
detector has beenguaeshd 4t el B8 iff?hset .fo[ the data detector in the read
channel . A Viterbi detector acts asSrd STasE YRdHram kslchherstl (M) sequence 20
det ect or when the i nputhetaseraferadebegh i a :signal .plus additive
whi te, Gaussi an noj se, and \A%]frn a typ?ggﬁeﬁgzﬁ%gﬁdaﬁ?&tgﬂ%t%@&ﬂé“roé‘eof t he
error in the si 3’#5#5 Knosip agdke qode raieotibe eodeorip geserals 8@ abiliterodRtecigd bit
sequence i s tBhen copa&eadrd; : der, for. decoding into the original
user data. All channel g,grsilﬁg}r%gllvggg%ngﬁl 7Y breingreased gs therrede ete decraasesoduce

noi se into 25 tRecassynbiver tddeyate ardaya reated . 1d mes. correct
42y TR 6 FLARI o

signal errors ca eec%d %cf nnel noise, ‘a large nu
techni ques have beert A8VE! opRteVer Prdbadditisiahiyjt adsieh by uascodsn ViRkdasdsshs dat a
words formed of @neuRbesersy nd E(ﬁtotgngnﬁit'etfgéﬁ%gﬁ?ﬂgo%{fgg forglu?gagf bg nunmber

of code bits. Coding constraints | npos
“desi gned to avoid bitSewelsmeest constraims Baps RRE p?op?;séﬁo?&&ﬁm#%@ir{é)dis%
he-

generating eggor an perpit the detection and sonetinmes
correction of er?Ig{egﬂfeﬁoﬁﬁgnaiF%eﬁgf)émfeé@éﬂlﬁéﬁmpf@iﬁiItomesdhamagdeticﬁtbﬂiaaver age

rati o of the numpeies oferuimes. Tad RsiMstis nbQuk er..of code bits is known
as the code rate ?f the code. In gene?al u {?ﬁg{]g%?prlltgvalﬁgae%{:%&adé}gaa%

correct errors ifP'38¢ Bsssy duphapeilosised lomy (BIeL)iinasedas estkake pige spde rate

decreases becaup&uendyWlhe 8 t ans reat er anount of redundant
information in w?ﬁle code vSord@gxﬁ%%ec?/%crﬁogé?cﬂ%agedﬂ}dtff%%‘cymftthm%dgw t he

encoder i ncr ease®ltagepulsdsnio andirether hy Pneqs ey &é@%ﬁiatcohpgansgqugé
t hrough t he lghaqH£I ’

limits the number of consecutive zeros in the read signal to no greater than a
maximum number “k”. This kind of code is known as a run-length-limited
(RLL) code with a “k” constraint. The smaller value of “k”, the better the-
performance of the PLL. Howevér, the smaller the value of “k”, the more
difficult the code becomes to implement.

20 The code may also limit the number of consecutive ones in an encode'd
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 “” constraint,
where “j” is the maximum number of consecutive transitions allowed in the

25

channel signal. For example, to avoid three or more consecutive transitions,
codes with an MTR constraint j = 2 can be designed. Although MTR codes

reduce inter-symbol interference, they eliminate a large number of available

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




Several types of constraints have been proposed. For ‘exanple, in a-d $cNOV 2003
10 drive, the rotational speed of the spindle notor that rotates the

magnetic nedia varies over time. This results in non-uniformtine

intervals between read signal voltage pul ses. A phase-|ocked | oop (PLL)

is used to | ock the phase and frequency of the read timng clock to the

phase and frequency of the read signal voltage pulses. To ensure that the
PLL is updated regularly, a code can be usg 15 that limts the nunber of
consecutive zeros in the read signal to no greater than a maxi num nunber

"k". This kind of COdﬁ‘aS;dS known as a run-length-limted (RLL) code with a

"k" constraint. The s a@rstmagmteclﬁi‘ol “contifiRs RES t grformance of

t he PLL. Hovvever,m(nguasﬁgfh glr t he val ue of " ﬁ gﬁcﬁbtr}lgrel fjﬁlrc?gat t he
code becones to inpherEhtecidglersty Qfé%?edmyoagssystamttotrblax ember of
consecutive ones mamu&atuﬁﬂﬁﬂﬂ limt the effects of

i nter-synbol interference, ﬁ%cegggg%%s% %Om%oélﬁ’%téé’ﬁ’ﬂlF\?@“?tﬁlamgﬂbﬁ ons in
the transmtted §?‘Bﬁd¢nsltht IélcfmlegVhetahnﬁaﬁhs@td?%laxl%% ‘i‘a\%ﬁjﬁ,re knovvn as
maxi mum transkti Qd]el%l &g&s codes wiith a "j" constrai nt "y

t he maxi mum nunber of con 41 pereesedm dersignak toandisawetio (SNR heitiah tlﬁé‘tﬁl{ﬁ’lel
signal . For exarrpﬂoea,getbamvlowltemyt@g 0. secutl ve transitions,

codes with an nEH onstraint j = 2 & Jtteggﬁﬁ%ag%g © \CFB e t’(3’6des
reduce inter-sy aisﬁ?eé*rqyéh%ﬁ@@ctmtth@ygbEmpnonaﬁ@tgmltg@ SIRanAM R 80 O

avai l abl e code ypegs aﬂ@fﬂtﬂgdétt%ctd' fficult and sonetinmes inpossi gl eto

i npl enent MR constralints w gh code rates. -4 As data storage
technol ogy conti nues Cataaddanstera Eb@ﬁ&;slc§ incr e aeri al
density of the data itora e systgm or to ?geglga%lﬁgaggw %5385 Felﬁ :

tol erances of theéo eé‘bﬁﬁ%ﬁ%?haélﬂ%lﬁMe@ﬁmalnMdaledlalgashhga (Yaamndenm ty.

I ncreasi ng the asamuik rék t nuf cturing 5 tol erances
p'“ I ﬁ&%l‘: l”e Enc{ &h%%glg{é ’I:eﬁ? (%m

requires an increase in the si elsw¥hihive simélaniat a

storage channel .Fe5RopEr nhergiwtlinal rmtdrdingicharmaR Hate 5@1@@1 W2pd
effective SNR g3 588k ch th\e det l%ré t hr ough i npr O\?en%r??gﬂa?ﬁ%ﬁécschannel
coding schene ando g A% fripdele $ bandrpaguehannelo mithe: vt DG, can be

nodel ed as | ow Mh@laplphemeltﬁxe 16W!passlQaficdTek g, T L
model ed a ”qgel pe §Ntﬂ{aw hg 5 Chnesha iStind RYEHL 0 P& e prov1de ?ittp
Or no improvement over an uncoded channel. A coding scheme is
therefore desired that is capable of obtaining a particular bit error rate with less
requxred SNR for certain low-pass channels.

The present invention addresses these and other problems, and offers
other advantages over the prior art.

20 SUMMARY OF THE INVENTION

One aspect of the present invention relates to a data storage channel

encoder, which includes a data word input, a code word output and an encoder.

The encoder is coupled between the data word input and the code word output

and is adapted to encode successive data words received on the data word input
25 into successive code words on the code word output according to a selected code
having a combined maximum transition run and parity constraint. The
maximum transition run constraint constrains the successive code words such

that, when the successive code words are concatenated to form an encoded bit

stream, the encoded bit stream has a maximum of one consecutive transition




~inpul se response. Perpendi cul ar magnetic recordi ng channels ‘exhi‘bi?t‘£~
simlar response. Longitudinal recordi ng channels have sone | ow pa 1 NoV 2003
characteristics, but are nore accurately nodel ed as band-pass channels

with a null at DDC. Wien applied to true | ow pass channel s, existing

nodul ati on codes provide little 15 or no SNR i nprovenent over an uncoded
channel . A coding schene is therefore desired that is capable of

obtaining a particular bit error rate with dess -required SNR for certain

| ow- pass channels. The present invention addresses these and ot her

problens, and offers other advantages over the prior art. 20 SUMVARY OF

THE | NVENTI ON Onécgispisetat eifher héd prase dek WiBhdsatbnt 6 e Gfeddey BirdLAy

st orage channel- aggg%%r whi ﬁh includes a data word Input, a code word

output and an encoder XA Of KX, cansequiive transitians begineiog at the othat af thebdd | nput

and the code wor @revdnibdexe®BH pbsiiggapt ed t o encode successive data words
received on the data word input 25 into successive code words on the code

word out put accor di nglt eneenthsidisueredhe patiry chiasvialng g éhef A8 MGk Ja Bt

transition rug ag ' nstraint. The maxi mumtransition run
constraint const rgiﬂ%?o? %0‘;“3%“3% t??‘i/e@"lééﬁé’fﬂélﬂ‘%s%mde Wozds, wikreim 1t e

successive code posithg iategeroanailt @d@tiSedtd thay ded bit stream the
encoded bit stream.has a maxi num of ﬁége conseicglrj '{1}\?/02%%%51 %I {%Yoo‘f‘?r'éy 5“?\10\/

2003 begi nni ng afidietiied: VEueh ean inclede 4 bidey&d0borta riasiy 00N YependidaBacoded
bit stream and @ 4 Qusecutive transitions beginning at the
ot her of the odd e?r% g%ﬂ“@?%&éi%aggwe B Werdsh dn opgrexgrwple tisriicodants t he

~-parity constrai nidageddr atcede aIecé%%B-lﬁﬂ@at@%HsYec\%}]\;ed oR tRIdd 6o %LAs o d
out put for egch set of gvégécessive code words, ereln p1s a positive

i nteger vari abl e thAES Hcerle YWRES opdhecodgovord rappl acordime tpalid ty bits

can be used, whiglcaRoddlCl ude a binary "10" or a binary "01 ", dependi ng

upon the parity of the set of successive code words. In one exanple, the

encoder is adapted tAnodieeeectefthepssaneidehtidn @Rt R hthddRARhYRELLN t he
d

data word i nput ' sive 4-bit code words on the code wor
out put accor di ng;a?%kgt?ﬁegdﬁésjgﬁgd%t"éta SREEEIvers9ae Merdsfepensmissiantbrough sent

invention rel at ehatnel. allreehéhod dicl@BEREDFAS each successive data word into a
1S corresponding one of the code words according to a selected code. The

successive code words are concatenated to form an encoded bit stream having a
plurality of even and odd indexed bit positions. A maximum transiﬁon run
constraint is imposed on the selected code such that the encoded bit stream has a
maximum possible run of one consecutive transition beginning in either one of

20 the even or odd indexed bit positions in the encoded bit stream and has a -
maximum possible run of two consecutive transitions beginning in the other of
the even or odd indexed bit positions in the encoded bit stream. A parity
constraint is also imposed on the selected code.

Another aspect of the present invention relates to a data storage read

25 channel for use in detecting successive code words in a storage channel output,
the successive code words being encoded according to a code. The read channel
includes a likelihood sequence detector, which is adapted tb detect the |

successive code words. The detector has a detection sequence that effectively

disallows detection of bit sequences in the storage channel output having greater




successi ve data words into successive code words for transm ssicon through = -
a channel. The nethod includes mappi ng each successive data word ith]Of%V 2004
15, correspondi ng one of the code words according to a selected code. The
successive code words are concatenated to forman encoded bit stream

having a plurality of even and odd indexed bit positions. A maxi nmum
transition run constraint is inposed on the selected code such that the
encoded bit stream has a maxi mum possi bl e.gun of one consecutive

transition beginning in either one of 20 the even or odd indexed bit

positions in the encoded bit stream and has a maxi num possible run of two
consecutive tranéﬁaﬁ Vi SLopegtivgitiagsition b¢mnonhereihbr oddig co¥emdeteddid i ndexed

bit positions inghg ﬁ%ieag [ tream A parity constraint is also
i mposed on the s&) ec?l?c} code. Qh\n%nt%ﬁ’et?&ggb@é‘ Sﬁft{lﬁ thanptl eyt havinggreaten
relates to a dat Susttepageserend (RBsIGORGInnl il RS SRR N, guccess] ve
code words in a stdt%ra e channel output, = thé successive code YUds Dbei ng
encoded accor di nJ'CEEOIERPE oS besequeneasriathe dhandelidepushdvideal | hood

sequence det egt oagsamegtbahg,.adapt ed to detect the successive code words.
The detector has a detection sequence that effectively disallows

detection of bit sequ¥picamsthenaspba of tierpeRnCiReeHiRh rAYeP i [ ter 2
7 NOV 2004 -6 thghrg1 one ﬁoHsefuti ve transition begirnni ngg%{i@éé?{}%esg&gged or
even indexed bit 4post VHSRLCYGe} pBapsduces agd eneacodbi. t Treaguedizesisicapable

channel out put hefdoRn@Hi@AhE Wwithld utive,transitions beginning
at the other of the odd or gvén Q%n& e%%ecgl?‘?eg%esﬂci)%ﬂés,C%‘Hifdﬁ?fhes'equences

“in the channel otRIstEcenfyiengpdingSudiessive dae svopdirihfoysucobelivasdchegqaspect  of

“the present jnv 1 an rel 0 di.sc drive staorage channel, which
i ncl udes a tfroans E%rggla’eatﬁé%alga%&n%oé%é? foran encadeddbseteams pregodirigahe of

communi cat i ng wienhodedchitt stresth @h@GEHI s ehe B0 ERCAI ealnSto qgeuggngg%ggg gst %]\g ds

transducer for egcg%}l ng successive data words I nto successiVv
10 according to &2 BPled code to forman encoded bit stream pre-coding

the encoded bit stregagy GARpLy g.pbre-caded bit streamto the
transducer as a channel @?}ﬂ%ut ) k%hmgﬁé&gﬁg‘bodﬁsﬁﬁ‘ﬂf &%SH%C@&%&MP Wbt r ai ns

the successive ¢befethalindgded bit stream has a maximum of one consecutive transition
15 beginning at either odd or even indexed bit positions in the encoded bit stream
and a maximum of two consecutive transitions beginning at the other of the odd
or even indexed bit positions and enforces a selected parity constraint on the
channel input.
BRIEF DESCRIPTION OF THE DRAWINGS

20 FIG. 1 is a perspective view of a disc drive having a storage channel that

implements combined MTR and parity constraints, according to one
embodiment of the present invention.
FIG. 2 is a block diagram of a generalized communication system

according to one embodiment of the present invention, which can be formed

25  within disc drive, for example.

FIG. 3 is a graph illustrating frequency response H(f) for PR1, PR2, and
EPR2 channels as a function of frequency over the frequency band 1/2T.




~such that encoded bit stream has a maxi mum of - one consecutive tHMEﬂqungygﬂmg
15 begi nning at either odd or even indexed bit positions in the encoded
bit stream and a nmaxi nrum of two consecutive transitions beginning at the
other of the odd or even indexed bit positions and enforces a sel ected
parity constraint on the channel input. BRI EF-DESCRI PTI ON OF THE DRAW NGS
20 FIG | is a perspective view of a disc drive having a storage channel
that inplenments conbined MIR and parity cgnstraints, according to one
enbodi nent of the present invention. FIG 2 is a block diagramof a
general i zed conmuni catjon system according to one enbodi nent of the
present invention, whi chOchif agsamcHustrtin®s compirison Befees FickBspo exanpl e.

I

FIG 3 is a graphpgryl i frequency.response H(f) for PRI, PR2, and
EPR2 channel s asrpg2 fétl}gﬁelﬁ %Jl;’ld t@&??"é%ﬁi"rﬁ@)ﬁ%\?@?“ ehpanelas Dserb 13 BanlindicdT. 2 7

NOV 2003 -7 FI G ofifrequeacygr aph illustrating a conpari son between the
response for a PR2 cp&?r%(ra,l and the response for a Gaussian channel at DS
= 0.73 as a function - 15 8 lpsk dipgram, @rhich ogicallplihetated ABI6AT:nARGH

| ogically illust ot ; L §n .5 which a plurality of rate 3/4
encodi ng functions ar eﬂ%%h@gféﬁé;?@%gwdﬂ\g fiiRetions ast spscatgpaiedumvith oae t wo- bi t

parity sequence, aratiwand mithtaawoinit partyadiieet. Rfokhe ¢ . nvent.i on.
FIG 6 is a di agr am which logically il Iqust rat eos {h%eogﬁ%?:’ﬁ?%dﬁ}nﬁrgro?g}ened by

a decoder in t hePSSHNFRUAY on system shown in FIG 2, according to one 1

o enbodi nent of the presensabayaRt | G, 7his a diagramillustrating an

exanpl e of the cal cul ation %nldgﬁgléh'ggp é%%lgnlufﬁtr %?rt*‘ec &nﬁﬁlqr’qur@nae%bm e

.code word st reant deepdsr ig thelromsnumitatomsysten ﬂfoﬁﬂiﬂlplli}sz,satcggrgingz&mléﬁe di agram
9

Section of | Bngt KR S i Gal modi 11 od 1o i nol ude the parity
"Q of the path for dd4Gh7$iadi®ram illustrating an example of the calculation and
concatenation of parity bits in a sample code word stream.
| FIG. 8 shows an example of trellis state machine diagram section for an
MTR(1/2;k) coded PR2 channel.
15 FIG. 9 shows a trellis section of length three, which has been modified to
ix.lc.lude the parity "Q" of the path for each state.

FIG. 10 shows a trellis section that is extended to include a six-bit code
word (a rate 3/6 code from the previous example) and in which the states
corresponding to odd parity have been removed.

20 FIG. 11 shows the trellis section of FIG. 10 with all unused states
removed.

FIG. 12 is a graph illustrating a comparison of detector error rate as a
function of SNR for a rate 48/66 code according to one embodiment of the
present invention and for a standard rate 16/17 RLL(0,6/6) code of the prior art.

