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BACKGROUND OF THE INVENTION

5 The present invention relates to digital communications systems and,

more particularly, to an encoding and decoding system in a disc drive or other
data storage system.

In the field of digital communication systems, digital information is
conveyed from a transmitter to a recejver through a channel. “Channel” is a

10 generalized term that can include many different mediums, such as recording

media, telephone lines and electromagnetic spectrum. In data storage systems,

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

15 A typical magnetic disc 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

20 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

25 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
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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) into sucessive code words (Ye) on

t he code word output (153) according to a _ﬁel ected code havi ng conbi ned

maxi mumtransition run and parity constraints. The naxi numtransition run
constraint constr l}g&gl ‘(th)g:_ successi ve code words (Yn) such that, when the
successi ve code ofc) 1saemgescoted by anad@dtit Ay oded bit stream
(260), the encodggmg)iintto e eatrm g%gé)) has gglgmaxi %ru%nggéwéoﬁggg%ﬂ’%‘&%i ve
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t he encoded bit sof emapedioQux i of t consecutive transitions

begi nning at the ot hermé of Ih_e@éggaﬁ%ﬂ?&é\?e%ﬁ%aﬁﬂfg%\é%“ﬁ"i to the,8¢xti ons (268) .

139 LOWPASS FI LTER % m9trikidne a0 ZroRMREIdA, ﬂE%rW%sgﬁéFw |.NG
COMBI NED MIR ﬁNngﬁlglm'léXhW;H?Altl\rrS EACKGRQJND OF THE P 5 The
present invention relates to di g tar W¥ihtateheaddlies ewps thenesismiciata wake
particul arly, to s&nsesmtieaiiixgvasds deeqdh in a disc arive or other
data storage system,In the field of gri{gllgtdg?ﬁgagﬁﬁﬂlﬁigﬁ%‘?@%ﬁaWétsé*?ﬁl,
digital informatind¥ hesHieyerratonite tadsignil i @piciity &nERLALYSiq hOf ough
a channel . "Chanraﬁbgdeh%y@he,;g)d&gggg lized tenn that can include many

di fferent mediums, such’as recor |%3°FF§8Y%{,thﬁ®t%mm@t¢dhmem

el ectromagnetic $psalsum typitablebdiclEhAElagauE%S ic 2GR as, magnetic disc
“drives, the qglanqloe{ll_ iaoréctlllédes a storage mgléi umhﬁﬁagclg%gcoa r%lictlrﬁ itry, a
information i's trandfitt st AParatedigitaponmetic omsansles b Q6R@ndc oS RIFE
period of time befidsdedagéing recovered and delivered to the receiver. 15 A
typi cal nagnetic disc_drive includes one or nore rigid discs nmounted for
rotati on on a hub or $p¢ PéiseespoRsecdf thié slﬁanhaI31a§Boﬁ%ﬁﬁ&daﬂ?%ge%%%%n%ﬁ%ﬁ%d of

§
a hydrodynamic b [ t rapsfucer, for communi cat e
surface of the ﬁ?%gggﬁ?gafze FiS¢ P drigetefahe Eer AtD)Sr$+B)ldwhelethsmtahé n

t ransducer di r ecark pogues ingegers 20d BES 48 on the disc. surface for

track foll OWang ope ations. A drive . yto'béﬁban R&umeber o?glff%rent PR targets
een developed, such as partial response class 2 (PR2), partial response

class 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 white,
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




controller control's the disc drive based on commands received from a)HpNOV 2003
systemto retrieve information fromthe discs and to store information on
the disc. The drive controller includes one or nore rigid discs nounted
for rotation on a hub or spindle. Each disc has an associ ated head forned
of a hydrodynam c bearing and a transducer, for conmunicating with the
surface of the disc. An electronechanical actuator noves the data head
radially over the disc surface for track sgeK operations and holds the
transducer directly over a desired track on the disc surface for track
foll owi ng operations. A.drive controller controls the disc drive based on
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reversal s on t he bseausae bvet codeaatdinfanyh bRbfR Erﬂ@uxﬁ%'f?éﬁhﬁ&'ﬁ?é? track. In

one type of codi %Cohgovm as non-return-to-zero-inverse (N a{;‘8’&1f'hg, a2

7 NOV 2003 -2 di gt R0C Worb-Hewevep sachadditianablyit added gpetid anchded ncr@vargal

from one nmagneti dmed@dehdiod feddbf .. the data track, -and a digital

"zero" is represented by %};I ack tog?a)ﬁgmlr%g}éensé??ai PW&%G’@‘@&‘P from one

“magnetic donain to theevgettypes of qombtrdinty hage sbah drdpossn. Fbﬁ%ﬂ@fﬁﬁi,{p&sgervo
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subsyst em cong r o}y | ect ronechani cal actuator so t ata head
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the data track, weanidsgesraingd cFhidret880Gn 5bQ0A don.Lhose flux .
reversals. The read silgnal is tyg}igcallll y cg]rg%ﬁnfﬁrggéraergﬁlabﬂ\@ﬁ“r"d‘éé@&é‘d by

the read channel Y4'88¢ BUsier phast-tpaked loep (RISg)rit astdhy 16ck@hd piske agever sal s. A

typical read chamaknd I ain control circuitry, a 10
| ow- pass filter, an %m gg’g}éjx??)d g’?%“%@‘%‘*ﬁ%%??éﬂ?&?a’@rff%q&ﬁﬂﬂmf,thearescbqgmice

detector and a ‘WiegrleulsesThRe epursthar s Pgﬂiﬁumatéd}%%lﬁgﬁ}q%%od@gasn(%seq ¢
ar ge

conventi onal |y . 6 lized tg a suitable parti response
of the form 16 1- B?%nq‘ﬁl&i{% f,l‘-“ﬁﬁ?f?é,ﬂ PINSEGLINR geras 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. However, the smaller the value of “k”, the more

difficult the code becomes to implement.

The code may also limit the number of consecutive ones in an encoded

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.




are positive integers and Dis a delay operator. A number of differdnd NgY 2003
targets 15 have been devel oped, such as partial response class 2 (PR2),

partial response class 4 (PR4), extended partial response class 4 (EPR4),

and enhanced extended partial response class 4 (E2PR4) channels. A

Viterbi detector has been used in the past for the data detector in the

read channel. A Viterbi detector acts as a maxi numli kel i hood (M)

sequence 20 detector when the input to the detector consists of a signal

pl us additive white, Gaussian noise, and wh4e'n a typical branch netric (the
square of the error in the signal provided to the detector) is used. The
detected bit sequence Asdatworagpresingtbgy@ohlificd RFQNELcC Bl edigg(adi.n% into the
original user dat reék%cha@n@l s, including disc-drive sforageeSlr Annel s,
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correct errors in a recelved channel nmay be increased as the codé rate
decreases because a Coteir daosierapatieyicRan munt, of redundant
information j etxgle ode word. ,ngever, eggﬁnggﬁi&? ?{)lﬁg{rgﬁffhaé‘aﬁl@d ¥y the
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t hrough the channaghise fa¥6isal onstrai nts have been proposed. For
exanple, in a di g?u 10 gri%e?%‘%ﬁ[gﬁ?lg%ra ?%]ﬁ{z;‘f respdmg heexdifiimsimilant or
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phase- | ocked | oop (PLLY° Fe ey Modeled asbandepashehnancinaithramiienyCof t he
read tining cl odkhemapplied phaggorisd dhagEaNeY; he read signal., yo|tage
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reater than a tHEREbRHIL; Leok". . This kind of code.is known as a
?un- | ength- 1 i mited iPTR& s ¢ able o?ogtammg_a particular bit error rate with less

required 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




~(RLL) code with a "k" constraint. The snaller value of "k", t hebettﬁ?eﬁw
performance of the PLL. However, the smaller the value of "k", the 2003
difficult the code becones to inplenment. 20 The code may also limt the

nunber of consecutive ones in an encoded bit streamto limt the effects

of inter-synbol interference, which occurs when consecutive transitions

in the transmtted signal interfere with each other. Such codes are known

as maxi mumtransition run (MR) codes vvith~5q "j" constraint, where "j" is

t he maxi mum nunber of consecutive transitions allowed in the 25 channel
signal. For exanple, to avoid three or nore consecutive transitions,

codes with an MIRegwpisgabtitter pdd-oeveninderedisis hantass ithEQH&lﬂiE%z{g@g? es

reduce inter-sy: interference, they elimnate-a |arge nu
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i npl ement MR consvdndhddxed Bt pbsiflbGh code rates. -4 As data storage
technol ogy continues to advance, there is a desire to increase the aerial

density of the data sibenggambogiment the parity cehstesint Bénerdi@ it Gt 44 bit .
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requi res an incr peseve inteféreasinlle @at {0 BOLSH ' R) wmithin the data
storage channel. Alternatively, .attescn%t_s ca%ﬁ%gé'ﬁpa%gw?%p'ieh%woe%‘éy S‘I‘Fe
effective SNR aSrd¥diehyvhirecandedudes bintmyduGho AfnayEOEN depdidohorhannel

coding schene a b et Certain data storage devices can be
nodel ed as | ow pglggh @'ﬁg"ﬁﬁ%ﬁ* E%r%esilﬁe ‘é?f%ﬁﬁrg?'&‘hﬁ%@@ﬁ\%fhwo‘iqﬂwnel s

care often model ctlaptsdhacicods aucGasive 3Tt diuRlB fedeRRAMNM: gEPLBALGY! 2
magnetic recqyding channel s exhibit a simlar response. Longitu Phal

recordi ng channef's FFES ¥R MR Pards oaribg ense evdrd butpst accrdingao €heTor €

accur ately nodel etkcerg chband- pass channels with a null at D.C. \Wen applied

to true | ow pass channels, existing nodul ati on codes provide little 15 or

no SNR i nprovenent oveothas aspecoefabie plesamn @lventonceBieddo §ﬁi&ﬂf8€df§nc&dﬂf‘% efore
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desired that is aining a.particular bit error rate h |ess
required SNR for g%?%?gﬁe%aq% g&f‘%é%tg s ‘%ﬁ??h @de yoeds fprisansmissinnethidugh a