25 FIG. 13 is a graph illustrating SNR at a bit error rate of 1x10%as a
function of density for the coding schemes compared in FIG. 12.
DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

The present invention provides a coding scheme having combined

maximum transition run (MTR) and a parity constraints to provide a coding gain




' ‘a‘trellis section that is extendedtomcludeaSIx b| cm*ﬁ,zoo
\Il__vi)?d (12 ?2’?253/6 code fromthe previous exanple) and in which th;ahstate 3
corresponding to odd parity have been renoved. 20 FIG 11 Shlg\ll\% 13 < a
trellis section of FIG 10 with all unused states renoved. ! 12 1s
graph illustrating a conparison of detector error rate as a unc |ot
SNR for a rate 48/ 66 code according to one enbodi nent of theh presen it
invention and for a standard rate 16/17 RLL§O, 6/6) code of tfelprlloor5 ar é
25 FIG 13 is a graph illustrating SNR at a bit error rate o , XDE:I'AI as
function of density fort the codi ngi schemes conpared in FIG 12. ALLED
DESCRI PTI ON OF | LI NSO VRS (PR clpnedlenin érevedibioditie (B |

IMITR MIR) and a parity
di schene havi @@r[gt}hmgg t te nS| tion run (
ggnls??al nts to provide a codlrr?bgggln%- °8¥F’t‘%‘{eﬁr€m§\}\}99§§1§h®g@®vmrds

response (PR) chakhi&yosand|limitsrike mnﬂﬂmdbﬁamtsecuhb@traﬂ\ﬂ-t%ng‘?ﬁ‘ﬁlte By Hsrtrc}é?se t?ﬁe
nunmber of consecu%ge transj.tions in the code word t wo an
number of consecutiVelf tra?ﬂg{l?'} Hirarsiapeithes ag etRa hAmqsmom)ranedd bheositidie

dd bit position 5
transition occur s(bat n&ibolr TAOpAUE BoRirhinP Rl 2N, O an -0
(but not both). The parlP? const I’gl nt ?orcese t(Iie ‘?%WSQFPWCOBF Pesifiied

positive channel ch3npel bitytajes eveenr add. odd. The combi ned MIR and parity

| ) distance between
constraints increase t clidean (geonetrica
paths through a Viter bﬁ? %‘gﬁ"}ngrﬁw% Pépar%tééﬁﬁsé‘ﬁalﬁme{:reme thppnmmunatel y 4dB

when conpar ed wi tEucidean(gesa@bcApE fancE¥erviddn G5 %%Ql[lg?h aoggr:m lfre

?he

nc selnthe m ni mum di st anc

gfils'? aEllce Q:eu ﬁnl Is S?ﬂe by gppraximsigdy 4 ddren amﬁparre‘qwuh&ﬁle @?&oﬂ&t?cafﬁgﬁ&
i h d sion.illustrates an exanple o

;fggte;\? | nut ?\ve{r?t ?Sgﬁﬁgﬁrﬂglsh%té&ﬁ"% Ih6i-eo AB1GREATE Hy the Minmytna disange will

¢ltaviparipdistnoeeal iowdjQstedfdladGwall doUE rh0 - lavd
g?é?;SZdChZLSeI ! zg:g; i"*p’@: ?qongl]glpme:glf@;cor%bl ﬁed Na/ITR ané) p(fljrall ?ef ;gr;lg’?wilglgt S,
accordi ng to one “CEntOaTHBN ? 1B$€’§@#ﬁ§lonnkmﬂtmtesanet rs;ﬂgwng \tepla 09
i ncl udes a housi i I’lg/em@xhwﬂereQ%@@a@&ﬁ%n%éﬂﬁ’v{ﬁ%ﬁ nicéno 3

drive 100 further includes a disc ack on a spindle
notor (not shown) by &lGilsie a@leaptp:twe view of a disc drive 100 having a storage channel

15 that implements combined MTR and parity constraints, according to one
embodiment of the present invention. Disc dnve 100 includes a housing with a
base 102 and a top cover (not shown). Disc drxve 100 further includes a disc
pack 106, which is mounted on a spindle motor (not shown) by a disc clamp
108. Disc pack 106 includes a plurality of individual discs, which are mounted

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

25 moving coil actuator and includes a voice coil motor (VCM), shown generally at
118. Voice coil motor 118 rotates actuator 116 with.its attached heads 110
about a pivot shaft 120 to position heads 110 over a desired data track along a

path 122 between an inner disc diameter 124 and an outer disc diameter 126.

Voice coil motor 118 operates under control of internal circuitry 128.




108. - Di sc pack 106 includes a plurality of -individual discs; which 53"73N0~V”'2003‘
nmounted 20 for co-rotation about central axis 109. Each disc surface has

an associ ated head 110, which is nounted to disc drive 100 for

communi cation with the disc surface. In the exanple showmn in FIG 1,

heads 110 are supported by suspensions 112, which are in turn attached to
track accessing arns 114 of an actuator 116. The actuator shown in FIG 1

is of the type known as a rotary 25 noving-gcoil actuator and includes a

voi ce coil motor (VCM, shown generally at 118. Voice coil notor 118

rotates actuator 116 vvgtg its attached heads 110 about a pivot shaft 120

to position heads 110 'OVEFCTSUHENIhEYingpmad cireuiek 128 emgdes thpdhta td B2sthreliveen

an i nner disc di m@@dcegsmcaagwg{&?‘%i@% ax%itﬁc di aneter 126. Voice coil
I'n

notor 118 operates under control o BT RPGOde 19 2 pegretymytongesp- 2003

-9 Wite circuit#yeretNRED foteat e, aleirnatively; yn MRS BARASIES LbGwSE B 40, 0e
stored into sucgggrﬂl\égalcode wor ds, _which are then precoded into a
non-return-to-zero- | nve?%‘é'“maf Fhsr waite tregsducen andreaditlil 0 ehgpdesunagiiizic

format) and nbduflak esetsalsWahif a fasfkic write signal. The wite
transducer on head 110 encodes rrlgél?%tiq]zl eg&ﬂhg%srcéwﬁ%e%ageﬁﬂWFﬁ“%logragneti c
| ayer on the di s¥rié§igneteDparergadoparitonanat agd tahiducerSh 4841 IIOQéHe??mer ead

operations, the gead.tr cer..in head 110 senses the nagnetic ux
reversal's and gene‘?%tngsfﬁ 21%%%?3?%@“@%?6666%%%?6‘%%}%fﬁadménainihcagpalcr@ad

signal is converteeadisigmlds enseddahtod @hikidies 9084 wiLGH i S. provided to
detector and dea%g%gr ircuitry within ?ﬁ%lz*g%ﬁélbyﬁ@hﬁﬁvv&gg?q%et Yduce a
“recovered data F‘(ﬂ‘c?éf”.r curpyGvithing igtegnab¢ionikryd | 2800 prodikce a rgRRekaldhged

communi cati o SYsdfM 148 according to one enbodi ment of the present -

i nvention, which can be forned wthin disc drive 100, for exanple.

Conmuni cat i on syst emFI%82 iswchlockediagram oe“lac‘g@ﬁé?élizlaé%m\‘\mn%tif)ﬁg)f'site%rg?s
successi ve user ag(%[rgi W?rds )I%ijo, X1, ..., xml1l] on 15 inp and
encodes the successt Ve "YSRECThsdacnt of thequrssrtdayansionodieichwardss féamed [ Yo,
yl,.. yn-11 on cuthdw8isd 8dve 008 fordkAAREE QL sitive. integer variable

i ndi cating the nunber of synbols orﬁ@igt g%{r@élgcgﬁg%%sée%? NCHRES Fari abl e n
is a positive PRI¥EEPY aichisbesiven diassivegistitatawoile X, ex s X100l 8, Qlonbi t s

in each cod rd can include any number of ‘symbols. In a
binary syst g?n \M;H[Qlt 159600 AR08 WY 820, data Words int successive code v%flords Yo

= [y?, Yis--+> Yn1] on output 153. The variable m is a positive integer variable
indicating the number of symbols or bits in each data word. The variable n is a
positive integer variable indicating the number of symbols or bits in each code
word. Each data word can include any number of symbols. In a binary system,
20  for example, each symbol représents one logical data bit. In disc drive .
applications, common data word lengths are 4, 8 or 16 bits. As described in
more detail below, successive user data words Xm are encoded into successive
code words Y, using a maximum transition run (MTR) code with a “”
constraint and a parity constraint. Encoder 150 enforces the parity constraint in
25  each code word (or string of code words) by adding two bits z, and z,+; to the

successive code words Y, (or string of code words) at output 153. The bits z,

and z,+; are selected such that each code word (or string of code words) have

either an even parity or an odd parity after being precoded into an NRZI or NRZ,
format for transmission through the channel.




20 for exanple, each synbol represent's one |ogical -data bit. In di szgw\f
applications, common data word |engths are 4, 8 or 16 bits. As descHi 2003
in nore detail below, successive user data words Xm are encoded into
successive code words Yn using a maximumtransition run (MIR) code with a
"J" constraint and a parity constraint. Encoder 150 enforces the parity
constraint in 25 each code word (or string of code words) by adding two
bits zn and zn+l1 to the successive code WFG-dS Yn (or string of code
words) at output 153. The bits zn and zn+l are selected such that each
code word (or string of code words) have either an even parity or an odd
parity after being prEeeded! S0indudeas cthZ[naﬁbnM@Zcorfa%a{f@hmaEHlﬁetfrﬁTgﬁém ion
through the chanpel 2 yf. NY 20%3 -10 CFncoder 150 includes co Inat | on
logic or a state machine. cPorvELaAGIPEducedWaleh gveidundesiebldscquencs odr e
produced whi ch abioad syndeBi [aiteenS98 ipary.synpols. In

al ternative enmbodi nent s, encoder 150E[(§:‘12§1§‘l gﬂgsh%rf%gn%r}t%g&xgpﬁ"’%@??’%?% with
a | ook-up tabl e POPIWaK W 2 leeksipriatde Gir omkires the esnvenedh bisREenadiRhie, Wor d

and its correspoggi rd. Other hardware and software
i mpl enent ati ons cana’gfagaglqgtg\éggees&o%% 8‘?4%‘1"9@0@@ ihard wasmsnsk sofiwages 5

recei ves the sucogdsnentativaseanuddode fswith the two parity bits) from output
153, converts each cqge Wgrd into a serial representation and
concatenates the seri@reliebpresiatoavenand 56 ceopives theauecessivd adde Wbrad gam of

code word bits Ve &b -.cQder 156 recejves the seria code
word stream VK from o%%ﬁ?ﬁsfﬁ%’a%éﬁ @olﬁgi FIYHE §36R cedrpvddBtlodseriplat it i s

“optimzed for thepreseptation autbeancatonatesRelsdil FeFQ¥RktidHR%0 Eieogislgéq% %%@g‘ Ege

~channel . |1 qoongggarrbogi r%nt, Br e-coder 156 conditions t

i mpl ement an . NRZFUHSHEISTIH DLt M 0B optpuihi4 HPra-chilerd5§ réceres thersepislesent s
no transition okoddbwbidbresBWES St o i.c medium and a hinary
"one" represents a _transi t;xg\n. Ir?gsrl%%)t eérﬁg:%%&f’% ,Seaé‘ﬁnwtﬁ?}dmsati on
scheme is used PRURHFEE O the ypaaf deteatoralsed apresenihe shal Mbilthe SLAEN

polarity, and apbj y " repr nts .the opposite polarity. Precoder
156 produces a ﬁrg%géé%%dvéﬁérg’ r&° %éﬁég\?%‘&d(‘%ﬁmséke wauense patmplsmentgner e " k"

s a time | ndex NRZAIGdahys sfenmiR O bidlhy "B Mcblese poies write
signal ak Ofs ouhB)l(J %ev%rSSZl Ansthg Ll?lgrllngiecCinéd?urrrxr? egxl:l aatfir?arry "(rfne's' f}flriei}igfuon )
transition. In another embodiment, an NRZ modulation scheme is used in which
a binary "one" represents one write current polarity, and a binary “zero”
represents the opposite polarity. Precoder 156 produces a precoded write signal
vector ai on output 157, where “k” is a time index that ranges from zero to
20 infinity. The precoded write signal a; on output 157 is provided to modulator-
158, which generates a write signal 159 that is provided to channel 160. The
modulated write signal is bipolar, with values contained in the set {-1,+1} to
implement the selectec! modulation scheme.
Channel 160 includes a write current amplifier, the write transducer in
25 head 110, disc pack 106, and the read transducer in head 110 (shown in FIG. 1).

The modulated write signal is stored on the disc surface in the form of magnetic

flux reversals by the write transducer. During a read operation, the read

transducer in head 110 reads the stored, encoded information from the disc




158, which generates a wite signal- 159 that is provided to channell 16N0V2003 _
The nodulated wite signal is bipolar, wth values contained in the set

{-1, +1) to inplement the selected nodul ation schene. Channel 160

includes a wite current anplifier, the wite transducer in 25 head 110,

di sc pack 106, and the read transducer in head 110 (shown in FIG 1). The
nodul ated wite signal is stored on the disc surface in the form of

magnetic flux reversals by the wite tranggucer. During a read operation,

the read transducer in head 110 reads the stored, encoded information
fromthe disc 2 7, NOV 2003 -11 surface and conveys the encoded

information to adttAw®tand comiens donnaded arforhiRionso adtom@iéigsih 88tollef [ At

channel output 1 i ain cont | er 162 mai ntains the anplitude

of read signal r(gfr)ea%r%ﬂ@agﬁ 8% é)Bttpé‘HEﬁ? nge and provides it to | ow pass
filter 166. Low pass fAutdnedtic ¢Bink8Birdlie:t indipgh frequency conponent s
and provides the filtered read si gnéa{elrlrg%tﬁl)amt{%ngglrg}%f@?l?%@?r%ﬁﬁﬁ@rraﬁ%
can include an aXAihgtRn GPested reage d/myvideriverlberpass fltere68 MRl &-padd fied}

converts the §il yg S L. r(t) into a sequence of digital read
synbol s rk, on out?oﬁ%i eﬁggﬁl%?%e%cﬁec%pwﬁaéﬂpqQfof"idﬁ$ the filierpduradesignab ponse

(FIR) filter 170r(tRpRahplet B8, SARApREUSE EAGRCILACASSAUEILE:: igital read
synbols rk- into at response. FIR fil tera122"tg'r#]f((;)dddglféaslJ(Ig/r{zs5

rget r ,
observation vari (é%vggﬁfk%éf"aé’ﬂﬁ puthighreonvey th filtereg remiesgmtin(tyintd aVi t er bi
| ith in Vi i J Vi i, Al ithmin Viterbi
Getact or 172 oper ar e SEURRLM < mbollIE i AT B trode iisd e Ao
detector (M.SD) Fepulssaespenser{GIR) idtenb2t FIK leyr mztequa@eﬁﬁ%&f#%ﬂcé geei ved
72 i mpl

from channel 60;: e epbodi.nent, Viterbi detector 1 enents a.
trellis stat leolna%lﬁi:tﬂéga i SYMPAIS Tk 1810 & faroet zespanse.nFifofikerd@Rairdduoed mw,  The

trellis is nodifotsetvhtortiasiable QYaHudh$7 " hased o Lihe, MIR and
parity constraints, i nmposed bilgenco er 15&*9%3%3%?%5833’8 ab\? er@‘@g@é’ﬁ%@ ak is
then provided td"di{s8dded8el’20i thin the 20 detector (or alternatively

external to the detecfn); Io lJ,es, t inverse of the precoding
function within pre-codernei%!ﬁggﬂ%gﬁleygﬁr@ %?%T re@?@BeflﬁF% e appierimete av K.

The detected bi tmadnuerielino sbqueptaterstest (MLSIBIbAlet QB Ahnb&iLEQYEr t ef

15 sequence received from channel 160. In one embodiment, Viterbi detector 172

implements a trellis state machine diagram, as discussed in more detail below.
The trellis is modified to disallow states or branches based on the MTR and
parity constraints imposed by encoder 150.
The detected bit sequence 4y is then provided to a post-coder within the
20 detector (or alternatively external to the detector), which applies the inverse c;f

the precoding function within pre-coder 156 to generate a detected bit sequence

V k. The detected bit sequence ¥ g is provided to serial-to-parallel converter
174, which groups the bits into code words and converts the code words from a
serial format to a parallel format. Successively recovered code words on output
25 175 have lengths corresponding to the lengths of the code words generated by
encoder 150. Decoder 176 uses the inverse of the coding rules imposed by

encoder 150 to convert the successive code words into respective user data

words on output 177.




«:174, which groups the bits into code words: and converts the:code morzgé-“wﬁ;ms
froma serial format to a parallel format. Successively recovered c NOV 2003

words on output 25 175 have lengths corresponding to the Iengths of the

code wor ds generated by encoder 150. Decoder 176 uses the inverse of the

coding rules inposed by encoder 150 to convert the successive code words

into respective user data words on output 177. 2 7 NOV 2003 -12

Si mul ati on Exanpl e Comruni cati on system 148>shown in FIG 2 was nodel ed

for a PR2 channel, for exanple, to illustrate that a code havi ng conbi ned

MIR and parity constraints can achieve a net coding gain of 2dB for a

| ow- pass PR2 channel. 5 1. Channel NbdéL_EELQaEBQmEEeS of | ow pass

channel s, such as thos®nHses: BLi:c cor di and
perpendlcular recordlngnhaveaggaSS|an |ﬁﬁﬁ §én§®§pgﬁgénuggﬁsgﬁﬁé¥¥%tics
Th.; inpul se resﬁbﬁglel qriexammplet thélbatrateamnal odé ﬁaxhﬁg)l’:@rﬁﬁ’iﬂéc?gﬂt?%’andfdﬂﬁé} = |

e(|rof/2T 2n eret is tinme, and To is a constan

data are transni t?rés ai"FF cEaHVWI'TIB‘ferﬂ‘E?FCOdﬁ%gélll@@élﬁcﬂomgM-pm AR? chesneqt t he

input to changel 160 (sh Ré’iﬂeho( FIL.G 2). A neasure of the inter-synbol
interference (1SI) or TTTE'aT_S‘y%% density is defined as DS = TO' T,

where T is the baud p |taI ata., The 15 continuous tine
channel response h(t)e%gﬁlf@nne{ﬁg\f ﬂ‘@ﬁ“ﬂ%sg“flh@t BrHsR{ i magnpte-T ) dz .

Eq. 2 |-r Assunbpigat teatrdilgand perpaslicul #Redor@ial dahu Wi th
values ak E {-1, +}€%éd whi.ch are corrupted 6); an gdd??ﬁgﬁmﬁp{ﬂsg%a $%8f an

noi se (AVWGN) RAIstigs (B "flwéserr@awngqr §baif these Yhammelanis tepemerasd B0 1 (t)
- ak h(t - KT) + n(t). Eq. 3 k=-co 1
f(f) = —(:/75}’/2'
T2 B!
10

where t is time, and Ty is a constant. Digital data are transmitted in the form of
positive and negative pulses at the input to channel 160 (shown in FIG. 2). A
measure of the inter-symbol interference (ISI) or linear symbol density is
defined as Ds = To/T , where T is the baud period of the digital data. The

15 continuous time ~hannel response h(t) of channel 160 then has the form

h(t) = J' f(x)dx. Eq. 2
T

Assuming that the channel input data pulses are bipolar with values

a, € {~1,+1}, which are corrupted by an additive white Gaussian noise (AWGN)

20 signal n(t), the read signal r(;) is written as

r(O)= D a,h(t—kT) + n(r). Eq.3

k=

Because channel 160 has a low-pass frequency response, matched filter

166 is also low-pass. At this point, a Butterworth type low pass filter (LPF) is

25 substituted for a matched filter for the following simulations, without proof of




Because channel 160 has a | ow pass frequency response, mat c'hed’fi«ltf’r«; Bﬁ%mmw
is also |lowpass. At this point, a Butterworth type | ow pass filter™ (LPF)

is 25 substituted for a matched filter for the follow ng simulations,

Wi t hout proof of 2 7 NOV 2003 -13 optimality. Except for very |ow

densities, the amount of energy out of the 1/2T bandwi dth is negligible.
Accordingly, the response h(t) is filtered wwth a 7th order Butterworth
filter with a -3dB point at 1/2T and sanplgd at the baud rate by sanpler

168 (also shown in FIG 2) to produce an effective sanpl ed channel

response hk. Assumin .tgéat t he noi se introduced by channel 160 is

bandl i mi t ed ando%téﬂ‘r%lt% XCgptanivery lomedasisiienehe amalak of EnegiV@n obelifoT 2

hk_, + nk . EQ. darBSidMt 4.5 age channel s, -defining SNR is
probl emati ¢ because f%gs}hfgng%}&é?éoé%@géyt Arsparsefn s frléssed yitha th densi ty

Ds. Therefore, torderfRuttepwbntigfine: wiata IRIB piiki 29,475, L LR pRses of
illustration: SNR= 1 err‘]?é g?? E(‘};]. 52 V\/ng?e a , isna'(tg%gbl\%}gra{ﬁa%ﬁgguc{(’)[‘f)’tet he
noi se n(t). Thi s ¥MPISILS @lsshowaiin Fie ) toprotihe anldffenticsampiadhaide] t he
1/ 2T frequengy ha né’éh_aAEk%h{mé. ) nsity . of = 2. This.  allows coding
schenes operatingwaét di'f fer ent rhgfteﬁelgq?ﬁnH‘,t'%fiﬁcgfig;@%‘}“ehb@%‘ﬁtbﬁ%ﬂ‘)mlteé be
conpared on t he ®dsimpled, a beud rarathaneldasdl isgit@rbya fixed channel response.
2. Receiver Mdel A seventh order Butterwortgn fil'ter with -3dB point at
1/2Tis used in this 20 exanple as t’,hgé:rolnt-end | ow- pass filter 166.
Fol | owi ng sanpl er 168, discrete- tine R R"™70" fur t her equal i zes the 4 ead
signal. For a vector of received sanpl€s, rk = [rk, rk-1, ..., rk; L 1]T,
“the FIR "c " vector with length L and delay A produces an observation
ariable, YK = Ork+A.... ) 4
varl As with most storage channels, defining SNR is problematic because the
10 signal energy varies nonlinearly with density Ds. Therefore, the following ad

hoc definition is adopted for purposes of illustration:

1

SNR = —
¢, /D

Eq.5

2 . . .
where 6%, is the variance of the noise n(t). This is simply the reciprocal of the
Is  noise power in the 1/2T frequency band at a normalized deﬁsity of Dg=2. Ti{is
allows coding schemes operating at different rates (and, therefore, densities) to

be compared on the basis of information density for a fixed channel response.

2. Receiver Model

A seventh order Butterworth filter with —3dB point at 1/27 is used in this

20 example as the front-end low-pass filter 166. Following sampler 168, discrete-
time FIR 170 further equalizes the read signal. For a vector of received samples,

ry = [r, .1, ..., rk-L-l]T, the FIR “¢ “ vector with'length L and delay A produces

an observation variable,

Ve =€, | Eq. 6

25




‘ Eq 6 25 27 NO\/ 2003 -14 The ‘observation vari abI e Yk i's then pr oceszeﬁgmvﬂ 2003
using the Viterbi Al gorithminplenmented by Viterbi detector 172 as
approxi mation of a maximumlikelihood sequence detector (MSD). For
practical reasons, the length of the channel response f = crh is often
constrained to a predet ermned 5 partial response. For | ow pass channels,
sone suitable target responses are PRL (f(D) = 1+D), PR2 (f(D =
1+2D+D2), and EPR2 (f(D)=1+3D+-D 2+D). For ,,the simnul ation exanple
descri bed herein, FIR 170 is designed using a | east- nean-square (LMS)
adaptation to arrive at a mninum nean square error (MVBE) equalizer. The

MVBE criterion is charﬁl@tobsarmmnbyrlélﬂe ol f'ﬂ[ﬁ{e\ngﬂ‘_é&'s"s%d-ug Egthe)\;ljrergq onI’??on

frequency respons for PR I and
of frequency over‘ﬁtg?fg‘wz"r‘ Efé‘ B)é(n\dltelblzdﬁtqcmrFVZBas&ap“ﬁmlma@dﬂ6ﬂade of the

frequency responsgaxkiitih 1ike 0,. and the frequency, f,
is 15 plotted al ona axi s thJoQtsE(ﬁQ §O%Q&écﬁf?@t§i§ FPh%‘a‘FtFCéh{féW thesponse

of a PRL pol ynorlﬁ"alh ofithqrehan @8 resppriesfens’s ié b@enfcro‘ﬁ&lﬂb‘?ﬁlﬂﬂ%o a rﬁm%& a PR2
P

pol ynom al , sents the frequency respon
pol ynom al . F G p gh'alempon&? Egﬁf%m 1?"15%?b%ﬂ?lﬁgoméUlrlm(;ﬁ'niatgstdﬁcspﬁnstsfni*e PR3pONsE

al ong axis 210 as¢f(a)+unpl i pro (foh)L5es¢ S 214

represents the frequencygrespggs)e éf%h@%ﬁ%ﬁ%&p@{(@) éﬁéﬁbeﬁ%)lf‘ﬁe 216

represents the fF@dU’éﬂé‘}Ofr@@mthdrmedmb&m GHS 30 BlicGbAMNRIL gﬁélegﬁ = 0.73.
e c

Clearly, PR2 pol roprlate response at t osen
density. For Iovxglr@m glretz(l é) aig'ﬁrl}atl‘ tﬁﬁﬁﬂW?ﬁilélm@mmeaEmrq grarsef ul at

hi gher densi ti es(MMSE)eq&&lﬁ’@ére Thé MMNENrigQf3 is é%r&ter%e@bwm Di stance

Anal ysis Once a partial response target |s c osen Bfile of the nost
likely errorio events and their rel at,hmqg{grpbabw i zl} es can be corrptét eg
using the assunption of AWGN (i.e., oi e “Corréfafion fromthe q-
equal i zation is ignored). The

The frequency response H(f) for PR1, PR2, and EPR2 are shown as a
function of frequency over the frequency band 1/2T in FIG. 3. The magnitude
of the frequency response H(t) is plotted along axis 200, and the frequency, f, is

15 plotted along axis 202. Line 204 represents the frequency response of a PR]
polynomial, line 206 represents the frequency iesponse of a PR2 polynomial,
and line 208 represents the frequency response of an EPR2 polynomial. FIG. 4
is a graph illustrating the magnitude of the response along axis 210 as a function
of frequency along axis 212 . Line 214 represents the frequency response of the'

20 PR2 polynomial, and line 216 represents the frequency response for the
Gaussian channel at Dg = 0.73. Clearly, PR2 polynomial 214 is an appropriate

response at the chosen density. For lower densities, PR1 is appropriate, and

EPR2 is useful at hxgher densities, for example.




- 5 assunptions provide a reasonable starting point for pragnatic‘ana;¥7i@ﬁv_mm3
Monte Carlo sinulations of channel 160 and the receiver elenents c b

used to provide a nore accurate description of the error nechanisns. The
profile conputed bel ow can be used to determ ne the code constraints and

to estimate the corresponding gain. 10 Maxi mum | i kel i hood sequence

detection for |inear channels with AWGN is based on a netric that

nmeasures the Euclidean (geonetrical) distapse between an input sequence

and the received sequence. The detector chooses in favor of the sequence
with the small est distance, The nost likely error events are those that

. |
correspond to an input"seq%&'ééiﬂaﬁtﬂﬁlgdét@mi_sr out put sequence that are 15
separated by a small Gyl i ce. The error rate, or probability of
error Pe, for Viterbi det %iﬁ%rrgﬁgggtgﬁebg Cgﬁi‘ff‘o%(?r%ff’éﬁd thyympst likehvierropa, |
Fq. 8 where d; choutind thiinictmine Fiubhbitlaal e R Gl \ihe Ald ashBRR R of
|

sequences. 20 Th%rvg\éﬁreé the m nimumerror event distance is a rect
i ndi cation of ho | (Re-sDsesorrelegionifiom the equalimaticoris engtadpThaoi se power .

Mor eover, thes, radsu@pBénst iddd ociated. with two error events is
a measure of the I kel inﬁgg)ﬁj ‘of %tgg({h%gle%ga%b%qql%t P%l?ra%‘F‘?téfra”é[)’éﬁt Maaxtet i ve

to the other. | nCadngnalations of dambi 60 andbE WoeRBr SaNBAL cRELOREZLNEd for
the m ni mum 25 :o%dgrace error ent. in a given channel. |nstead, the
ne

e
di stance is cont Wi T A P e SHoRfHISO fithagrrarumrshamisren Thy pegfje oach t he

ni ni mum di st ancecasputdiebel N beQfsed I R1ELS t.considered increases.
For the case of PRZ, a | ow distance err%ﬁn&g\l}ggf&vﬁopﬁr %Fé‘?&?cﬁst“&atieong

series of consectitro@espengding gdimns. Thi s event, which 27 NOV 2003 -16

resul ts becapyse of t L L onse at 1/2T, as _shown in FIGS. 3 and 4,
can be elim nated b;}\gl ?:)g}r%’éltn rlélf%ﬁg%(ﬁfieﬂge”r‘?ﬁﬁ%?t‘%foéb@@ééhﬁmﬁé withah®iGN ons, |

whi ch can be ads basetlios hetktiythaEBASURS tEéﬂ&l@i'clEaxﬁ(g@o%n&'ﬁéq ﬁg@ﬁ%e\é&hgef rom

the avail able code words used by encoder 150. sum ng ese @vent s
are removed, théP3RHSTRGRCANd theveeeivrsiasduenge vEhedivtantor codsey indiva@lofevent s

with ek E {-2,0, @l - st di ff.erence between the
transmitt ef:l and tg%%egg?ngg@lﬁ tﬁ@gmﬁfégtn&lsthéce. Jﬂﬁe most lﬁ(e Y error events are those

that correspond to an input sequence and a detector output sequence that are
15 separated by a small Euclidean distance. The error rate, or probability of error

Pe, for Viterbi detector 172 can be approximated by

(d_
P ~ min
exy % ) Eq. 8

where dyiq is the minimum Euclidean distance over all possible sequences.

20 Therefore, the minimum error event distance is a direct indication of how well
system 148 will perform for a given noise power. Moreover, the ratio of the
distance associated with two error events is a measure of the likelihood of seeing
a particular error event relative to the other.

In general, a closed-form solution cannot be obtained for the minimum

25  distance error event in a given channel. Instead, the distance is contained within
two bounds that monotonically approach the minimum distance as the length of

the error event considered increases. For the case of PR2, a low-distance error

event will exist for a long series of consecutive transitions. This event, which




" ak and-ak,‘féépectfvely}‘Tébre‘l shows the nini num di st ank MOV 2003

Z??gsngszhts for a PR2 channel that have a length L = 9 or |ess and sgart
wi.th ek = +2. 10 Table | d= 4.0000 (0.00 dB) e={ 2, -2, 0,_0, 0, O, 8,00,
0)‘ d= 4.0000 (0.00 dB) e={ 2,-2, 2,-2, 0, 0, 0, 0, 0) d: 4. 0000 g -3

dB) e={ 2,-2, 2,-2, 2,-2, 0, 0, 0) d= 4.0000 (0.00 dB) e={ 2,-2, =N
2,-2, 2, 2 01 15 d= 4. 0000 (0.00 dB) e={ 2,-2, 2,-2, 2,-2, 2,-2,d2 d=
4. 0000 (0 00 dB) e={ 2,-2, 2,-2, 2,-2, 2, %, 0} d= 4. 0000 (0.00 Bé ea(
2,-2, 2,-2, 2, 0, 0, O, 0) d= 4.0000 (0.00 dB) e={ 2,-2, 2, 0, O, 8950
0, O} d= 4.8990 (1 76 dB) e= k' 2,-2, 0, 2,-2, 0, (), 0, 9) 20 d= 4.

(1.76 dB) e= { 2, resultpbecause af the null respon bt 147, 4s HI90 nﬁhd@ 3da$)d£c£n€e 2, do

2,-2, 2,-2, 8990 (1.76 dB) e={ 2.-2,-0, 2,-
4.8990 (1.76 dB) él‘m?‘a?ﬁ by copst Q“‘lgzthe Qumbe”ﬁ comgecutgie tlhﬂSlQQ@s (Muc'hﬁcadB): e={

0, 2,-2,
g g) 2d 24 g9gga(zcanlpﬁsheaijZ%@wnﬂthg%H%n%;Ng%Iggaezwox% f2 cgriaiedavaxl 0 (1. 72
dB) e={ 2 2 2 0211 e vordpused by gncogyr 15@.-A451ﬁ99@tl(2aﬂ.th§§e %l@),tggm{regmgd ﬂ% -2,
0,-2, 2,- 2, 2

tﬂkdsﬁ“iez’zmz 4 for 'egrpr evpatuwigloace (2,062 )dB) e={

2,-2, 2, 0,-2, 2Thnodevak is € ddeRA00bdihed fudB) 8k -2, 2,-2,
2 0) “d= 4.8990 (1 76 dB) e={ 2, -2 STy ‘)é‘““g”géhﬁ?e“:‘d( 383900(1 76
dB) e={ 2, 0, O,Seguenges, @ ang aA,UeSp@tl\&!'y d= 5. 6569 ( )

d=
0,-2, 2,-2, 0, 0) 'Tf%leelssql%wg% e gini B&mzils{t@ce(gybro TSN S T

5. 6569 (3.01 dB) e={ eiients fo56BR2 shaymeltt a={
2,-2, 0, 0,-2, hav@alddgthQ) =9 or less and start with er = +2.