RN vk i
g 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 to 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




One-aspect of the present invention relates to a data storage channgl- "
encoder, which includes a data word input, a code word output and a217 NOV 2004
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 out put
according to a selected code having a conbined maxi mumtransition run and
parity constraint. The maxinmumtransition.g.un constraint constrains the
successive code words such that, when the successive code words are
concatenated to form an encoded bit stream the encoded bit streamhas a
maxi mum of one cd tCPRECH vEREanSiiom bezimnidM 2BBBoddagicna hdeald 1ei t her odd

or even indexed BikitiBQSi L in the.encoded bit 'stream and a maxi num of

two consecutive ?F) Eal%gl?sflrglhééﬂ & ?eﬁ]ﬁ?’ﬁbdt KHUEGEs Brtheshagnelontpupbeyinggreateen

i ndexed bit posi thapriwo cbmeanieenhadbEtbinn | styal nt  gener at es
at | east one parééﬂ%a‘gj t. 5. on the code \t%org@galﬁ{i}%lrjdttﬂ%g?a{éé)c %srgf/e'gf p
successi ve code | bifpsitions, apd by sequepessiin itheechamiet getpudlariahl € that is
greater than ier@;salwedeﬁgﬁgpl e, two parity bits can be used, which can
include a binary "10" or a'binary "01 ", depending upon the parity of the
set of successive cod&etamothst aspectofieheqprasenl ivertd r&RGOLES diisédri\?eds%?rtagd to
encode successi vghaS-egit dﬁt agﬁords recei ved on the data word i npu %0 into
successi ve 4-bit “E0E: WBEALC °t hEapdeerind an eutodet. Breaomsdugr s@apdbe :
sel ected code. Asfdobshud& +af tnvention relates to a net hod
of encoding successive datﬁ %wﬁraddg&%ﬁ%giﬁgéeggﬁ %O%edd%"%feééoft&r'

" transni ssi on t hri&ugaucsr foslsasedisle, suttessime data ook dhtedascesB PO wREh

‘successive dgta ol 5, correspondi ng one of the code words :
according to a sée&(laérgf 63535 g&e%oge t%@@?b%"s‘f‘\?@d%@tmmdsfeamémgdh@atenat ed

to form an encodmdodsdtbitstresn ahdayiifids e frbBb@d i; and,odd i ndexed
bit positions. A maxinmumtransition Fun If}const r%ysﬁ%fafngtxﬁf?r%t&négucgﬁast%e

sel ected code sUPAMhEPUthe encoded bit stream has a rmaxi mum possi bl e run

of one consecutive t1aRSE &hoHY; i pni i.n_either one of 20 the even or
odd i ndexed bit positi ons&ihl%mit1 grg’e{rl}?:gg%)éfef)fqns&?lpé%sﬁ?ﬁﬁsﬁ%coée WAESS num

possi bl e run of stelothsmmsedadttinatretmans i tiaRsurh @8 bR édigeduflvt Bentdler of  the

even or odd,indexed bit sitipns in. the encoded bit stream A parity
constrai nt ilg aﬁéglg?lﬁﬁgggg‘eﬁ?\écﬁ?feevg%f'@&i‘"éhblbb‘bﬁétlomm@th@@nccakp@mstredmt he

present inventi afd i ela&ir@sm bOtvd éiﬁx%&uﬁrv@frg&?ti(fng%gginning 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

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

20

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.




25 channel for use in detecting successive code words in a Storage,qpqnﬁgypﬂWQ
out put, the successive code words bei ng encoded according to a code. The ‘
read channel includes a likelihood sequence detector, which is adapted to
det'ect the successive code words. The detector has a detection sequence

that effectively disallows detection of bit sequences in the storage

channel output having greater 2 7 NOV 2004 -6 than one consecutive

transition beginning at either odd or evenndexed 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 bi tl9ehiicrirenh illvstiating e hampaison bb@kden BRWeHBn& f8

a
di sal | oned parityroY8g aspect. of .the present invention ref ates to
a disc drive stor é{ée BCEQ%JI;’IE; ,Ere\ﬁmorgﬁ%qrﬁc@%%@“ shanpelras dsced-7pasch fanctemcoder .

The transducer i offepantye of communicating with a data storage disc. The
encoder is coupled to\ﬁ}?e . transducer for encodi ng successive data words
i nto successive code dsts E@I%Eé@gcﬁnngvmda lagwelleilwtateodBlotiefcBaeP AN

encoded bit s§reamichR Suslq ngoded bit stream and applying the
pre-coded bit str eam t%ut h{g ({??aatf%gﬁt?ggor l%’sﬁ&c“‘&’ﬁéﬁ?\@m?tﬁ?ﬁﬁ@q Wltgoofne

enbodi nent, the emtriend m’thattwaibEISpatib&eé&&@&sa%wr@ingqg‘3né"8¥x SimBHG R il
encoded bit streamh maxi num of one consecutiv& transitlon 15

s a
begi nni ng at ei t%rg?engﬂﬁe’btf"“even i ndexed bit positions in the encoded bit

stream and a maxi MUNFET 6l e i . nsi tions begi nning_at the
other of the odd or eyegl?\ﬁg{eﬁg’g@’ %ﬁ*g@%@‘.&{‘s’o‘ﬂ?‘ ﬁtgﬁg‘nge&f"%F‘ba ed
parity constrai rﬁd??ﬁdftrh@the@hamnmicaiimpwstenBEHolﬁErim,aﬁﬁ}lng%o Jid= DRAW NGS
20 FIG | ispa pe%%ng'ﬁé‘{tvﬁ view of. a disc drive having a storage channel
that inplenents continad MrRfEHE BEPHIeR constraints, according to one

embodi ment of the preadent iy M@g”tbxin(?llhsu%!i% arfedatnle Of tﬁ%ﬁ%‘%@lﬁ:@c{@”&gﬁf t ﬁe

general i zed communi cati.on system according to one e
present inventi GROGHTIRHOR QPasEY bitsrinedampk onil¢ hiord stieam. dri ve, for exanpl e.

FIG 3 is a graph il lpggt ] f n response H(f) for PRI, PR2, and
EPR2 channel s as a fﬂ?t?%ﬁd"\gg il E“g'g@eHiéel&éé’?’tﬁ‘Héchﬁr%eéijéﬁﬁwe%m@foqam.

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
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parity sequence, according to one enbpdlnent of the present |nvefornea o

FIG 6 is a diagram which logically illustgates the function pert ed 1y

a decoder in the comrunication systemshown in FIG 2, according to o

[ | lustrating an
t of the present invention. FIG 7 is a diagrami
Ce)xgglogl g? nt he cal%fﬁor{ﬁq low- %?ﬁﬂparﬂﬂﬁésﬁt’méi’l{bchamhelpam dne dmbodirhdhtahsanpl e

hi ne di agram
d d stream MIGcoktaip of trellis state nmac
(s:gcte i glr)lrfor an  MIR( 1/% co gg%ﬁé%@g [fepsecytvertiagsitigng indhe cederwasds i s

ty
f | engt hia fwosand lwmsdhe inasbeb e EcorREaGkilé ﬁQnshib s W8 HBRIsRAL
fgctlo]?ntge patg f of ch stia FIG 10 shows a nIls section dt

extended to include a SiXiBH "‘&998'@at@\%heﬂaféa"qndn@pcsitﬁmamdaoﬂdbmpbheon
Rave been rembved 20 Fra 11 BRanao FRART R R ohPorcospepostoren | h

renoved. 20 FIG 11 shows t
Q?Yeugﬁggd st at eschappghbite i beriven on@idi s a graph illustrating a conparison

te 48/ 66 code
of detector error rat on,of SNR for a ra
according to one enboglr%e Ofnbb’?egﬁkﬁtkaﬁ%@éﬁﬁoﬁsﬁammma@we fodmimainst andar d

rate 16/ 17 RLL(O, lﬁfCﬁ)ieali(d&)r@étn&amﬁhﬂéﬂc@rbe%e%g pé& F}l:%gl\‘ av E‘Erbbﬁglii P‘b‘@?m ty

t SNR a bit error rate of as a
:‘ l)lr utS Flreacloglgng sch nped By apREgximataty GIB when B perbdE R PRI Bdé d s OFF or

di ng schene
Tl VE gVB h Ssent invention provides a co
avi ng combined henr i an S ol (5 CRMRTCR . G Py domseRaiht o {0

di fg%litn”heﬁ thendletemdeeam i aju286 for RAO Wt Aodt SR PRRed
(I?Lgxlng?sa fﬁ :)22 g [ma MIR constraint limts ?ﬁ% nung’é €of
consecutive transt ? nstraints, }-Fté'lec,f%l&fé}vlﬁg) fliggussion illustrates an example of the present

invention where a net gain of 2dB in minimum distance is obtained.
FIG. 1 is a perspective 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.