10 Table 1

4. 8990 (1 76 dB) “ﬁ’?‘gg‘é‘%"”

20

25

35

d=4.0000 (0.00 dB) e={ 2,-2, 0, 0, 0, 0, 0, 0, 0
d=4.0000 (0.00 dB) e={ 2,-2, 2,-2, 0,0, 0, 0, 0
d=4.0000 (0.00 dB) e={ 2,-2, 2,-2, 2.,-2. 0, 0, 0
d=4.0000 (0.00 dB) e={ 2,-2, 2,-2, 2,-2, 2.-2, 0
d= 4.0000 (0.00 dB) e=(2:2,2,2,2,2,2,2,2
d=4.0000 (0.00 dB) e={ 2,-2, 2,-2, 2,-2, 2. 0, 0
d= 4.0000 (0.00 dB) e——{ 2,-2,2,-2,2,0,0,0,0
d=4.0000 (0.00 dB) e={ 2,-2, 2, 0, 0, 0, 0, 0, 0
d=4.8990 (1.76 dB) e={ 2,-2, 0,2,-2,0, 0, & 9
d=4.8990 (1.76 dB) e={ 2,-2, 0, 2,-2, 2.,-2, 0, 0
d=4.8990 (1.76 dB) e={ 2,-2, 0,

N
-

U

Do

-

N

“I

NVNN

N

-

S

St N Nl Nt Nt S s Nyt N Nt St N s \ St

d=14.8990 (1.76 dB) e={ 2,-2, 0, 2,-2,2.-2. 2. 0
d=14.8990 (1.76 dB) e={ 2,-2, 0, 2,-2, 2, 0, 0, 0
d=14.8990 (1.76 dB) e={ 2,-2,2,-2, 0, 2,-2. 0, 0
d=4.8990 (1.76 dB) e={ 2,-2, 2,-2, 0, 2,-2. 2.-2
d=4.8990 (1.76 dB) e={ 2,2, 2,-2, 0, 2,-2. 2. 0
d=14.8990 (1.76 dB) e={ 2,-2, 2,-2, 2,-2. 0, 2.-2
d=14.8990 (1.76 dB) e={ 2,-2, 2,-2, 2, 0,-2, 2.2
d=14.8990 (1.76 dB) e={ 2,-2, 2,-2, 2, 0,-2, 2, 0
d=4.8990 (1.76 dB) e={ 2,-2, 2, 0,-2, 2,-2. 0, 0
d=4.8990 (1.76 dB) e={ 2,-2, 2, 0,-2, 2,-2, 2.-2
d=4.8990 (1.76 dB) e={ 2,-2, 2, 0,-2, 2,-2, 2, 0}
d=4.8990 (1.76 dB) e={ 2,-2, 2, 0,-2, 2, 0, 0, 0}
d=4.8990 (1.76 dB) e={ 2, 0, 0, 0, 0, 0, 0, 0, 0}
d=5.6569 (3.01 dB) e={ 2,-2, 0, 0,-2, 2,-2, 0, 0}
d=5.6569 (3.01 dB) e={ 2,-2, 0, 0,-2, 2,-2, 2,-2}
d=5.6569 (3.01 dB) e={ 2,-2, 0, 0,-2,2,-2, 2, 0}
d=5.6569 (3.01 dB) e={ 2,-2, 0, 0,-2, 2, 0, 0, 0}



22,0, 0 0,-2.2,-2. 0} d= 56569 (3201L NOV 2003

-17 d= 5.6569.(3.01 dB) e={ 2

dé; 22{52??2’ g, 0; 0 ?2, g,-z, 2} d= 5.6569 (3 01 dB) e={ 2,-2, .

0,-2, 2, 0, 0} d= 5.6569 (3.01 dB) e={ 2,-2, 0, 0, 0, 0,-2, 2, gi %8 e
d=5.6569 (3.01 dB) e={ 2,-2, 0, 0, 0, 0,-2, 2, 0} d= 5.6569 (3. d )O =
2,-2, 0, 0, 0, 0, 0,-2, 2} d= 5.6569 (3.01 dB) e={ 2,-2, 0, O, 0,69, % 01
2’-2} d= 5.6569 (3.01 dB) e={ 2,-2, 0, 0, 0, 0, 2,-2, 0} d= 5. 62 0( A
dé) ex{ 2,-2, 0, 0, 0, 0, 2,-2, 2} 10 d= 5 5569 (3.01 dB) e={ 2, 2. 0.

0, 2,-2, 0, 0} d= 5.6569 (3.01 dB) e={ 2,-2, 0, 0, 0, 2, -2, 3201 éB -
5. 6569 (3.01 dB) e={ 2,-2, 0, 0, 0, 2,-2, 2, 0} d= 5. 6569 ( )

2,-2, 0, 0, 2,-2, 0, 0, O

} d= 36569 656DAB Be-q 0, 4B, ®8f-22 2010, 0, 2,-2, .
2, 0} 15 d= 5.6569 (3.0d=dB562¢{0RdBPe={®,-200. (2 0-2, 2_,2§z 2} d= 5.656
(23 01 dl}3) e=x{ 2,-2, 0, O, 2—55569(3@1,&9}3 2506‘(5 92,%?00&} dB) e={ 2,-2, 0,

2,-2, 0, 2,-2, 0} d= 5. 65895(6369¢. BQB)E‘ez{{ . 0, 2,-2, 2} d=
5.6569 (3.01 §B) e={ 2,-2, d956369 2

(301

Oé

;0 . 2
&rzzg(%%ag(s 01 dB) e={
2,-2, 0, 2,.0, 0, 0, 0, 0}4-g

2,0, 0,-2,

510,52 1

2,-2} d= 56569(301dB)£55 é’o%}d 5.6569 (3.0
dB) e=( 2,-2, 2,-2, 0, O, 45

)§“é§6§ Q,é’a @10 @B3-B={ 2,-2, 2,-2, 0,
0, 0, 2,-2) 25 d= 5.6569 ( B)zf“{ 220,020, ©2,-2,0%2, -2, 0) d=
56569(3 01 dB) e={ 2, -2, 7 “{272}0@,1)3 -8589 (3.01 dB) e={
2 -2 2,-2, ¥ 2, 0 0 0)4=%6569 @5)6918()3 02.-2B), 00&(2,2, 00} 2,-2, 2,-2, O,
2, 0) d= 5.6569 (3.01 dB)de=6568 (3D dB)e2{ 22220, 2.9, 2,28 30 d= 5. 6569

(3.01 dB) e={ 2,-2, 2,-2, @565692(30(DdB())e—{d-zi),ﬁ,@@,.Q?g,Qﬂ} dB) e={ 2, -2,
2,22, 2,0, 0,-2, 2} d=5.6569 (3.01 dB) e={ 2,-2, 0, 0, 2,-2, 0. 0. 0
5 d=5.6569 (3.01 dB) e={ 2,-2, 0, 0, 2.-2. 2.-2. 0

15 d=5.6569 (3.01 dB) e={ 2,-2, 0, 0, 2,-2, 2.-2.

2
d=5.6569 (3.01 dB) e={ 2,-2, 0, 0, 2.-2 0
d=5.6569 (3.01 dB) e={ 2,-2, 0, 2,-2, 0, 2, 2,0
d=5.6569 (3.01 dB) e={ 2,-2, 0. 2.-2. 0 2
d=5.6569 (3.01 dB) e={ 2,-2, 0, 2.-2. 2, 0.2, 2
20 d=5.6569 (3.01 dB) e={ 2,-2, 0, 2.0
d=5.6569 (3.01 dB) e={ 2,-2,2.-2. 0, 0.-2
d=5.6569 (3.01 dB) e={ 2,-2, 2,-2, 0, 0 2, 2, 0}
0 }
0
0

A

d=5.6569 (3.01 dB) e={ 2,-2, 2.2,

| d=5.6569 (3.01 dB) e={ 2,-2, 2,-2,

25 d=5.6569 (3.01 dB) e={ 2,-2, 2.2
2,2,2

-

d=5.6569 (3.01 dB) e={ 2,-2, 2,-2, 0. 0, 2.- 2,2}

d=5.6569 (3.01 dB) e={ 2,-2,2,-2, 0, 2, 0, 0, 0}

d=5.6569 (3.01 dB) e={ 2,-2,2,-2, 2,-2, 0, 2, 0}

© d=5.6569 (3.01 dB) e={ 2,-2, 2,2, 2,-2, 2, 0.-2}

30 d=5.6569 (3.01 dB) e={ 2,-2, 2,-2, 2, 0,-2, 0, 0}
d=5.6569 (3.01 dB) e={ 2,-2,2,-2, 2, 0, 0,-2, 2

d=5.6569 (3.01 dB) e={ 2,-2,2,-2, 2, 0, 0, 2,-2}

d=5.6569 (3.01 dB) e={ 2,-2, 2, 0,-2, 0, 0, 0,.0}

d=5.6569 (3.01 dB) e={ 2,-2, 2, 0,-2, 2, 0.-2, 2}

35 d=5.6569 (3.01 dB) e={ 2,-2, 2, 0, 0,-2, 2,-2, 0}
d=5.6569 (3.01 dB) e={ 2,-2,2, 0, 0,-2, 2,-2, 2}

d=5.6569 (3.01 dB) e={ 2,-2, 2,0, 0,-2, 2, 0, 0}

d=5.6569 (3.01 dB) e={ 2,-2, 2,0, 0, 0,-2, 2.-2}

d=5.6569 (3.01 dB) e={ 2,-2, 2, 0, 0, 0,-2, 2, 0}

40 d=5.6569 (3.01 dB) e={ 2,-2,2, 0, 0, 0, 0,-2, 2}
d=5.6569 (3.01 dB) e={ 2,-2,2, 0,0, 0, 0, 2,-2}

d=5.6569 (3.01 dB) e={ 2,-2, 2, 0, 0, 0, 2,-2, 0}

d=5.6569 (3.01 dB) e={ 2,-2, 2,0, 0, 0, 2,-2, 2}




d= 5.6569 (3.01 dB) e={ 2,-2, 2,-2, 2, 0, 0, 2,-2} d= 5.6569 (3 01 gq)ggv Wy
={ 2,-2, 2, 0,-2, 0, 0, 0,.0} d=5.6569 (3.01 dB) e={ 2,-2, 2, 2, 2

"2, 2) 35 d= 56569(301dB)e{2220022201_d222
3.01 dB) e={ 2,-2, 2, 0, 0,-2, 2,-2, 2) d= 5. 6569 (3.01 dB) e={ 2,- 2

0,-2, 2, 0, 0) d=5.6569 (3.01 dB) e={ 2,-2, 2, 0, 0, 0,-2, 2,-2} d=
16569 (3.01 dB) e={ 2,-2, 2, 0, 0, 0,-2, 2, 0) 40 d= 5.6569 (3.01 dB)Oe—{

2, 2, 0,0 0, 0,-2. 2) d=5.6569 (3. OjlgdB) ex{ 2,-2, 2, 0, 0, 0, 0.
-2} d= 5.6569 (3.01 dB) e={ 2,-2, 2, 0 0, 2,-2, 01 d= 5.6569 (3.

600 -2, 2, 0
={ 2,-2, 2, 0, 0, 0, 2,-2, 2) -18 d= 5.6569 (3.01 dB) e{ 2,-2, 2, 0,
), {2 0, 01 d= 5.6569 @3.50956A8}.084B)2=¢2,2. 2,0.0; 202 020 ;2 -2} d=

6569 (3.01 dB) e=( 2.-2, d2,5.65693.02 dBRe={22 20)2 0.8 2, 6569 (3.01 dB) e={

-2, 2,-2, 0, 0, 0, 01d55c5565(8869p&-0L18)0 975 2 -2, 2.-2, 2,-2,
, 0) d= 5.6569 (3.01 dB) des{ss39 (9 ’ é’%&o’ 2 {dz 506529 (23:21
) £ 20,052 et 2y & bl bl 2, 0,2 22
3246 (3.98 dB) e 2. 2, D2 242653226 (3.98 dB) e=(

W

-2, 0 2(2,92,290} 0, -2, 2,-2,

g} 26 26 :2),242 (3 98) T .2,8,000} 0) d= 6.3246
8 dB) e={ 2,-2, 0,-2 (3‘2)1%))6-1@ 82,8, 6246, 0.2}98 dB) e={ 2, -2,
2
32

J\)
D |
N
'&

w

0 63%%4 6. BoIRIB- (€52, @:2, 2,2.@, 000y 2, 2, 0,-2, 21
460’(3 bBOngj)e ? 2. d=6.3%4 098018)z)f{a-2,oo -0, 2dZ:~260}?>246 (3.98 dB)
2, 0, 0, 0, 0,-2, 0= 6F24GI3.B.AD46 (03B 2e=0,2) -2, 0, 0, 0, 0,
0) d=6.3246 (3.98 dB) e={ 2,-2, 0,-2, 2,2, 2, 0, 0}
d=6.3246 (3.98 dB) e={ 2,-2, 0,-2, 2. C, 0
15 d=6.3246 (3.98 dB) e={ 2,-2, 0, 0,-2, 0, 0, 0, 0}
d=6.3246 (3.98 dB) e={ 2,-2, 0, 0.-2. 2. 0
d=6.3246 (3.98 dB) e={ 2,-2, 0, 0, 0.-2. 0

2
5

0

0

0

246 (3.98 dB) e={ 2, 2,dg

2

-2 3§%)
.9

0, -

6

o D Q.O’“NNCDND.O_I\JU‘IOQ.I\)N.UIO"\OCDQ.

2 3

“

d=6.3246 (3.98 dB) e={ 2,2, 0, 0, 0, 0,-2, 0, 0}

'+ d=63246 (3.98 dB) e={ 2,2, 0,0, 0, 0, 0,-2, 0}

20 d=6.3246 (3.98 dB) e={ 2,-2, 0, 0, 0, 0, 0, 0,-2}
d=6.3246 (3.98 dB) e={ 2,-2, 0, 0, 0, 0, 0, 0, 2}

d=6.3246 (3.98 dB) e={ 2,-2, 0, 0, 0, 0, 0, 2. 0}

d=6.3246 (3.98 dB) e={ 2,-2, 0, 0, 0, 0, 2, 0, 0}

N d=6.3246 (3.98 dB) e={ 2,-2, 0, 0, 0, 2, 0, 0, 0}

25 d=6.3246 (3.98 dB) e={ 2,-2, 0, 0, 2,-2, 0, 2.-2}
d=6.3246 (3.98 dB) e={ 2,-2, 0,0, 2, 0, 0, 0, 0}

d=6.3246 (3.98 dB) e={ 2,-2, 0, 2,-2, 0, 0,-2, 2}

d=6.3246 (3.98 dB) e={ 2,-2, 0, 2,2, 0, 0, 2,-2}

d=6.3246 (3.98 dB) e={ 2,-2,0,2,-2, 0, 2, 0, 0}

30 d=6.3246 (3.98 dB) e={ 2,-2,0,2,-2, 2,-2, 0, 2}
d=6.3246 (3.98 dB) e={ 2,-2,0, 2,2, 2, 0,-2, 0}

d=6.3246 (3.98 dB) e={ 2,-2, 0,2, 0,-2, 2,-2, 0}

d=6.3246 (3.98 dB) e={ 2,2, 0, 2, 0,-2, 2.-2, 2}

d=6.3246 (3.98 dB) e={ 2,-2, 0, 2, 0,-2, 2, 0, 0}

35 d=6.3246 (3.98 dB) e={ 2,-2, 2,2, 0,-2, 2,-2, 0}
d=6.3246 (3.98 dB) e={ 2,-2,2,-2,0,-2, 2,-2, 2}

d=6.3246 (3.98 dB) e={ 2,-2, 2,2, 0,-2, 2, 0, 0}

d=6.3246 (3.98 dB) e={ 2,-2,2,-2, 0, 0,-2, 0, 0}

d=6.3246 (3.98 dB) e={ 2,-2, 2,2, 0, 0, 0,-2, 0}

40 d=6.3246 (3.98 dB) e={ 2,-2, 2,2, 0, 0, 0, 0,-2}
d=6.3246 (3.98 dB) e={ 2,2, 2,2, 0, 0, 0, 0, 2}

d=6.3246 (3.98 dB) e={ 2,-2, 2,2, 0, 0, 0, 2, 0}

d=6.3246 (3.98 dB) e={ 2,2, 2,2, 0, 0, 2, 0, 0}




d= 6.3246 {3.98 dB) e={ 2,-2. 0. 0 0, 0. 0, 0.-2) d= 6.3246 (3 98 @\?),
g{g,z,o,o,o,((),o,o,z)) d= 6.3246 (3.98 dB) e={ 2,-2, 0, 0, 0, O, o,%z,BN 2003
= 6.3246 (3.98 dB) e={ 2,-2, 0, 0, 0, 0, 2, 0, 0) d= 6.3246 (3.98 dB)
=( 2,-2, 0, 0, 0, 2, 0, 0, 0) 25 d= 6.3246 (3.98 dB) e={ 2,-2, 0, 0,
22,70, 2,-2) d= 6.3246 (3.98 dB) e={ 2,-2, 0, 0, 2, 0, 0, 0. 0) d=_
13246 (3.98 dB) e={ 2,-2, 0, 2,-2, 0, 0,-2, 21 d= 6.3246 (3.98 dB) eg{
22, 0, 2,-2, 0, 0, 2,-2} d= 6.3246 (3.99.dB) e={ 2,-2, 0, 2,-2, 0, 2,
:530d=63246(3.98dB)e{220222202}d6§246230
3.98 dB) e={ 2,-2, 0, 2, d= 6.3246 (3.98 dB) e=( 0
2,°2,-2, 0) d= 6.3 3\7—3‘%@9& )é“ 252.222,0,2,2, 0} 2, 2,-2, 2) d=
(3.98 dB) e={ 2, 2d1ﬁ32216(®98ﬁ )@= {0,2@}235::;9 8, 8246 (3 98 dB) e={