to twe and Ilmts the nunber of consecutl ve tran5|t| ons in the codeZV\brNgs/ 2003
to one when the transition occurs at either an even bit position or an

odd bit position 5 (but not both). The parity constraint forces the nunber

of pre-coded positive channel bits to be even or odd. The combined MIR

and parity constraints increase the mnimum Euclidean (geonetrical)

di stance between paths through a Viterbi trellis in the read channel by
approxi mat el y 4dB when corrpar ed with the uscoded case. For 10 certain
channels, a coding gain (i.e., an increase in the mninmmdistance) w |
result when the di starwe %ﬁrln is adjusted for a lower code rate required

by the code constraints® ﬁ‘@tW&*WIWHF?@“%IFEE@uEBHZ)&endOHMEahte$o Bestexeanpl e

of the present iiyeidce@iveWdas & of 2d n_mni nrum di stance.is
obtained. FIG | is a ers?pectl \(}@S\??Fel\?vgg#e%e"o‘?rg 8‘? iR 2 DOR TF U R -

storage channel msrseiRIRZDrfptmaatéon sitcraathielyesh NRR BRSaPRL r‘thngtQE J @bgt s,

according to one, grfg?gﬁllment of the_present invention. rrve
i ncl udes a housi Ag W Fh % VBIEsugnab o Thewrite tt%fﬂ‘@@mhe@ddwsm&ﬂéma@eﬁe

drive 100 furg hefluk rkistie withidd 6 | ted on a spindle
motor (not shown) by a di sé (l:l anpgne?i@?zi&eégﬁthe"(\f”sclgu %qaﬁ%‘{]%ggaﬁa%g urality

of individual di Y& sighal.cRuBRgreadoparabnthé piad €@nddat@tih BRaPPAYen &SRl @l

axis 109. Each dj gg:ne%grﬂ Q?&er @ associ ated head 110, which is nounted -
to disc drive 100 for comun car oAV 1 Heakanalog read figead. Theanae exanpl e

shown in FIG 1 reheagsallsl&naéredsmawelé 81i BiYal sRUSIPSA which are in
turn attached to th@ck accessing arm;l 1§iafl %Hél fém{%rr ’f%%to o

“actuat or shown i3 @de{c’ir“é“té‘!fwtfh’é“tlﬁyp@l Kiraitry mep&@iLﬁéyiré’div&@&Hﬂﬁ coi |
actuat or andyl ncfigdes a voice coil motor (VCM, shown generally at 118.
Voice coil notor 118 rotates actuator 116 with its attached heads 110

about a pivot shaft ¥20.2 & pldsck disgraneddgeAdNiRY bmAnfiest rack
along a path 1égcor§ en an i nner disc dianeter 1%14 aﬁ%lgﬁg}gge?l]ie?4%l sc

di ameter 126. Vorce P"erﬁﬁ‘ Iard of HierPagsert inveiwion.cwith odn of forméder nal
circuitry 128. 2&1%1&@3’0 390331009f0Wek5xﬁ%l€' Co MY cath b Q)I/ A Té\g glldeCI rcuitry

128 encodes the data to be stored t0 succeser Ve THHR Wi ch are
then precoded i fRePdsr hifhwhishyeesives su@essive ered&ewbmn)ﬂipwﬂ >(m°1'] on
al ternatively, R £ ed to form a serial analog wite

diRbdes Ak, TOAUL 25
signal. The writ€é transducer on Hesd t10%Um¥eHkdniesyeressire eodelwords ¥ver sal s
wi thin a magnet Fdyd, ayer, yan] doheutslit 163 SThé daRbRAS 6 PSkid G nRBA ABiable

1nd1catmg 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 represents 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.




‘write signal. During read operations; the read transducer .in head 13404
senses the magnetic flux reversals and generates a serial analog r aZI NﬂV 2003
signal. The analog read signal is converted into a serial digital signal,
which is provided to detector and decoder circuitry within internal
circuitry 128 to produce a recovered data 10 signal. FIG 2 is a block

di agram of a generalized comuni cation system 148 according to one

enbodi nent of the present invention, which 1¢an be formed within disc
drive 100, for exanple. Comunication system 148 includes an encoder 150,
whi ch receives successive user data words Xme[xo, X1, ..., xm1] on 15

i nput 152 and encodes tlmeshiﬁ)oe@sdas@odm:&uw[désc ér&t&aéHﬁ@l%ﬁé'fMPe{a%‘f‘e wor ds
Yn [ Yo, vylI, toy&&éﬂ%lc \g L 53. The variable mis a positive' lnteger
variable indicatlng the Rurber %?reﬂ%'GF%WBWh@W@@ undesérable sdateaceswfd. The

variable nis a bxpasflsym\belsl maw t\&él’e d the, number o
synbols or bits Jn ach code a hl%% e%]{z% é\/\r%r%erqgﬂcﬂm U@e'aﬁ‘yeq\unber

of slyrrbol sI | n alPH¥ATE withsa @ﬁi\ UPZ@bId': fﬂr n;mkm‘gahecoxﬁ/aﬁskbnswmﬁén era@up[@gent s
one | ogi ca t i cations, conmon data word
| engt hg are Z_L,a ol &Réf @dq{S%g%Sp%@%F dV9rR- Oftbsr bargeasg andyeifiovare

successi ve user 1daﬂmemd>asé@riﬂaa§oa)e€u%g@ded into successive code words Yn

using a maxi rrumtran P run (MIR) code with a "j" constraint and a
parity constraint. @ -torsspyalkgonyertasd 56 neveiyvas lfte)sucxmﬁmt/d‘ﬁidlatwdrﬂls @atkeach

code word (or stihé R Srit é addi n ts zn and zn+l to the
successi ve code V\ordsﬁrly?@ ﬁ\se@{rg% Ut(t)l%§3t O&‘é'e‘gﬁﬁaﬁmgf ‘iaﬂtw%@t‘b‘&ta se88l The bits
~zn and zn+l ar éexye:’featamenl amdmﬂmc&tb@es&h@hbrté@ﬁk%réé&{t%&ﬁrto gfofdg&ga Qriaf0de

“wor ds) have 10e|t aF even %/y or an odd parity aft el ng precoded
into an NRZI ot K QRSHIPSE | Hh mdgﬁsme:emamedenalz 7 NOV

2003 -10 Encoderc dboidnerde ﬁ‘,&ﬂ‘g st ate machi ne,
exanple, to ensare t hat jgge@\ wor d !é@gEr 1e521nparA(<)jd:%h&l E%EHC%\?B?CCFOJHﬂéE‘iSrabI e

sequences of  bPRuRZed farisht &ype phdeatctarused iorecorbadisimal fomeRCAHRRe1150 can

be i npl enent ed h tabl e for maki ng the conversion
bet ween each usg{r &éesegﬂt%o\gﬂ{\}\gnrt ﬁ@gﬁr 188 Cﬁ%%dhﬁmge@ed@mmmem@mher

har dwar e and sommmduiamphmmeaﬁwm LHRardl"$Qo0
Paral | el -t oy onverttglEI 155 recejves ? e saccgké?tgsen%garem\}\%nr%{s (w
f

the two pari BF’E LVersplan e rpereticanedivaandra inarp donet oejgesvatsch i Nt 0 a

s"er i al 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 selected 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




representation and concatenates the serial representations to pr odLZ:JuOVZW _
serial 10 stream of code word bits VK on output 154. Pre-coder 156
receives the serial code word stream VK from output 154 and conditions
the sequence so that it is optimzed for the type of detector used to
recover the signal fromthe channel. |n one enbodi nent, pre-coder 156
conditions the sequence to inplenent an NRZI nodul ati on schene in which a
binary "zero" represents no transition or 4p flux reversal on the magnetic
medium and a binary "one" represents a transition. In another
enbodi ment, an NRZ nodul ation schene is used in which a binary "one"
represents one wSPHaCEAR camteypbE andodgd infm@aiobitdlaﬁ&méﬁ@%ﬁﬁ coltRMELHNLS the
opposite polarity,. %&&1 6_pr,oduce precoded wite signal vector
re L TERTRD o QRRIBhENT Tk

ak on output 157, t hat ranges fromzero to 20

infinity. The precodedusmdtie ogin@oatolfk LS provided to
nodul at or 158, whj ch gener at eg a \;\?i,téggin%ﬁg{m%gééf%gu S f) g\ﬂgﬂéld(‘ﬁo

channel -160. The V'R apediediengecandipgonitiesiistodbmatass filta 166, valusss fR4t ai ned

in the set {-4, ' t he sel ected, nodul ati on schene. Channel
160 incl udes a vv:[ {é% gh%tiro Pt;ﬂr?\%l?ggnd;u%ﬁyi QMPOPRIYS gpd pravides e dilierad readl sigsl head

110, disc pack 16(6),tosarplehkssr Sastpler 266 SHGREINANERN L L04:(: in FIG 1).
The nodul ated wite éé{g al is stored on the di%c sgo#écdel&?ﬁn?%@e) f orm of
b

magnetic flux r&/&F TRARMe Wiish convedgibd filtered r@udrsigig! a(t)rie@d oper at i on,
the read transdigaéncedr Bgas ‘the stored, encoded information
fromthe disc 2 %tq NOV 20%3 rﬁ%gﬁl(rﬁgggé Oélr?ﬁpélgﬁ%%h‘? e BHydfddo finite

information to aiftrgteponssi(RIR)ditter b10. eFIR fieralS? cBuilpRE thRisghidhcd 4 ) at
channel out pyt 1(?? al'%‘é'atdos”%%i £ gain controller 162 maintains the anplitude
of read signal r(b) RO AR BRFeRteetrespage BiRdfilterovR eaduces 40 | ow pass
filter 166. Lowqiassatdd agitble 5, &&hefu Iy Erhi L ah. firequency. component s
and provides the filtered reagksi gnJaI §r>(“?slaf%p2%%%eg'by%éépeﬂéaﬁ%ﬂq@}mlw
can include an dRIGHReeetryit2al (A/ D) converter, for exanple, which

converts the filteredny [ td..into a sequence of digital read
symbol s rk, on out put fgggrb\?\ﬁ%?ﬁlhggéj%\%& %éf{ftqrc}%iogprta@s ¢ apRIPMmatedsponse

(FIR) filter 170naxinRnflikeliend beficaci i MITD)IBIUR0GG o he M0 didi gl T ead
synbol s rk- ,int Qe Lar get rdce¥s onse. FIR filter '122 prodtces an
observation var i abl°é V%C Ye U{g‘b&tﬁa@?lllﬁomm ere ¢mbqstiments ¥aerbbyetactdi 17r bi

al gorithm. in Viiglehen@ettRAtsQtatehidchine 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.




«:The Viterbi -algorithmin Viterbi detector 172 operates to approxi ma«t? .Z L
maxi mum | i kel i hood sequence detector (M.SD) for detecting the nost |#k INQV 2003
bit 15 sequence received fromchannel 160. In one enbodi nent, Viterbi

detector 172 inplenments a trellis state nmachine diagram as discussed in

nore detail below The trellis is nodified to disallow states or branches
based on the MIR and parity constraints inposed by encoder 150. The

detected bit sequence ak is then provided-tp a post-coder within the 20
detector (or alternatively external to the detector), which applies the

inverse of the precoding function within pre-coder 156 to generate a

detected bit sequence V K  The detect M&&aﬁg@e V Kis provided to

serial-to-parallel comeimh&ficatidd ' rou -he bits intqQ code words
it St BB TG T s e o G ot

and converts the code words from'a serlia ¥agmodely

Successi vel y rec6hamel fqr@danpb,rtdstlltstral@lﬂlﬁdlldtcoaéhéﬁﬁg BN Gint ERATR $hd P rity
er 150.

correspondi ng to.t Q}g lnﬁs{}%t hgh.of t he code words generated by enc

Decoder 176 uses ‘the? PEENIRHE 3 Bebcbirg Eyjn ofiPEB fonmm begads\PRosthaneer 150
to convert the succesgi %ﬂ\zfzﬁrs into respective user data words on
out put 177. 2 7 NOV 2003~ | ati on Exanpl e Conmuni cation system 148

showmn in FIG 2 was : PR2 channel, for exanple, to illustrate
that a code havi ng_cgengﬁﬁgﬁlp%/ﬁ{@ﬁla)af)sa‘ﬁ\apvqs’éliﬁéfsrtmﬁ%se@ahma%ﬂﬁ’icéve a net
codi ng gai n of 2dBidabrecarding\wnpapefIRulLHBH & e hévé{}a‘gggg%bu@%)ggl Lertain
types of |ow pass channel s, such as those used I n magneto-  op Il >t
recordi ng and pefREASHISHEsar hy dmpyleR tespomas K@ ulssk aharinaisus sprasaabhs e
~characteristics. Th.; inpul se response f(E) of these channels is
‘represented by fi(t) =1 e-(,irof i = Edq/h7/40 where t is ti ,land
To is a constant. Digital data are tranEJ’d@Eed in the formof positive
and negative OpuI ses at the input to channel 160 (shown in FIG 2). A.
measure of the inter-synbol interference (ISI) or linear synbol density is

defined as DS =Wr5—tiswméf,9ndTTJi§atc&%t§3@L§i r f the digital data. The
15 continuous time_channel response h(t) gﬁglc ag%%rgltra%ﬁmteﬂghﬁ’ﬁg‘%m’t e form
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()dr. 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




h(t) = Jf(T )dz . Eq. 2 I-r Assum ng that t he: channel |nput data g;tl ﬁ@\l‘?ﬂﬂ?
are bipolar with values ak E {-1,+1}, which are corrupted by an ad i

whi te Gaussi an noise (AWEAN) 20 signal n(t), the read signal r(,) is

witten as 00 r(t) _ ak h(t - kT) + n(t). Eq. 3 k=-co Because channel

160 has a | ow pass frequency response, matched filter 166 is also

| ow- pass. At this point, a Butterworth type | ow pass filter (LPF) is 25
substituted for a matched filter for the tpl.l owing simulations, wthout

proof of 2 7 NOV 2003 -13 optimality. Except for very |ow densities, the
amount of energy qut of r?Ehe 1/2T bandw dth is negligible. Accordingly,

the response h(t§Pimaaliy "éFIe(fOWetf}’ﬂOaV%mltleanhhedmcﬁmtbﬁéﬂéﬁ%’ﬁ&htﬁfth%qyzmth a

-3dB poi nt at 1/ghg h ud rate -by sa 168 (al so
shown in FIG 2) toa’ygducgl or&ng@ g‘ﬁﬁ%ﬁpwe&@am@mf@dféweﬁﬂe hk

Assumi ng that thederdBgervortis ﬁtﬂmdt ab%dE" Li

sanpl ed, a baud rate ﬁ 32@((3 nodel E%I veﬁlejtt)y}bggang%lgﬁ{%g tiptog . 4 As
with nost storagey CREA a[ﬂb?hPWPrt@F Q)It@Plpdmlaﬂmifeb@vebﬁmlbﬁQhﬁthﬁl 10

si gnal energy VaeiRasdnh Ther ef or the foll ow ng
ad hoc definiti on[?g a@opt egﬁééo%a%%g%%e fix‘ieﬁﬁﬁtfate b‘?%‘S@NF@im!Ltednz | DS
Eq. 5 2 where andsamplethe headiratecleanatl b S yt). This is sinply the
reci procal of the 15 noise power in the 1/2 frequency band at a

normal i zed density of Ds = 2. This al Iié]g?codl ng schenes operating at

different rates (and, therefore, deffsTt -ith "be conpared on theqHasis
of information density for a fixed channel response. 2. Receiver Model

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

where 6%, is the variance of the noise n(t). This is simply the reciprocal of the
IS5 noise power in the 1/2T frequency band at a normalized densxty of Dg=2. ThlS
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,

re = [k, fiet, --., IL1]", the FIR “c “ vector with length L and delay A produces

an observation variable,

Ve =€, | Eq. 6

25




A seventh- order Butterworth filter wth -3dB:-point at 1/2Tis used lg yN(W 2003
20 exanple as the front-end | owpass filter 166. Foll ow ng sanpler I63,
discrete- time FIR 170 further equalizes the read signal. For a vector of
recei ved sanples, rk =][rk, rk-1, ..., rk; L 1]T, the FIR"c " vector
with length L and delay A produces an observation variable, Yk = Crk+A
Eq. 6 25 27 NOV 2003 -14 The observation variable Yk is then processed
using the Viterbi Al gorithminplenented bﬁ Viterbi detector 172 as an
approxi mation of a maximum likelihood seqt é'nce detector (M.SD). For
practical reasons, thg_hel g;\gth of the channel response f = crh is often
constrai ned to a predethembsanedioh vadasslé al ishes s channel s,
sonme suitable target .res oises are P‘Rlsif f(D?E@%fBEQE%g%W(?%B =
1+2D+D2), and EP g‘(‘ftELB)‘BT o8spled by Yiferbimistector N2 8 amdppioxdmatesrd €

descri bed herei nmdxidfRu i i d.usin ast- nean-square (LMS)
adaptation to arrive a'?l ng!rl]l‘l?or??%ﬁ#%ea%e?%céﬁgpﬁ‘géﬁr Pr prefimeEscaspsahe zer . The