2 0,-2, 2,-2, 0)d= 3246 (398 6B} 8=98, -UB)-2ex{2 3,22 2 2, 0,-2,
= 6.3246 (3. 98)CH=I§)32616{(3 98 dB) e2{ 2,22 Np-2.2. @‘ d= 6. 324216
{5 2,-2, 2,-2, d8,6.324623. 99dB§)&-—§3§1‘7 6. 3246, () dB) e={ 2
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22,0, o, 0,-2, 0) 40 da= =%.334463.08 488 4B) .5 ,2?7, ‘ 32 g g 93 dg) 2}
= 6.3246 (3.98 dB) e={ 2d4=%.324612 98 B 22, 21=2 :%0, 323 (2 2, 0, O,
={ 2,-2, 2,-2, 0, 0, O, 5:66.4%-2 % _3,2)023,32,0220
: ,:O} 27 NO\/32833dB)19e th5 % €= 22 30 ,_22:0, 92,08= 6. 3246 (3.98
) d= 6. 324§ ( aé @#52(3.58, 48, 06={ 2,-2, 2, -2,
B) ex{ 2,-2. 2,-2, 2,-2,,0, __7(_79’22002)(1_
22,0, 0,-2) 5 d= 6 324 g @T%*Zr@mwz’v 2, -
13246 (3.98 dB) e={ 2. .29 329 @B) @:{-2-2, 2)0,-2, 0, 2,-2, 0}
: d= 63246 (3.98 dB) e={ 2,-2, 2. 0,-2,0,2,-2, 2}
d=6.3246 (3.98 dB) e={ 2,-2, 2, 0,-2, 2,-2, 0, 2}
15 d=6.3246 (3.98 dB) e={ 2,-2, 2, 0,-2, 2, 0,-2, 0}
d=6.3246 (3.98 dB) e={ 2,-2, 2,0, 0,-2, 0, 0, 0}
d=6.3246 (3.98 dB) e={ 2,-2, 2,0, 0, 0,-2, 0, 0}
d=6.3246 (3.98 dB) e={ 2,-2, 2, 0, 0, 0, 0,-2, 0}
d=6.3246 (3.98 dB) e={ 2,-2, 2, 0, 0, 0, 0, 0,-2}
20 d=6.3246 (3.98 dB) e={ 2,2, 2, 0, 0, 0, 0, 0, 2}
d=6.3245 (3.98 dB) e={ 2,-2, 2, 0, 0, 0, 0, 2, 0}
d=6.3246 (3.98 dB) e={ 2,2, 2,0, 0, 0, 2, 0, 0}
d=6.3246 (3.98 dB) e—-{ 2,:2,2,0,0,2,0,0,0}
d=6.3246 (3.98 dB) e={ 2,-2, 2, 0, 2,-2, 0, 0, 0}
25 d=6.3246 (3.98 dB) e={ 2.2, 2,0,2,-2,2,-2, 0}
d=6.3246 (3.98 dB) e={ 2,-2, 2,0, 2,-2, 2,-2, 2}
d=6.3246 (3.98 dB) e={ 2,-2, 2,0, 2,2, 2, 0, 0}
d=6.3246 (3.98 dB) e={ 2. 0.-2. 0. 0. 0. 0, 0. 0}
d=6.3246 (3.98 dB) e={ 2,0,-2, 2,-2, 0, 2,2, 0}
30 d=6.3246 (3.98 dB) e={ 2, 0,-2,2,-2, 0, 2,-2, 2}
d=6.3246 (3.98 dB) e={ 2, 0,-2, 2,-2, 2, 0,-2, 2}
d=6.3246 (3.98 dB) e={ 2, 0,-2, 2, 0,2, 2,-2, 0}
d=6.3246 (3.98 dB) e={ 2, 0,-2, 2, 0,-2, 2,-2, 2}
d=6.3246 (3.98 dB) e={ 2, 0,-2, 2, 0,-2, 2, 0, 0}
35 d=6.3246 (3.98 dB) e={ 2, 0, 0,-2, 2,-2, 0, 0, 0}
d=6.3246 (3.98 dB) e={ 2, 0, 0,-2, 2,-2, 2,-2, 0}
d=6.3246 (3.98 dB) e={ 2, 0, 0,2, 2,-2, 2,-2, 2}
d=6.3246 (3.98 dB) e={ 2, 0, 0,2, 2,-2, 2, 0, 0}
d=6.3246 (3.98 dB) e={ 2, 0, 0,-2, 2, 0, 0, 0, 0}
40 d=6.3246 (3.98 dB) e={ 2, 0, 0, 0,-2, 2,-2, 0, 0}
d=6.3246 (3.98 dB) e={ 2, 0, 0, 0,-2, 2,-2, 2,-2}
d=6.3246 (3.98 dB) e={ 2, 0, 0, 0,-2, 2,-2, 2, 0}
d=6.3246 (3.98 dB) e={ 2, 0, 0, 0,-2, 2, 0, 0, 0}




= 6.3246 (3.98 dB) e={ 2,-2, 2,-2, 2, 0, 0, 0,-2} d=6.3246 (3. 9§ IR snn
22{6.23_212@ (2322)’8 2,)0, g, 0, 2) d= 6.3246 (3.98 dB) e={ 2,-2.2,-2,_%?%!62903
0, 2, 01 10 d= 6.3246 (3.98 dB) e={ 2,-2. 2,-2, 2, 0, 2,-2, 0) _d—26.:;>2 °
(3.98 dB) e={ 2,-2, 2,-2, 2, 0, 2,-2, 21 d= 6 3246 (3.98 dB) e={ 2,- 2
0,-2, 0, 2,-2, 0) d= 6.3246 (3.98 dB) e={ 2,-2, 2, 0,-2, 0, 2, -2, ﬁé =
6.3246 (3.98 dB) ' e={ 2,-2, 2, 0,-2, 2,-2, 0, 21 15 d= 6.3246 (3.98 % ea{
2,-2.2, 0,-2, 2, 0,-2, 0) d= 6.3246 (3.9820MB) e={ 2,-2, 2, 0, O,-2, !
0) d= 6.3246 (3.98 dB) e={ 2,-2.2, 0, O, o3 58 85)0)e d2 62324216 (3. 88 a )
2 0,

8 {02 2}2 2(2) d0 6032916 ?3 9:9)346‘]'@ 2139.?) %0(9 0d),-292, é}o}o 2) d- 6.3246
(3.98 dB) e={ 2,-2, 2, 0, D, dBdf {8;0,@,@.,211@ 232,93 dB) e={ 2,-2, 2,
0, 0, 0, 2, 0, 0) d= 6.3260¢ %469@9&%)@—{220020 ®:2 eo«»} 2,70, 0, 0) d=
6.3246 (3.98 dB) P={ -2, 2=3248 (398 dB)es{ 20, 026, 06,6, B246 (3.98 dB) e={
2,-2, 2, 0, 2-2, 2,-2, 0)d=@ﬁ4@(32861803—98(IjB)OEIF{),Z,,Z,b} 2, 0, 2, 2246
2.2, 2} d= 6.3246 (3 08 diB).3H6{(328-B) c2{ 2.0 020,1)20, 2 Qi 01 d= 6.3

OO~N®
w -

3.98 dB) e={ 2. Q-2. 0. cﬁ=®3216((3(9}3d89|c~§23)2660 , ,25'5 e={ 2, 0,-2,
(2, 2. 0, )2 {2 0) 30 24 6 B04633.98 d8PL-£70, 809 027 12,0 g’éé’dg
d= 6.3246 (3.98 dB) e={ 2,4=03a6 ?98%8 2={ . .0, ,f’:zg 0 (2 '2.0,-2,
={ 2, 0,-2,102, 0,-2, 2,-3= @2463 , B,g@@?’o)’?ﬁ’d 6. 3246
-2, 21 d= 6.3246 (3 98dd%)3 5 3 %,_ %,(59 -23:98 dB) e=( 2, O,
.98 dB) e={ 2, 0. O, {%9 05005200 200 9 22 21
l2, 2,12, 29820“301e§|2 gg {Zzof@;,o’,@}-i,o,b,o} -2,
= 6.3246 (3 ) 3296 (4 98 dB) e——’{ 2,0,0,0,2,2,2.-2. 0}
Is d— 63246 (3.98 dB) e={ 2,0, 0,0, 2.-2. 2.-2. 2}
d=6.3246 (3.98 dB) e={ 2, 0, 0, 0, 2.-2. 2. 0, 0}
d=6.3246 (3.98 dB) e={ 2, 0, 0, 2.2, 0, 0. 0, 0}
d=6.3246 (3.98 dB) e=( 2, 0, 0, 2,-2,2.-2, 0, 0}
d=6.3246 (3.98 dB) e={ 2, 0, 0, 2.2, 2.2, 2.-2)
20 d=6.3246 (3.98 dB) e={ 2,0, 0, 2.-2, 2.2, 2. 0
d=6.3246 (3.98 dB) e={ 2,0, 0, 2.,-2. 2. 0. 0. 0}

Because channel 160 is linear, the distance for events in which the sign is

reversed is identical. The distances "d" were computed using the equation,

25 dz\/i (g:l fie,(_,.]2 ‘ Eq 9

k=0 \ i=0

where N is the length of the channel response f. Also shown in Table 1 are the
distances in decibels (dB) from the minimum distance event. As discussed
below, the underlined error event in Table 1 corresponds to the minimum
30  distance achieved by the coding scheme adopted in one embodiment of the
present invention.
Another commonly used ﬁgure-of-merit is the matched filter distance.

This is the distance seen by the detector if only a single channel Symbol is

transmitted so that the detector is not affected by the channel’s inter-symbol
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= (3,98 dB) e= 2,0, 0,-2, 2,0, 0, 0 0) 40 d= 6.3246 (349
;{6'23236 (()3 (9)?-253) 26{2 0, 01 d= 6.3246 (3.98 dB) a={ 2, 0, O, gzé’i@gﬂw
-2, 2,-2) d= 6.3246 (3.98 dB) e={ 2, 0, 0, 0,-2, 2,-2, 2, 0) 324
3.98dB) e={ 2, 0, 0, 0,-2, 2, 0, 0, 0) 2 76N(03/ 33038522 ?—26.8248( .

) e= .0, 0-2, 2,-2. 0} d= 6.3246 (3. ={ 2, 0,0
B? 0?-{2,2’2,?’2,0’2} d= 63246 (3. 980de) ez{ i’l (2)i g,dg, 60,3-2421,6 (2,3 8@ 8}5) g;{
13246 (3.98 dB) e={ 2, 0, 0, 0, 0, 0,-2, 21- _d= 6.3246 (3.98 dB

0, 0, 0, 0, 0,-2,2, 0} d= 6.3246 (3.98 dB) e={ 2, 0, 0, 0, 0, O,
-2 2}« = 0, 0, 0, 2.-2} d= 63246
b o e Qb bl i 521

0 0 2,-2, 2}d1$tm0d:foxﬁllﬂb2%vé By %tx@he% or %\'eng quabt_o 8)422 é Qé h dB}
= 6. 3246 (3 98 { , 2 ¥ =8 98 }dB)
{2 0 g@rﬂ’e 522 Sangy, th@lma@h@?ﬁﬁex(«ﬁsta&ed&—et=z{9292rh& g0 2,°2,
3. 8%3 8}5) g_{a 3%&%("% &%’eﬁh‘ﬁﬁrgegzridesé‘}s migimuym disiagog by 986dB) e { 2, 0, dg
. 2,-2, 2, 03 b} d= 46 32M6d zzmxeﬂzscd cem&ra%ts? 8 233460(3098068)0}e={_

3(2)460(32982dB)2 ez{ %heo’d'@‘é“%(@ﬁ%nmé:byém@)Im:({shawnﬂlBFIQ‘s 2§’e ghaﬁnelz

: Oj d 6. 3246Pfo3’1cﬁ8a1§’5))cre‘§sém%he rgu}lx%Um dché’ 0 1 ecau

160 is linear, the distance for even Ytaﬁglygqggwnstgamtp@lm@r sed |s_.

i dentical . The dPEVeidhestranghissionef 000TsEqUeel $ihBE diftEreRH reibnaén & N =
low-distance error event. To eliminate error events with distances less than the
10 matched filter bound, a time-varying maximum transition run (MTR) code can
be used.

A traditional MTR code applies constraints MTR(j;£) to the code bit
sequence Y, to eliminate code bit sequences with more than j consecutive
transitions and more than k consecutive non-transitions. A time-varying MTR

IS5 code has constraints MTR\/j2; k), which prevent more than j; consecutive
transmons startmg from an odd-bit position in the sequence and j, consecutive
transmons starting from an even-bit position in the sequence. The assignment of
constraints to even or odd bit positions in encoder 150 can be reversed, provided
any constraint in detector 172 and decoder 176 is modified to reflect this change.

20 Error events with the form +{+2,-2} can be eliminated by using a code
with constraints MTR(1/2; k). Practical codes with this constraint can be
obtained with a code rate of 3/4; with k=6. The capacity for these MTR
constraints is 0.7925. Unfortunately, the increase in bandwidth required for the
low code rate would increase the noise power by 1.25 dB. In addition, the

25 energy in the channel symbol would decrease as the density increases, so the net
effect would be a performance Joss.

In one embodiment of the present invention, the minimum Euclidean

distance is increased further by eliminating the single-bit error event. If encoder

150 and the Viterbi trellis in detector 172 are modified to incorporate a parity




Y 1l,ek- BEq. 9 k=0 ;=0 where Nis the-rength~of”thefchahhel“wéspOnggijov*imﬁ

Also shown in Table 1 are the distances in decibels (dB) fromthe mninmum

di stance event. As discussed below, the underlined error event in Table 1
corresponds to the mni mum 30 di stance achi eved by the codi ng schene

adopted in one enbodi nent of the present invention. Another comonly used
figure-of-nmerit is the matched filter distance. This is the distance seen
by the detector if only a single channel s¥&bol is transmtted so that

the detector is not affected by the channel's inter-synbol 2 7 NOV 2003

-21 interference cohstlalnt GhAIdAGN tched.filter distance can be
conput ed using the distance fglé%eﬁg?gtfg{}gmﬂys’é Dt §TTY SYHES with ar odd ent

equal to ek={+2, ngmbex of@rrors.(nFiorerd REOPRE WIARRR eveli D&k L ek
distance is d = éo@eg\%'rd-léhug the ISl _str uc.tqreeg? ?ﬁ%%‘%ﬁgﬁ“nﬁes&céedes

i ts mini mum di stance By 10 %prﬂﬁ‘?m%j-Z.hlsI\YﬂHtflllanmabmtlleeﬁgle@hinsﬁérajvsﬁt,sasThe
modul ati on code wmriQS @Feddit SRARIEY 6.1k hown in FIG 2) provides an
increase in the m ni mum di st anc’e eyﬂ’gg‘fﬁ(“?ﬁ’% ¥o¥straints that prevent the

transmi ssion df two sé&&@min@ﬁs@adiyfd‘oﬁﬁtmemﬁpﬂhé%&ﬂ@ﬂ@k)tc%nﬁraim
| ow- di st ance er rﬁqn-a‘gﬁ..t To elinminate error events wth di'stances’ Pess
than the 10 mat ched 111 {EPGSTRGEVERt becames e+ h2, OyaX, mhiolt is anddrliiednn r un

(MIR) code can Dgbleiserhi b MR code applies_constraints MIR(/;
k) to the code hjt seqtjseér?g‘teegl&?lh% g’oﬂﬂ"m&g’é‘t%‘%‘&&é’?dﬁEééqlaéﬁ’e%sd&\gmm nore -

than j consecut i Meweter.gigiemildhsvihinot seon dull baforkabQ i ,
bforthah IRRE U4 A8 RiFises isoi iy,

non-transitions.gy; J ryi ng. MIR 15 code has constraints
whi ch prevent norlse%aﬂ?;ﬁn}é r%dgﬁ%’e@lﬂﬁ%m IR ipliaddryshe tiser dfiaigwhram an

odd- bi t ~posi i orvode THeeasRiYeNGE caRbinkd jve transitions starting
froman even-bit EFO i bi gn in the seqhengﬂﬂ%ﬁ‘gb&é‘é’éf &F@Wfs léfhererc}ﬁrﬁéfﬁsai nts
to even or odd B n%ﬁ) i"P7-oFRpacity efiteoMER ¢onS@ainmnidae. r ever sed, provi ded

any constraint in detsectog,li2 /B0 ddre oder E176 is nodified to reflect this
change. 20 Error events w Examole an be el i mi nat ed by using
a code Encoder 150 and decoder 176 are designed to implement the code

constraints discussed above. These constraints can be implemented in a state
15 machine, combinational logic, or a software or hardware look-up table, for

example. Other configurations can also be used.

The MTR constraint is more restrictive than the ~parity constraint, so the
MTR constraint is a reasonable starting point for discussion. In one
embodiment, the encoder and decoder are adapted to implement a rate 3/4 -

20 MTR(1/2;6) code defined by the mapping shown in Table 2.

Table 2
Xne Y, Xme> Ya
000 <> 1000 100 < 0100
001 « 0001 101 < 0101
010 < 0010 110 & 0110
011 & 1001 ’ 111 < 1010




~code constraints discuss

“with constraints MIR(1/2; k). Practical codes with this constraint i@gh NOY 2003
obtained with a code rate of 3/4; with k=6. The capacity for these MR '
constraints is 0.7925. Unfortunately, the increase in bandw dth required
for the | ow code rate would increase the noise power by 1.25 dB. In
addition, the 25 energy in the channel synbol would decrease as the
density increases, so the net effect would be a performance |oss. In one
enbodi ment of the present invention, the mZ3i mum Euclidean distance is
increased further by elimnating the single-bit error event. |If encoder
150 and the Viterbi treledsgctd t or re nodified to i ncorporate a
parity -22 constraint in Sg%ét}e?f(g% vfog&% We]lﬁz?%;%‘ﬁ@tthﬁﬁﬁﬁ%ﬂ?d MA&ncopstraomts,
euents with an odoet Wbt code wonions ot SRS Wi il he
ent 9 Wdh N3N |l e. code word can be preverted. |
elinmnate the si n\}é}% JBI R P YRnimin theritamsinengml4rity aetiBiokipavent S,
five-bit events, naodilaér 180.in B \ht LN the.parity constraint with
the MIR(1/2; k cggg%}ai &’td thledxzmqﬁfgnlg%%gﬁ%t?cgﬂﬁéu%‘fer‘&qﬂs’ék?éms ligeitedites ek =
+( 2, 0,-2), whi e g sequienescfitransifTaly Woths id BiBhis QLS s to,a
m ni mum di st ancec(g)(;e Word S ?ié or, a g 98 dB_ggai n. éﬂg%{}g%qg&sl?a@l% wil |
not see a full pertornanis Befumbsr ohcopsecutive tremsitionstis Emited &f @oGehaithd be
reduced by a | ossequencBNRrkigHidgEBe ..a lower rate 10 code. The
capacity of the igrrbi. ned MR and Q gﬂ“&%@%@%‘%ﬁ’%%‘t 18 eﬁﬁ’ewé%\f%dw ess
than the 0.7925 ¢aPa&ayasmupipos rmmnésixabmtranﬁdi&mi.eﬁo'sﬁ@ﬁx%ﬁﬂ{e/c'RﬁgOder
Desi gn Exanpl e %%%fec’bﬁ&gﬁ%d%ﬁpder 112 are designed to inplenment the
eé apbove. " Fireeathen nlavaltemative embodimentsphekent ed i n
a state 15 Hachiometraiviombihaet dtheraklubQGhdudifl i@ini¢f t War e or hardware
| ook-up table, for exgnple, Qher configurations can also be used. The MIR
constraint is nore reSiRRED]GPastaRgAs erercpdviattile constenstiontof aWolgie MIR

constraint is asegasesgn)l e 5f@lhd pQi n r discussion. In one _
enbodi nent, the encode(rmand§}cie§%%{§?)dg?dgr%a;ag?r€échW‘F&ﬁf@?ﬁén’t’orés)r &iret, 3/ 4 20

MIR(1/2; 6) code "teparieaf thy precedingbipi inghebeivdra isTdubhided. 1FAISa Ford

s represented by X, = [xg, xy, ..., Xm-1] and the code word by Yo =[yo, »1, ..., V.

15 ), then for a code word starting with time index £, the binary {0,1} NRZ
symbols that would be transmitted at the output of precoder 148 are determined

by the modulo-2 addition of the previous symbol and the present code bit
according to the following equation,

20 ‘
The parity for the number of NRZ 1°s is determined by setting the initial
condition Qy.; = 0, where "Qk-1" is the parity of the previous code bits, and
calculating,
Qi=Q'_l®ak, i=k...k+n—1. Eq. 11
25

For even parity, Q = 0, and for odd parity, Q = 1. In one embodiment,

the two bits Z,, Zy+ are selected to provide even parity as




Xm H YnX111<-> Yn 000 H 1000100 H 0100 001 H 0001101 H 0101 010 H O@IPINGV 2003
H 0110 011++1001111H1010 -23 The selected code words in Table 2 satisfy

- the selected MIR constraints, even when the code words are concatenat ed
with one another. A" 1 " in the code word represents a transition in the
wite current polarity at the output of nodulator 159 in FIG 2. The
nunber of consecutive transitions is limted to 5 one when the sequence
of transitions begins in odd bit positions-24.thin each code word, and the
nunber of consecutive transitions is limted to two when the sequence of
transitions begins in even bit positions within each code word. There is
a maxi num possi bl e run of six non-%rgn i tjifoos ¢igeo "0's), when the code
words are concatenated with one anot fret'” '[@lﬁ' tepngtive enbodi mentky,. 1zhe k
10 constraint can have other values, including’infinity. The parity
constraint is enforced via the concatenation of a two-bit sequence (Zn,
Z"+0 to each code vvordThY're% fs.;8 ch,string of code words). First, the
parity of the prsﬁc/:&di ng bIts "I SIS RaTnttdhe eutpettaf pracndet. 156 Thie dat a
word is represenVi@R byarXy cade[wdtd akXihe d code word by Y"
= [yo, yi, ..., Y.- 15 then for a codgu%?%%%%ilgglﬁﬁzt'? i ndex Kk,
the binary {0’ } NRZ synbols that we| d- pe 21;r2an?;n‘itted at the our%gué3 of
precoder 148 are determ ned by the nmodul 0-2"addifion of the previf8u
synbol and the present code bit according to the follow ng equation, 20 .
ak = ak-1 (c) Yk Eq. %@ .JRe g)aiit?/ for the nunmber of NRZ 1's is determ ned
by setting the initial cORdith O8RS frate i/ (ghdrparityode. The svotbie parity of -

?L Qezgr evi ous F:odeednlehﬁs tl&IﬂdetezezﬂhélﬂhL:%b%ritﬂvhgrgchbsegrt)egalﬁ’se {hf:}is do 'nlc<>t+ n-1 . B

violate the MTR(1/2; k) constraints. In fact, when concatenated with the rate 3/4

10 MTR(1/2; 6) code, all the constraints are preserved and a rate 3/6 code results.
The fact that the constraints from the rate 3/4 code words are preserved implies
that multiple words from the MTR code can be concatenated to form a longer
word prior to concatenating the parity constraint bits. If p repetitions of the 3/4
encoder are used, then the resulting encoder has rate 3p/(4p +2). For p =1, the

15

rate is 3/6 = 0.5, but for p = 16, the rate is 48/66 = 0.7273. As an example, the

rate 3/6 code mapping is shown in Table 3.

Table 3
X > Yo, Zo, Zos Xm <> Yo, Zn, Zost
000 & 100010 100 <> 010001
001 « 000101 101 < 010110
010 & 001010 1104<—>011001
011 « 100101 111 <> 101010

If it is desired to concatenate "p" of the rate 3/4 codes, then encoder 150

20  creates




= n arlt , Q= 0 and for odd parlty, Q 1.-I'n one enbodi men 20“3
'lt:\cl)vcr) g:/tes En Z%+1Qare sel ected to provide even parlty as 2 7 ][\IO\/ 20 gerNdyéel
Q5 Eq. 12 This results in the desired parity at the output o 'prle:IC(C)i i
156. The MIR + parity code word at the output of encoder 150 in /

then Z"+a = [Y,. L,. z11+1 | Eq. 13 Thus, X,,, H 4+2 fornms a ratF m "

(n+2) parity code. The two-bit sequences that determne the fina Par I%
where chosen because they do not violate-2he MIR(1/2; k) constr?: nt ﬁe

fact, when concatenated with the rate 3/4 10 MIR(1/2; 6) code, a

' Its. The fact that the
constraints are preserved anf @ rate 346 ,dezresu) _ _
constraints fromthe rate 3/ e'-v?f)'r'gi?&?e‘{b}-eé(é’? \zed,,,,drrpl ies thatl4

[ tenated to forma | onger
|tiple words fromthe MR code can be conca nge
V\ngl‘d BI‘IOI‘ to concatenating the parity constraint bits. Ifp repetitions of

3p/ (4p +
the 3/4 encoder waiees qasled:bittXan 4theYJxaspﬁ1ﬁd Eﬁbeﬁ&gr%%m@ﬁ%fa?% g/ﬁepl g 28/ 66

= 5 but forp =
2)0 §c2)r73Io As an exa[%@ i%ef‘ﬁ%&r/ %Fpgersfﬁsmlmpmm@dqsa Héudvencoder-Tabl e 3.

100010 100 ++ 010001
Tabl e 3 Xm H ¥n, debdderBm thiflsktai Hﬁf&gvf
001 H 000101 101 H 010110 010 Hgoo bdz‘rili%‘p% f?om 011 -x100101

1111- X101010 If it |sFHééllﬁéblOpbdmgmnammuegl Aly 1ﬂﬁst¥a|fb%arl%§)1H§{cy%é;(?lges

[ X(1) X(2) X )" y(2)
t hen( e;‘COder 15044RKG" Gfl?t%ﬁ’t%/ o% ate '7>f encodmo hzjgctxong 2%00 (25)0, , \there i=p-1,are .
y(r
concatenated with one another and with a two-bit parity sequence as descrrbed

above, according to one embodiment of the present invention. For m=3,

10 encoder 150 receives user data bits X3 = [xo, x1, X2, ..., X3, X3i+1, X3i+2] O iuput
152, which are passed to respective encoder functions 2509 - 250;. Each encoder
function 250, - 250; encodes the respective 3-bit user data bit sequence into a
corresponding 4-bit code word bit sequence on output 153 according to Table 2
above. For n=4, the respective 4-bit code word bit sequences are labeled Yy =

15 V0, Y15 Y2, V34 s Vais Vainl, Vaisa, Yai+3). In addition, each encoder stage calculates
the parity Q for each bit sequence according to Equation 11 above. For
example, Q; is calculated baséd on the initial condition a;;=0 and Q1 =0. The
NRZI bit a; is calculated and provided with Q3 as an initial condition for the
next encoder function stage 250,, from which Qy is calcultated. This process._

20 repeats for each encoder stage until the final parity Qu+3 is calculated. Based on
the value of Quis3 and the equations given above, parity generator 252 then
generates the two parity constraint bits Z4;.4 and Zivs, which are appended to the
end of the concatenated code words on output 153 such that the resulting
precoded bit sequence ag . . . ag.s at the output of precoder 156 has even or,

25  alternatively, odd parity.

FIG. 6 is a diagram, which logically illustrates the function performed by
decoder 176. Decoder 176 includes a plurality of decoder function stages 2540-
254;, which use the inverse of the rate 3/4 MTR(1/2;6) coding rules used by

encoder 150 and convert successive code words Ya=Do,y1, 32,5, -.., vai, Ydi+l,




33344 . 42Zn Zn+l Eq. 14 where each 3-bit X3 to 4-bit. Y4 mappin@ 7NOV 2003
performed using the rate 3/4 MIR(1/2;6) encoder/decoder. This formulation
provi des a bl ock encoder 5 decoder formthat is straightforward to

inplenent. FIG 5 is a block diagram which logically illustrates a bl ock
encoder in which a plurality of rate 3/4 encoding functions 2500 - 250; ,
where i = p - 1, are concatenated with one another and with a two-bit

parity sequence as described above, accor@6ng to one enbodi nent of the
present invention. For m=3, 10 encoder 150 receives user data bits X3 =

[XO0, X1, X2, ..., %33, Xpkd 3; +2 n input 152, which are passed to
respective encoder’ 1 "rﬁéi(%%lgecﬁébwppt)%d?tp TESREFH! Ve datadeerds Kurdtd, on x2500 -

250; encodes t he xpespeodiendubput 1B 9H i ence intoa . .
correspondi ng 4- bi c]?igze wor d tgiit sequeecggéerqg?ll%nﬁf%gt{e {f]\éosxpaé‘é%f)?”&}rﬁ‘ﬁt bigs
4

t
Table 2 above. Foirs 3ideis brsanseqiaain wikidbenkirteddgdie daEeoDi t Sequences ar e
| abel ed Y4 = 15 [ Yo, ¥iG ¥Ra dlidram il \g4it, Y4i +1, Y4i +2, y4i +31. In
addi ti on, each encoder stage cal cul aPsingagexamplef thy qainulasian andi t
sequence acco? di pepcasnEequaifiparitylbitsal @ ¥AnplES6de H@ hsqcal qul at ed
based on the initial ]dg@ndi tion ak_1=0 and K 12 g‘.}kﬁﬂg@@e‘ﬁ? a3 is
cal cul ated and provi 'ﬁf?rﬂleaﬁf H¥0 egncatpnatédadode ovonds 261runl 062 iigich Ravet
encoder functi onthetvames 2501y ofd [ 7 is.calcultated. This process 20
repeats for each encoder stage (t}nwtl%lretcsﬁeecg?'flﬁal WORArIEY, bigsiA6dhaving dkg cul at ed.

Based on the vaYalee ®¥" exlepperaied td the eRd|opEdde ord DY E HrRPRYSe bp%aili}%of
generator 252 th&%e“%§@§g tgs thedt parity constraint bits +24 "and
74145, which are appendéertdenxords 3d 268 sachohryataendt wordlonghwbtsls on

out put 153 slich HitsatTht st basititiedio RE Fa?gegﬁgsgi%&ﬂ;gpgg‘?fﬁ?ﬂ%ga;Wa“lﬁ'at

t he out put of precoder 156 has even or, r fty. FIG
6 is a diagram SHPERC [giebhl Lipe266 assignate mtddertd 440k bitoR cRRVQEIES DY

decoder 176. Decgd iAG .uraljty of decoder function stages
2540- 2541, which ggze%fZ 3°F§IJ\?§9§%“g‘?cgl‘?fbwf"é*f‘éh%veapmm q9dz:veyrdcbidderg r ul es

e s sero i Geteelele fertly, s
into respect|ve 8a{se{1%bre&eg%\c(/ 1t g@o,r ogc_iLg woals 261 and 262. The last bit in each
I5  code word is the least significant bit and is numbered as bit zero. Line 267
| assigns an integer to each bit in code words 261 and 262 and parity bits 263
based on its temporal location within the overall code word stream 160. N
Even/odd line 268 lies above line 267 and provides an "E" designation

for each even bit in code word stream 260 and an "O" designation for each odd

20 bitin code stream 260. The "E" and "O" designation is vertically aligned with

its respective bit in code word stream 260, MTR line 269 designates the MTR
constraint for each bit location in code word stream 260. Each odd bit location
in code word stream 260 has an MTR constraint of one, and each even bit
location in code word stream 260 has an MTR constraint of two. Since the

25 number of parity bits appended to code word 261 is even, corresponding bit
locations (as designated by line 266) in successive code words 261 and 262 have
the same MTR constraint. This helps to ensure that all MTR constraints are

satisfied in the overall code stream 260 at the boundaries between the individual

code words in the stream. For example, there are only two transitions ("l's") in




X3, x3f+| ~x"’3, +2] -on -out put 177. Decoder 176 i gnor es the t\/\oparlt%]mym
constraint bits Z4i+4 and 4+5 because parity wll be enforced by the ‘ ¥
detector. FIG 7 is a diagramillustrating an exanple of the cal cul ation
and 5 concatenation of parity bits in a sanple code word stream 260. Code
word stream 260 is fornmed of two concatenated code words 261 and 262,

whi ch have the values "1001" and "1010", respectively. Two parity bits
1263 having the value "01" are appended te&2%4he end of code word 261, prior
to the beginning of code word 262. Code words 261 and 262 each have a
code word | engt hc@fe JHK id$. .The first bit intime is to the far left
of stream 260 and | ater Sr‘?at%s?édn%?g'ﬂ%‘“g é&‘&‘%ﬁYFnttbt RAsHion6g hs repteseree2B6the

assi gns an i nt egel’s"tin b @oditidists dnd 7T OKlEs WAL GlirA0d 262 based.on its
overal | location within the respective codtgecs\/t\%er%{ﬂ??frlodﬁ&a‘mf Pﬁ%é(%ﬂw]? ng
system the firsPOHMUN pRbeE AT Eenseionortbiatibsgintie eveasic sosamnk i @s, bit and
i's nunbered as bit thrigeryp rds 261 and 262. The last bit in each
15 code word is 9“3 he | east 5{38%?%?%%PUWEO%?IC?®Y habiyetielisalstepmtned dyo.

Li ne 267 assisgnsEquatiomi @gevet Bactasihintink 270 i GRI dsog6k ,and 262 and
parity bits 263 afﬁflgﬁn i tia tenporal | ocat | oﬁx%@s{l‘% gﬁtqkéheo‘%}“&?ﬁ PiEode
word stream 160. EVe Je147H @09 B present cebowerd binim laﬁbmnﬁsﬂhﬂl\gia@les an "E"
desi gnati on f orinigialcddn@Ni8R oPit,=bn; word stream 260 and_an "0"

desi gnation for eg{f‘? ggd éo 'Bi Pr&l'eﬁ(ﬂ%god réotrrt%&‘ﬁm%‘;ﬁd’.“ iriige 229). g " 0"

desi gnation is VBN ebEpodsril §6 éctrafbiethal bis odERBESE by €'Di 1 1i D code. wor d
stream 260. MRyl aé?g[gg@% deISi %gt erE%t he MIR constr ai n%i lﬁ‘é’it’bgg@ﬁnﬂﬂ'?
“Jocation in code word Streamcz8d: éfdidenal pietcodexdt paritp bits imbic peketiongrsd

'stream 260 has amd §E&Rise drré-dbddr ofHuLRS; ch even bit _location in
code word stream 260 has an MIR cg{%trgfnﬁ?agfoel?%.evgiPf’dgyf%'é“SZ‘SGsrﬁh‘Fﬁ?er of

parity bits appBhEtitensl clodeaddsd do thésiset of ietsan theGaesgspondi ng bi t
| ocations (as designp{,gd | 66), in successiyve code words 261 and 262
have the same MIR CONSET glyer?%%sggftﬁﬁ%e‘%@f‘ div31uspd (1R6 at ¢agh bitiposiNBR As
constraints ar edessabddshbed G; r Q;h@ag¥ariakl cpde;stream.260 at th
boundari es between %.he i ndj vi dual . code V\oi%gﬂell’nénfih CIgp P%fﬁ?ﬁedffbge exanpl e,
there are only W tHshSs tthoyalug of Qimbi) pesition2Vindode 7@rd. )ik eamyR60,
begi nni ng afs t BB Bl dnd 0S| Jahy s represepted by the "I's"™ in bit
positions 6 ang'ﬁ??yThi s sa??%'fa}jgg&’tnﬁié).sﬁﬁ’?? gg‘?‘fﬁ??ﬁ‘f‘%ﬁ’?,w%ﬁ@%m%ﬁus the
maxi mum nunber ‘8" aecardiig fodiymatibrhi ateegi N in even bit positions, to two.

|

6.  Viterbi Detector .

In one embodiment, viterbi detector 172 is adapted to implement a
Viterbi algorith for detecting data constrained by the combined MTR and parity .
20 constrained code for a PR2 channel. The trellis can be used for any length thr.ee
channel response and can be generalized for longer responses (such as EPR2,
etc.). The MTR constraints are time varying and depend on the sample index, k,
so the trellis is also time varying.