MVBE criterion i dengheofdbe eanaddespynst@ =né RE{ b&el dotbraidclido ptedefininéd The
frequency respon PR2, and EPR2 are shown as a function

Hf) for PRI,
of frequency ove?glftlggre%goé’&%gﬂa?“b%?ﬁﬂcmq*&iSﬁﬂFIS@tab:k: taffeerespayned arl@R 10f  t he

frequency respongfeDiH 1) Di Sp 2ax| Ny e fyeguency, f,
is 15 plotted al g&r;g),_’gxi sD 20%15 qlg_lit)ﬁﬂ1g%gp?e)p%“e@sds%ﬁ%(fgﬁéqﬁéﬁ{éﬁéﬁ)'r’é%fponse

of a PRL pol ynoHieaimulptignexamplerdepordme hesirt, FER | v@RURNENed RRRANREOf a PR2
sents the frequency response of an EPR2

pol ynom al, and.ljne.. 8(9 r
pol ynonial. FIG mﬁw?%‘ége L@ﬁ%ﬁ‘?%%ﬁlwt@mnmmmame ¢rive tr esponse
along axi s 210 a@VBISE)eqialiast. TBE MVSHEUSRG NS | 12. Line 214
represents the frequency response of the 28 %’gg’gaﬁg%ff%% al, and line 216
represents tle frequency response fog; tgj r. Gaugsi }: channel at Ds = 0.73.
Clearly, PR2 polynomial 214 is an applrno Giré"e P?‘éi onse at the ch@ﬂe%
density. For |lower densities, PRL is appropriate, and EPR2 is useful at
hi gher densities, for_exanple. 2 7 NOV 2003 -15

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 higher densities, for example.




-+ 3. Mninmum Di stance Analysis Once a partial response target is choSer*f@gv_mma
profile of the nost likely error events and their relative probabil'gi

can be computed using the assunption of AWGN (i.e., noise correlation
fromthe equalization is ignored). The 5 assunptions provide a reasonabl e
starting point for pragmatic analysis. Monte Carlo sinulations of channel

160 and the receiver elenents can be used to provide a nore accurate
description of the error nmechanisns. The pgefile conputed bel ow can be

used to determ ne the code constraints and to estimate the corresponding

gain. 10 Maxi mum | i kel hoog .sequence detection for |inear channels with
AWGN is based on a netri cMAEUNy isEucl i dean (geonetrical)

di stance between an igppsl nd the receirved sequence. The

det ect or chooses in favor 8?%91# E%%g%eaﬁg?L@Wi%’%W@g?rﬁfﬁh%@tmdiksb'm. The

nost |ikely errorvensamdshar eldinepmbabiliats &A= RBHE | ence
and a detector o%vpaiva({sequence that are 15 seepar gt edhgggghésagra%ptéﬁgﬁi dean

di stance. The erfor & NQYJ3C (91 isBN fiomythe equatization iPégnofed). TWiet er bi
detector 172 sanal3ems8ftisPré mn 2a,, Eq. 8.where d;,, is the
P O PR ahable sk bl T orsidenttionsahnis dlibve

m ni mum Eucl i dean di stance over all possi t he
m ni mum error eveatlo simsiasinoeof chaandlil 6@ aid ihodiceAti ABmEHts BAVOMEES 1o SYSt em

148 wi Il perfor iven noi se power. Mreover, the ,ratio of the
di st ance associ g%lré)g{d\?\n%t r‘f\?\i)cuéq?? i‘?sc‘gmé%ﬂ%fth%e@rmbm@n@ﬂhbrpeoﬂlé kel i hood

of seeing a parédngpit@lbefiw Odn RMRRI 1 &rdd: he gther. |n general, a
cl osed-form sol uti on cannot be obtai ned&?{g}/ee(p%go‘}neicﬁfl ts%‘lt@ieg?‘&ﬂ@e error
event in a gi vent'gRemesepnding\gaimad, the distance is contained within two

bounds that pgonot oni : roach the mni mum di stance as the |ength of

the error event consﬁgé%léggﬁﬁ%ﬁg%%d%egu%feg?‘ﬁ%“%‘afé’éh@ﬁar Firmnely Withva Wi ance
error event wilik bescﬁsnafnmtricathhmgas&fbfsitlﬁbSEM'd%H@ St i idd.ons. This
event, which 27 NOV 2003 -16 results becausel of e ntm! )élégg%nbsellew%ep 1/ 2T,

as shown in FI GEP 1BPY Seflugnceand thyrecaiyqdequense. The deteoti choasesiig fivig ofunber

of consecutive tthagguédceRgth MOiLN compl.i.shed by renoving the
al | - ones NRZI codegk\?\or d fromthe ge\%g@ftgﬁﬁeé?ﬁ% ggt Ik hferan suentsare dose der
150. Assuni ng t it comespendipemtispasequesteman@c detddeor 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




-5 ni ni-mum di st ance bounds give dnin = 4 for error events w th ek E2 7 NOV 2003 :
{-2,0,+2}. The error event is the difference between the transmtted and
detected sequences, ak and ak, respectively. Table 1 shows the m ninmum

di stance error events for a PR2 channel that have a length L = 9 or |ess

and start with ek = +2. 10 Table | d= 4.0000 (0.00 dB) e={ 2,-2, 0, 0, O,
0, 0, 0, 0) d= 4.0000 (0.00 dB) e={ 2,-2, 2 -2, 0, 0, O, O, 0) d= 4.0000
(0.00 dB) e={ 2,-2, 2,-2, 2,-2, 0, 0, 0) _¢g= 4.0000 (0.00 dB) e={ 2,-2,
2,-2, 2,-2, 2,-2, 01 15 d= 4.0000 (0.00 dB) e={ 2,-2, 2,-2, 2,-2, 2,-2, 21
d= 40000(000dB) e—{ 2,-2, 2,-2, 2,-2, 2, 0, 0O} d= 40000(000dB)
e=( 2,-2, 2,-2, Lsuls @auseofdrnuumspomwlm Q@sma}uﬁfcgo&df e 0. 0,
0, 0, 0} d= 4.8 6 0, () =
4.8990 (1.76 dB) &?,ng%di, Cobgtra?‘@gzthe Quméerqf copsecutgie tlhﬂSlQQ@s (Muc'hﬁcadB): e={
2,-2, 0, 2,-2, 2accBmpBshed) r@lrroxf} S 2,-2,

2 0} d= 4.8990 ((?1 ?6 dB) e=( 2 @18911(01%3&5%%0&0&0% fr%‘?thed“a‘)ia 90 (1.76
dB) e= { 2,-2, 2,<%le yprdpuseg by 91100911“ 129. dssudmﬂﬁﬂﬁt (fésg@eﬂ@)areere{nozed ghe 2 -2,
2 2,

0, 2,-2, 2 990. (1,76 2. 2,-2, 0,
48990 (1. 762%5)‘%“"?‘ %‘d?ga&ﬁ bO%“‘g@zve mln¢4§0rezpretnﬂts4w®9g0e ({320762HB) e=(

2,-2, 2,-2, 2, OTherro?evédy is e didh , 2, 0,-2,
2' 0} 30 d= 4 8990 (1. 76 dB) e={ eg&",%gpb&évezrgt,h-g?a“?f‘f?tf%h'éc,? d‘ﬁi“e = 4.8990
(1.76 dB) e={ 2,sequenges, a; amg aA,ZeSp@wl\zly 2) d= 4.8990 (1.76 dB) e={ 2,-2, 2,

0,-2, 2,-2, 2, 0) 9 76. dB , 2, 0,-2, 2,0, 0, 0) d=
4.8990 (1.76 dB) e= {Té"%l681 g‘g“’gé‘ € gini z‘moi‘s{“tﬂceﬁwsg’eﬂﬁs for £BRY cligwelithalB) e=(
2,-2, 0, 0,-2, havealdgthd)= 9d>f1eés£15ﬁ59ar€ &xtﬂje Ei? e=x{ 2,-2, 0, 0,-2, 2,-2,

2,-2) d= 5. (3569 (3.01 dB) e={ 2 2, 2, 0) d= 5.6569 (3. 01
dB) a={ 2, 0, 0,-2, 2, 0, 0, 0) Tablel
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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
15 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
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d=4.8990 (1.76 dB) e={ 2,-2, 0 .9

20 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

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

25 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
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35 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}




117 d= 5.6569. (3.01 dB) 52,0,0,0,-2,2,-2, 0} d= 56569 (3201t NOV 2003
0; O 0,

e={ 2
B) ex{ 2,-2, 0, O; 2, 2,-2, 2} d= 5.6569 (3.01 dB) e={ 2,-2,
8,22, {2 0, 0} d= 5.6569 (3.01 dB) e={ 2,-2, 0, 0, 0, 0,-2, 2, -2} 33 )
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} d=§-6569 656DAR B2, 4B, B B-22 2010, O, 2,-2,
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(3701
Oé