FIG. 8 shows an example of trellis state machine diagram section 300 for

25 an MTR(1/2;k) coded PR2 channel. Note that the inputs {a;, ay.1} to the trellis

are shown in bipolar {-1,+1} form. In later figures, a binary representation {0,1}
are used with implied equivalency. Trellis 300 has a plurality of discrete time

intervals represented by a vertically oriented group of states, which determines a

noiseless output sequence for any user input sequence from the channel. Each




“Line 270 represents the output- of pre-coder 156, whi:ch i s det ermneii))‘mvB
Equati on 10 above. Each bit in line 270 is the exclusive-OR of the 2003
previous pre- coded bit in line 270 and the present code word bit in |ine
260, assuming an initial condition of ak.1=0 (i.e. the bit prior to the
first bit in line 270). The output of pre-coder 156 therefore has an odd
nunmber of "1's" in bit positions 1- 4, determned by line 267. The
additional pre-coded parity bits in bit poggtions 5 to and 6 cause the
pre-coder output in line 270 to have even parity in bits 1-6, since an
additional "1" i ed to,thig set of bits in the stream Line 271
represents the cZﬁtég%gaﬁ%gﬁfa%sze‘B‘T“md@s agtaddgempiretseloo(iAGS) nunitdss isdescr i bed
above, Q = Q -, (datrally k@fwi. =THE- ACS uni and. 1.is assunmed to be

zero. Since (B ('Egt?g,va}ll.ue of QHé i/}nC%}"t“k%‘{oHssij“i ﬁt”ﬁgfﬁaﬁhi%@fﬁﬂmt@al 7) is "l
", the 15 parit y"%il¢ & ifs congsponding pathd dbe miefri@TEin iM% 0 In@RHnS pfis @Ode
word stream 260 @y S;t%;et'ﬁlgncc%rdia;gq% tg Equation 12 above. 6. t er bi
Detector In one enbod; et el agd theqpagl with shej bestadeipic édsdestédnpl enent a
Vi terbi al gor#t hTrellis 3€0 @ @iddifeddat Y y_the .conbi ned MR and
parity. 20 constrained code for aﬁflgFR%qc %@%&%@h‘?nf?aémsiq’g’dgséﬂo'ﬂ@gused

for any |ength tR}E& é‘?ﬁ’r&“(F@@Myshslmddime)nwh&hgeﬂ@s'p@h&l@gitEé?{uezlxcgglger
responses (such as: ERR%een £ V):deQe a/ITF;Ij@onst raints are tinme varying and
depend on the sanple index, K, — Lo TRE P pwid theyrewpectiveeermaneyénty. FI G
8 shows an exanphesunfing sekibh 306iepicteMPLEVRE bHIRGE: i,on 300 for 25 an
MIR(1/ 2; k) coded PF%’Z t():gannel. l\ig'? e t hat thebﬁﬁgﬁ‘?g’%@#“%@gr?Pffssmﬁhe '
Ctrellis are shoth®9hoihPesiiony paths)302mnd 304 ere remnvédainaectfonp8emce awdi Nar y

| representatimn (&ndedutivéfrSnsit i i i,ed equival ency. Trellis 300 has
a plurality of di screte ti r?e%lgF\h\tg}agrtgré%tgg)drdebﬁtr%o§g‘r‘?f’%arewté“‘?ﬂé"r‘% f@al |y

oriented group oaspiges, which determnes a noiseless output sequence
for any user input Se8eenG rom hhe channel ., Each 2 7 NOV 2003 -28 state

f
i s general ly inplenented 3@0‘% P Eelts sestioms W ofdprath thraec@hichnis simitss td s

general |y known.treTlieseA@Sa 300, butadslednifodiBL] i egch. brapeh Lo the total
metric in its C(%rresgondi '%% path. The net rclr gsn‘?rrl%en%%g%”&y |°r§(%3rﬁ pat hs
to or each state. The parity of the path for each state is tracked until the end of the

15 code word. At that point, the states corresponding to odd parity (Q = 1, in the
lower half of trellis section 310) are pruned from the trellis. FIG. 10 shows a
trellis section 320 that is extended to include a six-bit code word (a rate 3/6 code
from the previous example) and in which the states corresponding to odd parity
have been removed. For practical reasons, a VLSI design might include all states

20 that might be needed at any point in time. However, some of the states have r;o
input, so their metrics are made large to prevent them from influencing the trellis

at a later point. FIG. 11 shows trellis section 320 with all unused states

removed.
7. Simulation Results
25 The coding constraints discussed above were implemented in a rate

48/66 code. This was simulated against a standard rate 16/17 RLL(0,6/6) code,
as discussed in P. Tsang U.S. Patent No. 5,537,112, issued July 16, 1996 and
entitled "Method and Apparatus for Implementing Run Length Limited Codes in

Partial Response Channels," for a Gaussian channel model. The results at a user




“This was sinmul ated a

'each state are then conpared and the path mnth t he best netric |$’J"M'
selected. 5 Trellis 300 is nodified to enforce the chosen MIR cons?r‘blN&Vsmﬂ?-
by disallowing paths 302 and 304 (shown by dashed |ines), which

correspond to bit sequences that have been renoved by encoder 150 to

avoid their respective error events. Assum ng section 306 represents an
even bit position, and section 308 represents an odd bit position, paths
302 and 304 are renpved in section 308 sing® two 10 consecutive

transitions that start at odd bit positions are not allowed, for exanple.
FIG 9 shows a t gth three, which is simlar to

| tI 3 0
trellis section 3%6“1% as é%tl ﬁ’gj}fl) PF’SH =/ pigplaited in FEG.pldx |A>ys 350 of

the path for eactpredenssehe ddiRidd@frbt MteOhind f.or tracked
until the end of the 15 code word. At trha%\%pm ntpre§WéSt§FgNi<s r pondi ng

to odd parity (Qdeteqtor biseroraate|fontbe 1647 fatotoderiettows et 30, akthe ar e
pruned fromthe h trellis section 320 that is
extended to incl t;}é g&g} b:‘i %‘E(%)G?te%%rég %@lra(teachﬁt‘%s@ﬁ‘@ kydire 356r dvhatuser bit
previ ous exanpl elemitg of 0.7ydhi pFopbhrd 431Gat 4 0. odd

P e e b SRR S AR pRE B o

have been renoved. For &ractical reasons,
states 20 that nfYmRargsh Hégﬁéﬁedﬁ/lanydqaommemsertbntmensd;lociﬁﬁgs, theerenof the

states have no {onpyt [ are made |arge to prevent them
from i nfl uencing °the }tl?%q)ll?zg%l}rntogﬁél an&%‘ &} STy Rchapiprs arfP gaeevodet &ir thes

section 320 wit hchahneluenporss chtrpees renmpved. 7. Sinulation Results 25 The
coding constraints di_gcussed @bove were inplenmented in a rate 48/66 code.

1 frapune Qisdradeoff, thy &_@nmfedrmto(omusa ﬁ)ced:ad@ rateas

- di scussed i nigP. 'stngvésl,& B 11 ssu 16, 1996 and
entitled "Method and para;t g&sgstr‘%rummxjisdef%g%?iy ﬁheﬁﬁﬁesﬂ ﬁ@rlewlc{tt%inggﬁ -Codes

in partial Res panAgiscirersssnts SNR (dB) Goalbis braor iakasmel o fmdglsop The results
el arted | AR 2B PR aB L o Bl Setceacopns gt o,
81 17 rate code 15 shown by | saer e LGAREHAL BN I BYFrbE Qef or
the 48/ 66 rate &8 gm%ﬁ%ﬁhgys tieriNR 68 the8/66 usecodei Line 410 shows the
15 coding gain between the two coding schemes. The 48/66 rate code provides a
51gmﬂcant gain at low densities. However, at a density around 0.85, the distance
gain is offset by the code rate loss so the net gain is zero. At higher densities, the
low code rate causes the proposed scheme to perform worse.
In an alternative embodiment, encoder 150 appends only one parity bit to
20 the end of each code word (or each string of code words) to make the output of
precoder 156 have either even or odd parity. However, a single parity bit makes
the selection of valid code words more complex for a given MTR constraint
since the parity bit can make it difficult to satisfy the MTR constraints at the
boundaries between code words. For example, appending a single parity bit of
25 " "1" to the end of a "0001" code word from Table 2, which is then followed by a
"1000" code words from Table 2, would result in the bit sequence "000111000".
This sequence would fail an MTR(1/2;k) constraint since there are three

successive transitions (i.e. "1's") in the sequence. Also, using a single parity bit

makes it more difficult to maintain different MTR constraints for different




5 density of 0.7, the proposed 48/ 66 rate coding schene provides ::vaﬁL®‘i7an-; 2003
1 dB as conpared with the rate 16/ 17 code. As the user bit density
changes, the extent to which the PR2 polynom al and its error mechani snms
are a good nodel for the channel response changes. To examine this
trade-off, the SNR required to obtain a fixed error rate 10 of 10'5 was
nmeasured as a function of density. These results are plotted in FIG 13.
Axis 400 represents SNR (dB) at a bit erroeB0+ate of 1x10' , axis 402
represents the user bit density Du, and axis 404 represents the coding
ain between th di.ng schenmes. Line 406 shows the SNR for the 16/17
?at e code, and ??I%%&%ggcagﬁgﬁéu% e¥prendddilpratiasy, @dthiratach codtewordisiree 410
shows the 15 codiangddaimbielirve t i schemps. The 48/66 rate
code provides a significant gi?ﬁtag?edlﬁge‘vv%g%g? ?V8%dg' %}\X}@\Y@r an gqdd nurgfsssi ty
around 0. 85, theCHPARE®canggiused § defifedet by the code rate | oss so the net

gain is zero. At highgr ities, the |ow code rate causes the proposed
schenme to performmrg'e%%‘nﬂg% alternative enbodi ment, encoder 150 appends

only one parity bit t®he élﬁwéhﬁmﬂﬂ(bn%sdﬁ@%ﬁbv?%gaxﬂﬂﬁ(iﬁgmg, ch Sh,ri ng of
ave |

code words) to make the output of precoder WSRIER or ~odd
parity. However, CHSERIRLEAE bhsgifeetivenvhenmakdbwith tdvepse iget éHaRNE (Hé@in%@ code
wor ds nore conpl §xuskh [ nstraint .since the parity bit can
make it difficul & to sé‘?f)‘g%‘%%h"g@%rr%&é%‘%é‘ﬁfQF‘?ﬂtéesaf&IetCﬂ@ PEYidaLER foskdB

bet ween code worafsnarEio; bebfanidneitieaRaetihag 03, Hi39inGs PaL| kiteOfpe® " 1"
to the end of a ' 8001 " code vvorg)from Tabl e 2, %vx)rllli ?:Eépgw%%lﬁb?'oh%md by
a "1000" code WOFH$ LPYHAIHE RIeenorcaddiy modifieations torthe hecodet arslag tience

*000111000" .10 ThigerbioAgiingg. Wwoul d fail an MIR(1/2; k) constraint since
there are three successive transitions (i.e. "1's") in the sequence.

Al so, using a singl e paunmanbte aspedtes thetpresenEintintibh Galhies 10 SR &B%igé‘

different MIR c Lnts f different 2 7 NOV 200j' -30 tenpora
| ocati ons, such%ggﬁnggéeﬁr}ogﬁrdl%@d‘dhﬂc%&ff‘idﬁﬁé,da‘\?ﬂqﬁ‘il HpEhtR. eedde wordbwpuice an

odd nunber of bil63. dheeasded 300! WRPRIISERD L Ees RN ALY 2%, 990 D"

of parity bits can be used if desired. 9. Conclusion m TECEIVE
ve-sim et Yo

above- si mul at i offt 3 workigppttIR3 tinte AUAVFR{VE/ @& WoplsUs, qaathe tyde word
15 output 153 according to a selected code having a combined MTR and parity
constraints. The MTR constraint constrains the successive code words Y, such
that, when the successive code wordé Y, are concateﬁated to form an encoded
bit stream 260 on output 154, the encoded bit stream 260 on output 154 has a
maximum of one consecutive transition beginning at either odd or even indexed
20 bit positions 268 in the encoded bit stream 260 and a maximum of two -
consecutive transitions beginning at the other of the odd or even indexed bit
positions 268.
In one embodiment, the selected code generates at least one parity bit z,
on the code word output for each set of p successive code words Y, wherein p

25  is a positive integer variable that is greater than zero. For example, two parity

bits z, and z,+; can be used, which can include a binary “10” or a binary “01”,
depending upon the parity Q of the set of successive code words. In one

example, the encoder 150 is adapted to encode successive 3-bit data words X,




constrai'nt c¢an be effective when used ‘with | ow pass filter channel ?7
(having a Gaussian inpul se response). At |ow user densities, the cod

NOV 2003
e

.. provides up to 2 dB of margin, but for densities greater than 0.8, the

gain is zero or negative. The coding constraints are enforced by
nodi fications to the encoder and to the 10 Viterbi algorithm In summary,
one aspect of the present invention relates to a data storage channel
encoder 150, which includes a data word ingyt 152, a code word out put
153. The encoder 150 is adapted to encode successive data words X .
received on the data worg ingut 152 into successive code words Y,, on the
code word 15 out pt %O)‘” ¢t &t Werbinpw 1924t sutcessiveotlbit bedd wigda Yr, ot ed
MIR and parity coeastvoai traint, coqnstrai ns the successive
code words Y,, such thaﬁﬁj&ﬁgﬂg%%ﬁé%{éggﬁ%féedc@ & words Y,, are

concatenated to form dmothecaged of iet préseheammiBA rQRte O PUELIF A edclg gNCOded
bit stream 260 ogu&ggsri)yt a maxi num of one consecutl ve r} Pangition

54 ha
begi nning at either odd d(#a ‘59/’5?1 mB{E)e8eEes P dside wWoodsi Y4 fonsaGfission t he

encoded bit s$redirodda édadna 188X TR - gonsecutiye transitions
begi nning at the other of the odd o&@&%k@&%?@ﬁp’%f’ac pUssesiivdataes. | n

one enbodi nment, W?édXeli’é@taédrrwaediggnmaﬁtﬁ&@ievlr&aé;Y,,Q&%rd? iotayse@cgﬁﬁzn on
S Y er ei

the code word ougpyst h_set of uccessi ve code wor 'y n
p 25 is a posi ti%' }rfﬁ?geuégggl\ygf?&fb‘f'%rdg P{;tarchn@a,t@meérto foraravacodedor

exanpl e, two par stteambort Gutputd84 h&¥inap l,eh .can incl ude a
‘binary "10" or a%@rgg&ly %u P, g:leg%ng%urﬁ%ﬁ Bgﬁm# Eggtﬁ%wnfi?(eécbdtfmﬁ’é’“%et of

“successi ve code fIpuBEansision mpi eonstriiet MARGLRY is 1BPoded oadilefdtelio

encode succegfsi V&d3siH thga Xm 2 7 A 2003 -31 received on the
data word input 152 into sh%%dggé%%gfeﬁﬂz SROWRH 34 hed aomaximam code wor d

out put 153 accorRfissifletron bfienesehectitet €0dRion 'Beélhx*ﬁﬁ% jrﬁéﬁ&%? %meo(gf twgveﬁr gsent
a

i nvention rel at eosddtio a r’rgt hod .of encodi ng successive a words i nto
successi ve code Morplexe ¥ 8PS 7ils dieshesled bitstredm 26@ hahinsla mHQ@muiFhe

met hod i ncl udes poesiblietgh 68G)d DHSEESR : word Xminto correspondi ng
one of the code words Y' according totyaglsglg{’%%etggﬁ’m%‘é‘ ¢ ot eoafsflﬂﬁz?:"@é’Fve

code words Yr, &9 irdspehbitnesitansi268 inthmeacoded beeehadDE0. A parity constraint
15 2z, Zy is also imposed on the selected code.

.. Another aspect of the present invention relates to a data storage read
channel 148 for use in detecting successive code words in a storage channel
output 173, the successive code words being encoded according to a code. The
read channel 148 includes a likelihood sequence detector 172, which is adapted

20 to detect the successive code words. The detector 172 has a detection sequen‘ce
300, 310, 320 that effectively disallows detection of bit sequences in the storage
channel output 173 having greater than one consecutive transition beginning at
either odd or even indexed bit positions 268 in the bit sequence, bit sequences in
the channel output 173 having greater than two consecutive transitions

25 beginning at the other of the odd or even indexed bit positions 268, and bit
sequences in the channel outpvut 173 having a disallowed parity.

Yet another aspect of the present invention relates to a disc drive storage

channel 148, which includes a transducer and an encoder 150, 155, 156, 158.

The transducer is capable of communicating with a data storage disc. The




stream on out put 154 having a plurality of ‘even .and odd indexed: bif . . o0 =
positions 268. A maxinmumtransition run constraint MIR(1/2) is i nﬁﬂeﬂﬂ%ﬂﬂﬂ&

. the. sel ected 10 code such that the encoded bit stream 260 on output 154

has a maxi mum possible run of one consecutive transition beginning in

ei ther one of the even or odd indexed bit positions 268 in the encoded

bit stream 260 and has a nmaxi mum possible run of two consecutive

transitions beginning in the other of the-8&en or odd indexed bit

positions 268 in the encoded bit stream 260. A parity constraint 15 z,,,

z"+, is also inpq h ected code. Another aspect of the present
i nvention rel at esﬁ(gogegpsé}atlgs’ésgrl%és fuipted te therfrasbducastor encodée suncedgivect i ng

successive code daadeordNXainsd KicaB§vEDAANE utpdt 173, the successive
code words being_encoded accor di ngvto a c(%)rgise?"“? %Ordmgicbaéﬂgmﬁﬁ@dﬂ%

i ncludes a |i kel fHBOH Weededrhiestidan d 64,0602 comb the dreoddPRit 8RkanOi 40 det ect
the successive cggi@aly&);{? inalthE pdel C%E.r 172 has a detection sequente 300,
310, 320 that effectl v@;l?y(ﬁ saPIoRECYBYE 8&3anb 0 P the transdueeeas e shamnelt he
storage channelmnputput 173 havi ng greater than one consecutive transition
begi nning at either odd or even indexed bit positions 268 in the bit
sequence, bit sequenc “ieﬁmbPWé‘eéhmmdmtmﬂtrathi&mwd%gvgE&ﬁzt@érd&I?ﬁln two
consecutive trangich tigfsncdreLEOLAAL NG at the other of the odd or even
ndexed bi t posi 1 ons 288 Grd DIl ety &MASTIT of RBe EHERMEVE Senpin 173
having a di sal | dwsnparateither bt opevehlilexa® B phsi@hns 8 iPURSSNS4dRyent | on
relates to a dis gr|v§ storal(l;e channel 148, which 1 ncludes™a t¥ansducer
‘and an encoder I50° F8%2 Maxynum ghtwo qupsequtiunransitems ibsgianipghat thedther of
comuni cat i ng withdlodd etadven ldex9%: Hsion: I8 an NOV 2003 -32 encoder - 150,
155, 156, 158 is coupled to the tr%ﬁgﬁﬂéé&?%re“ HeGHH FrEcladRagssi ve  dat a
words X,, into $Qegeidiopdheddenahinpisls’.,, according to a sel ected code to
form an encoded bit ] 5 260, pre-coding the encoded bit stream
154, 260 and appl yi ?lglg?ﬁgeg %r}dgt%oé’ggla?tﬁﬁn Gpughpmesguy dhatdeteristinmducer as a
channel 5 input advantageeofvibiodi elEPSdimbAIS o £IAE ihapns, the successive
code words Y" su%? A hat. encoded bit st?eam%%%ntﬁg\é%%goﬁg%erﬁfﬁ?a?t Brite
consecutive trafbf i%rﬁgo‘ﬁ%g?%‘iﬁptl*@> tpgetdet wih dedids of the yewctiredad 6chclibh

posi tions 268 i Bf vAiRuseaBeGheRishf the invention, this disclosure is illustrative only,

changes may be made in details, especially in matters of structure and

and

arrangement of parts within the principles of the present invention to the full

extent indicated by the broad general meaning of the terms in which the

appended claims are expressed. For example, the particular codes that are used
20 can be modified, and these codes can be enforced with a variety of different -

hardware and/or software configurations. The sequence detector can include

any of a variety of detector types, which has been modified to enforce the
selected code constraints.




"stream and a maxi mum of two consecutive transitions beginning at tHpJoNO¥r2003
of 10 the odd or even indexed bit positions 268 and enforces a sel ected

.. parity constraint on the channel input 157. It is to be understood that
even though numerous characteristics and advantages of various
enbodi nents of the present invention have been set forth in the foregoing
description, together with details of the structure and function 15 of
vari ous enbodi ments of the invention, this-33 sclosure is illustrative
only, and changes may be made in details, especially in matters of
structure and argwapge ts within the principles of the present
invention to the full r%??é%Epﬁgi cated by the broad general neani ng of
the terns in which theA dappergedhsinai éfﬁo@ér%%ﬁﬁﬂgi ssed. For exanple, the
particul ar codes that are used 20 can be noditied; and these codes can be
enforced with a vari e3P VerdfieRiient hardware and/ or software
configurations. The sg tor, can include any of a variety of
det ect or typei, whi ch ﬁ:gggg@ren n@g’iq‘nided to enforce the sel-ected code
constraints. 333 WHAT ah8n@dat, MERhliStoupled Bt hannel, encoder
conprising: a data word input; a codg wor d‘g%h??)i%a?égvggj%p‘gtnangﬁ}beo@ F,
which is coupl ed between tHE'GHRLIRBA i ddapied treamdoddhaicensive dwakeb@ut put and

is adapted to encode succegskives S rds..received on the data word
i nput i nto successive code words on@d\fl'\%evgoégﬁg’ USUSEESBIE cadecwedr Al to a,

sel ected code having conbthesddamseddrurput raamaﬁl'g%a.gé{&t@@&dg%{dh% .
constraints, 10 wherein the Xijjum.transition run constrai nt constrains

‘the successive code wor ds“SURIFGREmupHERsitine ranandemsityernsogasyor ds  ar e

concatenatedito form an enended il hashiuGAMniie encoded bit stream has a
maxi mum of one consecutive transition begi H‘ﬁ%“gg Tt comsrpIREronsERIndeeven

i ndexed bit positions in tHecessievensd visirds sich e vilenahdsiacd@Xk TR W dk Wo
consecutive transitions begipp.nd Ay I}e ot her of the odd or even indexed
bit poSitions. nated 1o 1orm an encoded bit stream, the encoded bit
stream has a maximum of one consecutive transition beginning at
either odd or even indexed bit positions in the encoded bit stream
15 and a maximum of two consecutive transitions beginning at the
| other of the odd or even indexed bit positions.
2. The data storage channel encoder of claim 1 wherein the parity
constraint generates at least one parity-enforcing bit on the code word output for

each set of p successive code words, wherein p is a positive integer variable that_
20 is greater than zero. -

~

3. The data storage channel encoder of claim 2 wherein the parity
constraint generates and appends a single parity-enforcing bit to each set of p
code words to enforce the parity constraint.

4, The data storage channel encoder of claim 2 wherein the parity
25  constraint appends two parity-enforcing bits to each set of p code words to

enforce the parity constraint.

5. The data storage channel encoder of claim 4 wherein the two parity

constraint bits comprise either a binary “10” or a binary “01”, depending upon

the parity of the set of p code words.




2. The data storage channel” encoder of claim 1 wherein the parity ZVI)N(SWZBM .
constraint generates at |east one parity-enforcing bit on the code r

. output for each set of p successive code words, wherein p is a positive
integer variable that. 20 is greater than zero. 3. The data storage
channel encoder of claim2 wherein the parity constraint generates and
appends a single parity-enforcing bit to each set of p code words to
enforce the parity constraint. 4. The dat a34torage channel encoder of
claim2 wherein the parity 25 constraint appends two parity-enforcing bits

to each set of pgcode to enforce the parity constraint. 5. The data
st orage channel ehcodg)rqgé‘?‘géﬁoéﬁgﬁcﬁa%ﬁle?"éﬁ#rloﬁélat% wiwrdin the eaomist isai nt bits

conprise either addptedad ¥ncoll@'sukssived-Bilida wdlds receieRendj ng upon . t he
parity of the set of p code words. 51 NO\}afg%cg r??ﬁve@.on%%gﬁ%g'&r%%\“age
channel encoder B RCGFHvE 4uitietos ordsenethe ostierwérd ougRlaRicBRlidgoqRE 0de
successive 3-bitgdiaty WL ds received on the data word input ~into

successive 4-bit code words-on the code word out put according to the

sel ected code’. 57.7. AAmmdtiaichfehc@iMOMcOdsitHEHE SR words. j.nto
successi ve code o ds .for ansni ssi on %lhr ougﬁd@gﬁ%ﬁ%gﬁe,ﬁl%‘é‘) WY

[ r
conpri sing steps OBF?“S(‘HF‘%‘&}&“QB aghamek theovetbod eomiprisingdépd ofnt 0 a
correspondi ng one of & d according,to a selected code; and (b)
concat enating the suc(gj;s}saipg@%%%ggu\g\%eﬁﬂ‘s'e E('faf”(??qﬁ“é‘ha ePrEespling enetof thyt r eam
having a plurality of evemodndomiddciondiny esa RildciRQSt] gne. Wwherein the
_mapping step (a) enforces a Bari tX constraint on the selected code and a
maxi mumtransition r Eratenaing the siiceessive sedeworld te fithm anwabtodedakt t he

encoded bit 1stream has a RRXIHAY; el un _of ~one. gonsecutiyve
transition beginning in eit her oﬁ%éaggﬁt%mtfﬁfeevgegﬂd 8?&3‘6138"&9 HioBs:t

positions in the encoded Hihereit theamppipdtepds) enforoes A pHIPASSIRLES 2 Of two
consecutive transitions pgginning In t he. ot her of the 'even or odd indexed
bit positions in and a maximum transition run constraint on the

selected code such that the encoded bit stream has a maximum

possible run of one consecutive transition beginning in either one
15 of the even or odd indexed bit positions in the encoded bit stream
and has a maximum possible run of two consecutive transitions

beginning in the other of the even or odd indexed bit positions in

the encoded bit stream.
8. The method of claim 7 and further comprising:

20 (e) pre-coding the encoded bit stream from a non-return-to-zero-
inversion format into a non-return-to-zero format, wherein the
parity constraint enforced by the mapping step (a) results in each
set of p consecutive code words in the selected code format
having either even parity or odd parity, where p is a positive

25 integer variable greater than zero.

9. The method of claim 7 wherein the mapping (a) comprises concatenating

at least one parity-enforcing bit to each set of p consecutive code words, where p

is a positive integer greater than zero, such that each set of p consecutive code




~the encoded bit stream 8. -The nethod of claim7 and furt her-~’Corrprf.if-si"'?gﬂﬂvtm3
20 (e) pre-coding the encoded bit streamfroma non-return-to-zero-

~i'nversion format into a non-return-to-zero format, wherein the parity

constraint enforced by the nmapping step (a) results in each set of p

consecutive code words in the selected code format having either even

parity or odd parity, where p is a positive 25 integer variable greater

than zero. 9. The nmethod of claim7 wherei{fi5t he mappi ng (a) conprises

concatenating at |east one parity-enforcing bit to each set of p

consecutive code wapdshq ¢ S ositive integer greater than zero,
such that each set of p @%ﬁ‘g‘g%sg?‘?ev%‘“@%%ﬁwg\wage@sr sag&fyweer wisximmoh t he at

| east one parit ytenfitomiungohitiaiitQ@ebdar ' 3 i transition run
- piaa n. 28 (O Wl TREG A B A e

constrai nt irrposgg Inr@tﬁp (c) within the e
method of clai m 9 wher &f FHRE ohalgpn Agvherap theapappirpinés@p cogmneat enat i ng
two parity-enforebn@reRhdrd o 1 t.of .p consecutive code words. 5 11.
The met hod of claim10 V\I%ereip%ﬁ%%ﬁgnrﬁ%img ' £3ch SeLf peomprciesscode words.
concat enat i ngs ei ther Zhdinathoy of d@im 00 wheRiTRE YnapBih: 8 (§A%hpesls of P

. . - appmg sie (ﬁ 1§es
consecutive codg words, dege_rl}agtlé,ng upon the parity-of "t'hat set "of p
consecutive code Wor gaa- "eFH¥herRingrkt hedorar bindrsi“f Btovdaelk st bf p benseRRRE NG

step (a) conpri sesicGRiEAHS i j . ity-enforcing bit to each set
of p consecutive code 1 o@g{nggpﬁger}%hg(ﬁgﬁﬂéét%“é’l“éﬁCHﬁ“’PW%W@F%the
nmappi ng step (a)l%orrpfhﬁsresthnﬁpbilaim9%61@&51&&)&%%@%&;,39}&%@@ s into
successi ve 4-bi tcoqlg%g Aol gs.afcor.di ng.to the selected’'code. 14. A data
“storage read channel foreadsEeGPaFLretpicing bitiocash satof podmenwivigodn 15 a
‘storage chanrel werdput, the successive code words being encoded according
to a code, the read channel comprising: a |ikelihood sequence detector,
which is adapted’o d@’teé’&ftthqqﬁ chaiwcwhbirvie the meping s1dp (2)WORbALR nidpBin

detector has a -1, 0% that effectively disallows det ecgi on of
bit sequences iﬁﬁ%%gglgfg}agggﬁ%ggslmpo successive 4-bit cod%:/ words according to the

selected code.
14. A data storage read channel for use in detecting successive code words in

15 astorage channel output, the successive code words being encoded according to a

code, the read channel comprising:
a likelihood sequence detector, which is adapteci to detect the successive
code words, wherein the detector has a detection sequence that
effectively disallows detection of bit sequences in the storage
channel output having greater than one consecutive transition ‘
beginning at either odd or even indexed bit positions in the bit
sequence, bit sequences in the channel output having greater than
two consecutive transitions beginning at the other of the odd or
even indexed bit positions, and bit sequences in the channel
25 output having a disallowed parity.
15.  The data storage read channel of claim 14 wherein the likelihood
sequence detector is adapted to implement a Viterbi algorithm, which can be

represented by a trellis diagram with a plurality of states connected by a

plurality of branches, wherein selected ones of the plurality of branches that




20 ‘channel output having greater than one consecutive transition 27 NOV Gl
begi nning at either odd or even indexed bit positions in the bit 2003

.. sequence, bit sequences in the channel output having greater than two

consecutive transitions beginning at the other of the odd or even indexed
bit positions, and bit sequences in the channel 25 output having a

di sall owed parity. 15. The data storage read channel of claim 14 wherein
the likelihood sequence detector is adaptge to inplenment a Viterbi

al gorithm which can be represented by a trellis diagramwth a plurality
of states connect®gg ality of branches, wherein sel ected ones of
"the plurality ofbgb‘l?%»ré{:1 teostﬂ% ﬁgfeqf‘?%(@?/%ﬁymgggre@@r thes poa dortsective tBhdition
sequences havi ng bggieaingt ¢ithanoddst GONRAEH e, Ll.ansi tion beginning at

ei ther odd or even indexed hit positi ons*géinbt%%g‘[oniﬁ?‘i"g‘émsﬂoédﬁm e b t
sequences havi ng gﬁa‘ﬁt‘?&?es AYRAS gwetecdnsewut&nsecmrvaﬁ%héiii&ﬁsbegﬁ?inﬁgi pg at the
ot her of the OddO%r@Ntﬁ@oéid‘&%?‘?‘n%Et ositions are effectively~disadllowed
and 5 wher ei n se!ﬂeﬂct ed ones of t He plaRastiipny presfigewely diatllovedraaspond t he
bit sequences’ h¥bpmiin slreted ohaairekt slumfily GWe ity in the channel output
are effectively hdviisa%l o%ed. 16. A %i sC }Jdri vgesgﬁ%trcgégsp(‘?ﬂ it eBMRESSSi ng:
a transducer capabl® Of SEertshdsatlawed ganiytitthe ctladrml SuPHERE i FiGeryand 10
encodi ng nmeans cdisflogddt o the transducer for encodi ng successi V& dat a
words into successive code words according to a selected code to forman
encoded bit st rekdm pt dise ddiegompectenagdeghphiito St ream and applying the
pre-coded bit streamattpant{ue transducer as a channel input. 15 17. The

di sc drive data storage channéPatls otsommunicatingeviti ndithsio eaginmg nmeans
conprises: n@ans for ea@mixig @édnk B, essi ve code words such that
encoded bit stream has a maxi.rru_m%‘%&Sggﬁ%ﬁg‘&eﬁlf?r\Fécqq“a%l%HCWS_éweldetgi nni ng
at either odd or even i n¥#exbdntyistcoessivet dodaSvokdy 4cB8d Q8q%9ﬁ8E3 Sk.eam 20
and a maxi mum of two consgeytive thnSI tions beginning at the

n encoded bit stream, pre-coding the encoded bit stream

and applying the pre-coded bit stream to the transducer as a
channel input.

15 17.  Thedisc drive data storage channel of claim 16 wherein the encoding

means comprises:
means for constraining the successjve code words such that enéoded bit
stream has a maximum of one consecutive transition beginning at
either odd or even indexed bit positions in the encoded bit stream .
20 i ‘ i .
and a maximum of two consecutive transitions beginning at the

other of the odd or even indexed bit positions; and

means for enforcing a selected parity constraint on the channel input.




e

ot her of the odd or even indexed bit positions; and-rr‘e&ans.fo‘r,enf;o;zwwmm
sel ected parity constraint on the channel input. 2 7 NOV 2003 -37 PARII'AL

. RESPONSE CHANNEL HAVI NG COMBI NED MIR AND PARI TY CONSTRAI NTS 5 ABSTRACT OF
THE DI SCLOSURE A data storage channel encoder (150) includes a data word
i nput (152), a code word output (153) and an encoder. The encoder (150)
is coupled between the data word input (152) and the code word out put
(153) and is adapted to encode successive-data words (X, n) received on
the data word input (152) into 10 successive code words (Y") on the code
word output (153) according to a selected code having conbi ned maxi num
transition run and pari% constraints. The maximumtransition run
constraint constrains t Rz%k&ﬂﬁmﬁbﬂ{mmmqvméwggﬁg when the
successive code words (Y") are%ﬁ%ﬂﬁﬂﬁ@“ﬁéom ncodet i t stream

(260), the encoded bit stream (260) has a maxi num o on—lé 15 consecutive
transiti on begi nning at either ARSITRAC \(ﬁﬂﬂ{ | ositions (268) in
t he encoded bit st rear‘g\gZGO%? and a naxi utive transitions
begi nning at the ot her” 612 fREags ghensel @vmri(m)@m&@k%daﬁ%&rh?n%t%1?59?)3'

code word output (153) and an encoder. The encoder (150} is coupl ;

the data word input (152) and the code word output (153) and is adapted to

ed between
encode successive data words (Xm) received on the data word input (152) into
n) on the code word output (153) according to a

selected cod i i i i v
e having combined maximum transition run and parity constraints

10 successive code words (Y,

The maxi iti i '
Imum transition run constraint constrains the successijve code words

v .
(Y+) such that, when the successive code words (Y,) are concatenated to form an

encoded bit stream (260), the encoded bit stream (260) has a maximum of one

15  co i iti inni i
nsecutive transition beginning at ejther odd or even indexed bit positions

(268) in the encoded bit stream (260) and a maximum of two consecutive

transitions beginning at the other of the odd or even indexed bit positions (268)