5.6569 (3.01 §B) e={ 2, -2, d956369 0. 0 -2,

220200(g08dg§_ , 2,

2,-2} d= 5.6569 J355 )ee= 9, 8,10, Q2,2 2,-2, 2,-2, 0,

dB) e=( 2,-2, 52d 2’5 2568 & 5 B)§*§g6%28320 Q)ZB% 0}2{ 2, 0) d=

0, 0, 2,-2) 2 27 )2={2,2.4, 0, 0-0,3,-8589 (3. 01 dB) e={

> 63692(3201330"8)2 Lo o)d—ﬁés@@@egisos =02.-2B), 02,2, 02) 2,-2, 2,-2, O,

2. 0) d= 5.6569 (3. 01 dB)de656 3D dB)e2{ 2222, (220.3223} gg) de ? 2562

(3.01 dB) e={ 2,-2, 2,-2, @565692(300d80)e—{d‘25)65@%—(2 2,Qb 2 o . b 2}

2,-2, 2, 0, 0,-2, 2} d= 5~656%%((3.00HBYB){ 2= ,0,22,‘2,3 0,9} !

d= 5.6569 (3.01 dB) e={ 2,d=25.6%9 (8.012B)={ 8-2., 003 2. 2:2, 0}

15 d=5.6569 (3.01 dB) e={ 2,-2, 0, 0, 2.-2. 2
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25 d=5.6569 (3.01 dB) e={ 2,2, 2,-2, 0, 0, 2.-2, 0}
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}
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dB) e={ 2,-2, 2,-2, 2 odo %13 'Y _7;22}0’2252}2 2222 2
0, 0, 0, 2) d= 63246(39§ By e 3 ,;-,,O,,ye,,26398d8)e{
6.3246 (3.98 dB) e={ 2,-2 (398 @B) e{2:2, 8)0,-46, B-B¥ (0_2 )
2,-2, 2,-2, 2, 0, 2,-2, 24"682456(33%84@)(6?{9?8-2(,13)0,@;0,272,2} 2. 0,-2,0,
2050 d=6.3246 (3.98 dBYe={ 2,-2, 2, 0,-2, 2.-2, 0, 2}
e 1s 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= 6.3246 (3.98 dB) e={ 2.-2, 2
d= 63246 (3.98 dB) e={ 2,-2, 2
d= 6.3246 (3.98 dB) e—-{ 2,2,2,0,0,2,0
d=6.3246 (3.98 dB) e=1 2,2, 2

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, 0,-2, 0, 2,-2, 21 d= 6.3246 (3.98 7 nuav-ran1
gB) '(Séi{mg,fg, gg, o?-z,{z,-z, 0, 21 15 d= 6. 3246 (3.98 dB) e={ 2,-2227, N0dV_2003
0,-2, 2, 0,-2, 0) d= 6.3246 (3.98 dB) e={ 2,-2, 2, 0, 0,-2, O, 8i3 0) d=
6.3246 (3.98 dB) e={ 2,-2.2, 0, 0, 0,-2, 0, 0) d= 6.3246 (3.98 )Oe_.({)
2,-2. 2,0, 0, 0, 0,-2, 0) d= 6.3246 (3.98 dB) e={ 2,-2, 2, 0, O, 0, 0
0,-2} 20 d= 6.3246 (3.98 dB) e={ 2,-2. 2, 0, 0, 0, 0, 0, 2) d-_6.§ 6
(3.98 dB) e={ 2,-2, 2, 0, 0, 0, 0, 2, 01 -20= 6 3246 (3.98 dB) e—é 2 2
0, 0, 0, 2, 0, 0) d= 6.3246 (3.98 dB) e={ 2,-2, 2, 0, 0, 2, 058 aB)e—{_
6.3246 (3.98 dB) P={ -2, 24 P52 é‘%() 0, o&j 25 d= 63246 (3. )2 =
2,-2, 2, 0, 2,-2, 2,-2, 0),_ds é% $93 48 02,220 2, 0, 2,-2,
2,-2. 2} d= 6.3246 (3.98 :Bg O (3PS dB) ez{ 200, 020,2:2,2,2,8} 01 d= 6. 3246
(3.98 dB) e={ 2. Q-2. 0. 3G8 dR)e=6232060,B-298, )B} e={ 2, O, -2,
2,-2, 0, 2,-2, 0) 30 d= 6.8228246d358 dBBE=62{0,9, 0@, 022, 2,232, 0, 2,-2, 2}

W Y|

%’Cgm’\)

= 6.3246 (3.8 dB) e={ 2,d709-3246(3.982B)2={0,0,, 0.2) 0.2 6%3246 (3.98 dB)
:{62?’ 0,_(2, > 0,22, {2,-zi,=®)246c(&.98.d3246{12,3),@,80,(1)51),@52(2’ 0,-§,d§, 60’3‘2421’6
22 21 d- 6.3246 (3. 98 dﬂ.sm{ozs&;eQ{22),0,001)?0,0’-,%,- 0), 35 0= 6.3
3.98 dB) e={ 2, 0, 0,-2, d624603.99dB0)~ 83 6.G6 4 5 %325) &=l 2 0,
-2, 2,-2, 2,-2, 01 d= @=386(399885B( £ 0%, (00 Py’ } 3246 (3. 98 dB)
= 6.3246 (3098 dB) e={ 24-(3M677984 5§= {0 g%g 085 0 0 0 -2
={ 2, 0, 0,-2, 2, 0, 0, Q=¢% é3._ d§)e~2 (,(92_ 23} 2 .2) d= 6.3246
N 5’8 g’B) Oé_{d; 663236 (()3}1%%- 043.98dBhe={ 20,0, 15543-2,2,08 dB) e={ 2, 0, O,
5 g b T e D 8
2 22 g =63246(3.98 dB) e=(2,0,0,0,2,-2, 2,2, 0
72, ! 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. 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,

o [ N-] 2
25 d 2\/ Z ( fiek-i] ‘ Eq.9
5 o

k= i=

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




= 6. 3246}‘(:3. éé‘dB)‘ e={ 2, 0, 0, 0,:0,-2, 2,-2, 2} d= 63246 (3"""8‘82‘8?%"!&{2003 :

0, 0, 0, 0,-2, 2, 0, 0} d= 6.3246 (3.98 dB) e={ 2, 0, o,d9,6 L0 |
P AN A LR 0 K N L

B e= 21 01 01 01 ’ ’ y T &y - . . ’ 1: ’

,3 (9),8 8,)0, {2,-2} d= 63246 (3. 980de) e;( g gj ?b g,_ 2,32%2,(5258058) de:{
.3246 (3.98 dB) e={ 2, 0, 0, 0, 0, 0, 2,-2, 0 d> 65246 (3.95 dB)

0, 0, 0, 0, 2,-2, 0, 0} d= 6.3246 (3.9Q1dB) e={ 2, 0, 0, 0, O, 22,

L d= 0, 5 2,-2, 2, 0} d= 6.3246 (
-2} d= 6.3246 (3.98 dB) e={ 2, 0, 0, O, 46 (:
: = 63246 (3.98 dB) e={ 2, O,
)26:{2 22 00} Oiégtgr@%enéez(z@) fga%‘gérdé;jm%‘% l“e@(dlseﬁnce)carx’zbe@mpmedzxsxdn%}the d=
13246 (3.98 dB) distfncg, foxﬁluldlaboﬁ)% bggi{gn ngd%%em g%uagto 24? bz(% §,d5) e {
’ 8} Oa 26 3242’ (Oéﬂﬁg"%ze‘;ha , the m@tch@d ﬁR¢r—<ﬂsta&e1s?d—217389g}8T§L% ngr [3246 .
3.98 dB) e={ 2, sBuctlre of thelchanel ﬁeg_[%c&s 1% d= 6.3246 ( ’

2,-2, 2,0, 0 0} Because channe "T‘P'I’?@ﬁ'ﬂdlsiaﬁéehﬁéﬂéd?e"for events
in which the i gnis 4r everddlathnCd@@Cbﬁs@JamésThe g' sganﬁeg 'do m;ree N s
ng the e tio - , =
f ﬁgp F;ﬁgt ESIOf gt he chgﬁﬁ‘éfm’a'é‘é‘p%%(@eﬁmpmedbysnMr 150 (BAdWeinlFi@. @) t he

vent. As di scussed
di stances in decpheidss bsl Bl Ot M gtance event. A .
bel ow, the underFl ned error event "m? %‘Ir%si %@@gbmo@ns grinthéhati ni num 3

di stance achi eveﬂreﬁ?ltﬁhﬁéraﬂém;smgnsﬁhem&qa@lmé& Mo&éﬁxﬁ@éumgﬁ% of the

comMmmo used figure-of-nerit
PR R ST A R AR

not affected
“'singl e channdl stylmbbd:d fitler bbfvxﬁﬂﬁrt“rﬁet@a‘fiylﬁg ﬁa&%u&@reansqggne 191;[n0([\/ﬂLRS) code can
by the channel" Sbl ntgr synbol

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




27 NOV 2003 -21 interference (1Sl) character. A.matched filter di SZ?HNGVZWJ
can be conputed using the distance fornula above by setting the error
event equal to ek={+2, 0, 0, 0.... For the PR2 channel, the matched filter
distance is d = 4.899. Thus, the ISI structure of the channel degrades
its mninmumdistance by 1.76 dB. 5 4. Modul ati on Code Constraints The
nodul ati on code inposed by encoder 150 (shown in FIG 2) provides an
increase in the mininum di stance by appl yi-A& constraints that prevent the
transm ssion of two sequences whose di fference corresponds to a
| ow-di stance err @on@Maitin adiRiddli, ¥ error_events with distances |ess
than the 10 matched filter bbung?ﬂeg\ﬁirlﬁﬁgyvgﬂ’yf’ﬁ}@e“mrﬁmﬂtiW&héﬂ@dd)n run
(MIR) code can Bmbsedf enprst(nardizard enat bilRRIGRHR A0 bEQeFAD IR U MR/
k) to the code bicgde‘?grguenﬁe Y' to elimnate code bit sequences v?ﬂclll nor e
than j consecutive  transt b BiEeHs Thisvelltehminate thessgisbit sieor event, as
non-transitions. wAlltas tRec/iit g, MR, de has constraints MIR(/,/j2i k),
whi ch prevent_nore than j1 C(')r]s’ecue!t?lln\%‘gvél;1 Y 4 CQ?Ot(?"pns starting froman
odd-bi t position in tAeseombiringthapdrijy2onsiRsRomit He MERAMS It doROSiR L ALL I NY
froman even-bit E)xﬂﬁllu}n!(ﬁr’l in the sequence. The assignnent of CONSt r'ai nt's
to even or odd bit posiTBEIE SFAr @sRbLREEPMES G- t4B, he2Y, swhivisie dndeprdiided
any constraint iTalel exiféorbdgondh r 176 is nodified to reflect this
change. 20 Error_events W th It?ot111e E)oa(rjl?lnﬁg ﬁ?,d-]iﬁ?nc@é)rqdb'eé-é?’i%an’agtgéﬁ gAinusi ng -

a code with condeVeyentsyswmRAE M2l nisee Rf@ChérftnafiBs, Y 49Bth?ea&%§”ai nt
3/4; with k=6." The capacity fof these

can be_ o ai nedull) dysele Lol of ST L e The cemac T,
et on g g5 oy e crane SIS Bdladeene
erbod ot of e’ present cugnblay, b ppL T Cucl dean o stance s

b s A e 1 SRl iy 7=

events with an § o .tra | %c'ussgfi A orldeserponstraints car boimpiementwd inhi staté he
event) occunsi ngnavhihélicOmdintioke fogic, or a software or hardware look-

example. Other configurations can also be used.

up table, for

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




~of nodulator 159 in FI G

“code word can be prevented. This will elimnate the single-bit erraf 7 NOV .-*‘2'003,
event, as well as three-bit events, five-bit events, and so on. 5 After '

conbining the parity constraint with the MIR(1/2; k) constraint, the

m ni nrum di stance error event becones ek = +( 2, 0,-2), which is underlined

in Table 1. This corresponds to a m ninumdistance of d = 6.32, or a 3.98

dB gain. However, system 148 will not see a full performance gain of 4

dB. Instead, this distance will be reduced3by a loss in SNR inplied by

the use of a lower rate 10 code. The capacity of the conbined MIR and

parity constraints is TiheaecRiQ) £ n&%{ue 0, 7925 capacity of the MIR
constraints al one. 5. Encoder/%)edg?efls 'Beh?qb Blistthe seteriediMTRI G stamiats,

decoder 176 are 6@§ﬂ@4ﬁé@tm@06mbxﬂmtcoh&@eﬁgqu- onstraints ,.di scussed
SO0 L

above. These con ints can, be . inplenmented in a geode
conbi nati onal | O;V%cg:r?r%orrés 73 BEIAHA Brihhwrithweurent mddcitya fhallgut 01 exanpl e.

‘Qther confi gur at inoulstan salispiPe. ys, he MIR constraint is nore
restrictive than the parity const ra?ﬂ#?lgg%od\éﬂyasecw Eapsdiopgisdimited ta

reasonabl e st art °RgHer A seavencti ef trassitions bebihs W14 i ent... .t he. encoder
L’ S &W%?%@Q%Sh

and decoder are agani i mpl enent. a rate 3/4 20 EHE def i ned
by the mappi ng shown ?rg’ élngﬁbgp‘ﬂgber Tapfrseutiviransitionsid limited ¥ ewdQPhdd (3000100

H 0100 001 H 0003ehodndd of #radsifbkQ b QQA-I% 0 011++1001111H1010 -23 The
sel ected code wo g%sr in Table 2 sati sty %ﬁgwgggiégqse RVt EMRrhts, even

when the code wor d¥° & T @BAYE RasEibledumbe $ix a0 tREART( e A0%s), When 'H{?; dhg code

word represents gotdsaRSdoh! i .ne wite current polarity at the output
in °“%a?&?¥$§ ”%‘HW%EF“B&‘%o‘ﬁ@été@@tl\afeemb@dimbmtb,ohski s

limted to Y orcongiwnt cahdasagheRaRefindli@h wngps begins in odd bit
positions within eachgl code word,, and the n er“of consecutive
transitions is |inited 8 PUONHFEH it trforcee yiashe eonohtehativnsiflait@BHiedi Ns i n

even bit positi aeguenté (¥,Nze g _ d here is a nmaxi mum possible run.
of six non-transjti ons{?i 6. )CIBS s), dWeoﬁd P{ngmceaﬁéstrmg of code words). First,

the parity of the preceding bits in the code word is determined. If the data word

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

1], 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




words are concatenated-with one another: In alternative enbodi nents2 70K 2003:
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 word Y" (or each string of code words). First, the
parity of the preceding bits in the code,word is determned. If the data
word is represented by X. = [xo0, xi, .. ., xmt] and the code word by Y"
= [yo, yi, ..., Y.- 15 then for a code wordgstarting with tine index Kk,
the binary {0, } NRZ synbols that would be transmtted at the output of
precoder 148 are determ ned by the nodul o-2 addition of the previous
synbol and the present code bit cordi dlep whe<bol | owi ng equation, 20
ak = ak-1 (c) Yk Eq. 10 The pari ty % o IE gon&hnpf% ?f NRZ 1's is deﬁqerl?n' ned
by setting the initial condition QK.i .1 " is the parity of
the previous code bits, and cal cul ating, Q =Q-i (r)ak i =k...k+n-1. Eq.

11 25 For even parity, odd parity, Q= 1. In one
embodi ment, the two bi tsrcilg s IQE}’ 1(Ie§1rr F?é‘l%@t‘h‘ﬂoqtbutp}f(pmcdéerel\iénTbar| ty as

2 7 NOV 2003, - 24AMQRSF ity e@1eWo:8 af @S arity at the
out put of precoder 156. The MIR + pa?}l 3”(’:% é%?g& ﬁ?:h ‘%H‘F%ut of
encoder 150 iA FIG 2 is then Z"+a =4.Y = +1 1 Eg. 13 Thugﬂ é,
4+2 forms a rate m/ (n+2) parity code’ % t"vvt3+l it sequences th
determne the final parity where chosen because they do not violate the
MIR(1/2; k) constraingg SI;@ L)a? when concatenated with the rate 3/4 10
MIR(1/2; 6) code, all Cons LIRS 2 s#te My B EDrnaeity eodd. BhertatoehiB/ 6 code
‘results. The fas¢qubim&tltadﬂ&etez@tﬂﬁé{hel & rate 3/4 code words are
preserved inpli esﬁ)%&t I\rﬁl tiple mrﬂgéppailo)p%%@%mngﬁ‘baé‘s%gﬁyﬂg not :
€|

concatenated to f/ %@( 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




word prior to concatenating the parity constraint bits. pr repetlt op W 20“3
;Aﬁtrad3llozll Otranf:oder are used,gt hen the resulting encoder has rate 3p/(z48?66

2). For p =1, the 15 rate is 3/6 = 0.5, but forp = 16, the rateTl EI A

= 0.7273. As an exanple, the rate 3/6 code mapping is shown in 0?0081 .
Table 3 XmH Yn, Zn, Zn+l Xm ++ Ym Zn, Zn+1 000 H 100010 100 ++101

001 H 000101 101 H 010110 010 H 001010 110 H"O}lool 011 -xlO;)4 |
1111-X101010 If it is desired to concatena®® "p" of the rate 3 I(:o es,2)

t hen encoder 150 20 creates 17 NOV 2u4) -25 [X(1) X(2) X(n)1IH [y(l) y(

4-bit Y4
3344. 4 7Zn Zn+ (o 14 each 3-bit X3 to _
napzl(:]z; i3s performed using t&gg (zt)e- @fhﬂtlz%’)’ zengoder / decodeg..14Thi s
formul ati on provides a bl ock encoder 5 decoder formthat is .
straightforward to inplement. FIG 5 is a block diagram which logically

f t ncodi ng
illustrates a bl d¢Rrecaachddit Xato 4vitii Ym@”@’gfﬁ%fgﬁ%égtuéﬁ the %ﬁw /ﬁ Che

0 -
;ﬁgf Flleann(ZjS\(/)\n th aﬁ?% @etnc?fgf/l P‘f“}‘?d%rea'@ém%lod@mddwd)loc&mwmeraccor di ng-

10 encoder 150
to one enbodlmnﬁedbﬁeﬂibﬂnlﬂ{aﬁs%%xghﬂ?&%F t%']mpl: Repl™3:
recei ves user data bits L:sk d2 ®31, x3i+r, x3;+2) on input

152, which are passedfi® 5rlé3}b dmgraenwhdmrloilblﬂ@t1!1@§I§at<%§tqgock e%\'ég%ger‘tngac h

des the respective 3-bit user
BT T P LRGN RN L pt b.lf‘°‘
accordi ng to Tabtomcenahibwizh ox@zfnoﬂreﬂandt\bﬁh 4 ﬁg&ﬁﬁ&;h@ sélqmge'ﬂtce %o W‘I{E’r

led Y4 = 15 [Yo, VY1,
AL, Tn"addl (TGN Saeing ooyt o chtherphmtitnbiion PR30 107 each

K 1 For example, B i's
bit sequencejpac
clal cul gt ed bgsegl&gﬂde?ggé ?egléﬁyﬁéegéga%%l 5 E‘i@ > i anc}ﬁ(jdwl, Xzi+g] OnThput NRZ|

bit a3 is cal cul laitzewh@hdrqqrassedd@féswdl{?e é&oé& fafktioRs 95@)- 38N Eabi A fQr the

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 Do, yi,ynys, ..., v Vdi+1, Vdi+2, y4_,-+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 Q7 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,




next- encoder function stage 2501, fromwhich Q7 is calcultated  Thi 27 NOV 2003
process 20 repeats for each encoder stage until the final parity Q41+3 is
cal cul ated. Based on the value of 41+3 and the equati ons given above,
parity generator 252 then generates the two parity constraint bits Z41+4
and Z41+5, which are appended to the end of the concatenated code words
on out put 153 such that the resulting precoded bit sequence a0 ... a4l+h
at the output of precoder 156 has even or,-285 alternatively, odd parity.
FIG 6 is a diagram which logically illustrates the function perforned by
decoder 176. Decgges 1764 es a urality of decoder function stages
2540- 2541, whi c%gu'é%a}% v %é“l&%dé?“sﬁ‘%‘f P)rsﬁatorf%ﬁpéctsf,edamrm X3 6)[xgcodicng..; ul es
used by encoder x150;+angigonvatput STC eSSk . ds Y4 = o, yi,.y2,
y3, ..., Y4,, yad+,, NOV 2003 -26 Y41é-|@,789 ?’i%ﬁﬁ?é"”coeﬁ’%%L%ﬁff?‘ﬁbmS 175
into respective &awaa‘ tt5boeguse Haxy, wikllbe enyreed. by, the ¥éectox 3f +1, %3, +2] on
output 177. Decoder 1gf;i-gRQr e two.parity constraint bits Z4i+4 and
4+5 because parity wll be grﬁ?@%ﬂ?‘%ﬁ nfspmplesf themakulariongndy di agr am
i | lustrating &n é@ma’qshaiomﬁoftphﬂtydﬁisﬁhlh@drig%@c@d%%%d%&@ﬁ@bggaéia&n Of parity
d

bits in a sanpl estceodezéﬁg‘r stream 260. e wor stream2 |‘§°‘fior med of
two concat enat ed’ o4& Fg@‘“féi’f Bricoretenalgy apide Ivawds 2d1hmdvab Ueisich AARL" and
"1010", respectihehylued W@oRaLAL Y okt 6 avi the ~value "01" are
appended to the end of code mrgog%l?esé?cﬁggytgn Nebitsefidhgvise theode word -
262. Code words %4e 4Hd areppencti thieendorasde wini 51,5t b HE plAind Or DI LS
The first bit inctdg%r(ii%io tCE:e fgr eft of stream 260 an Ib er |jtcs in
“time extend to the 1'g 02 Codsavorgy2 41dy63 eash have agpore wordslangth lof fourn code
words 261 ard 26R. IThs €dst O ih tifaeQY & Lon wiphin the respective-
code word. Under this nupbering syste%rhe?ﬁgs¥r??%w6 ?fl‘ﬁa}?rg‘a‘EH‘%ﬁe wor d

i s the nost si griffgdnthepight. bind 266 assignben ankgas tddach bliSBodeQlodosle WO ds

261 and 262. Thgpha i ol h,15.code word is the | east significant
bit and i s nunber edgggp%?t°h§‘é?’gfgraﬂijf%cég%‘}”%é%mpeaﬁw ¢rdsgeards Bnderch bi t

in code words 26lis andb@GR sysdnpaie firyt U ih$adfdd LS & eppor al
| ocation withi naw% O\é&l’ al | g}od word st rgam 1%8‘%§§\%etﬁ?rgggt ﬁlénﬁtgpaﬁégtl i es
above line 267 and“gt CEreas bt t freedegwards@al ahd262 aTle lesteit ibiekchi N code
wor d st reami260 cadewend is the 1688 LGRARELR B L4 iS¢ .0dd 20 bit .in code stream
260. The "E" and "0" designat i égﬁ?g&gglrttaﬁ%glqug‘%gﬁ J &8 255 Hing 20% espect i ve
bit in code wor &S eaMoBY to paFR bitiineoBBorde 36 UARL B 4ddallits 263

based on its temporal location within the overall code word stream 160.

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 hélps 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




‘constraint for each bit Iocatl on in code word stream 260 Each odd NQV 200—
| ocation 1in code word stream 260 has an MIR constrai nt of one, and eac b
even bit location in code word stream 260 has an MIR constrai nt of two.
Since the 25 nunber of parity bits appended to code word 261 i s even,
corresponding bit |ocations (as designated by |ine 266) in successive

code words 261 and 262 have the sane MIR constraint. This hel ps to ensure
‘that all MIR constraints are satisfied i 2%he overall code stream 260 at

t he boundari es between the individual code words in the stream For

exanpl e, there ag&eQiy si.tions (" 1's") in -27 code word stream
260, begi nning at t he re\#emb%@g%f"t‘f‘%ﬁt ‘ge °¥eg bilpesitionrfi, edlrepreseriied by fhes” i n

bit positions 6 alfelifbitPhsisorsatdndl7. emid HEsh raint. limts the
maxi mum nurmber of transi t| ons, that begl nsj?érgae?c/en staihs, t”hﬂ:ﬁ‘g‘m‘tsoth?v\o

Li ne 270 repr eseRPEMutpEphes of trastsitians, tb@td:egmiﬁévenvbm p‘d@:tloﬁsq@tt%m ”Ed by 5
Equation 10 above. Eggheb 270 is.the exclusive- of

previous pre- C(r)r'ged bi teljrtdﬁePgSénﬁg‘ ﬁHt@ut‘i‘fé’r?)F%@éMG cdeh mettrrblrtedlby line
260, assuming a qurammieabowenﬁadummnqtne@ko ) rior to the
first bit inli Q:%d %?% %t out put of pre- Seto%é$01'%%\g @Ee?e K rg"‘ﬂ‘éssprﬁn odd
nunber of "1's" lnpl 796% hI’Pr@ﬁenmﬂewmdtladxntimelzmeasgmm The

addi tional pre- dmd@ld:oﬂaiftbh)éf it it DOSi t cause the
pre-coder output in i1 ne 270% §Igfa€g%el%} r‘%é‘? hF;ﬁ?ti’“HPt"s’eﬂ%) Tence an

addi tional "1" |°§tpé.‘éi@I@EIetCOd€trhﬁé tieedforethab it 6dd furkire o?t'fse'em‘brtlp' gstons Ié
scri bed

represents the ga o] Q! .at each bit position.

“above, Q Wﬁetddory lfngl{)%7 tl‘he agditionpl Pf&rmdezkgdntybttaasbmp&xﬁdhstse
zero. Si ncelQ:S @mchéca/tﬁbth% é-cbder Bubplut [ 4 inline 271 FIG 7) is "I
', the 15 parity bits £, PQ and Z"u‘? ’339‘32%?0 e EVYhRATEY 1hbitssl-Bisinasde
word stream 2602 pWlitiongh #1"4s adsleditothis sot Eﬂmatmdfésirgaxﬂbove 6. Viterbi

Detector In one enbogjm® ctor 172 is adapted to inplement a
Viterbi algorith for det Zgﬁp#s&ﬁgpg%gf@f ek ®HQ tah@cg@rtmomednl\m? and

parity. 20 con@ﬁtsmaberdeﬁbowwe f@r@ak Fi2=ghan trellis n be used
for any length threg Snnel response and cgﬁ{ E)eéﬁge rafss ?@SSEI Pelonger
responses (such™i% 3“@&&31‘)‘3 ofi@ én rpositiomst indinet2y 1 16, ¥y 9B V@i Ny and
depend on tie q@m}gtgzﬂdﬂg K, trelli also tine varying. FIG
8 shows an exanpl & of trel IZ| 5 asitig mpgggﬂf‘% '&f%@f%ﬂ#s’e&@iswng@@yargr

01" according to Equation 12 above,
i

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 panty
20 constrained code for a PR2 channel. The trellis can be used for any length three
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




~ 25 an MIR(1/2; k) coded PR2 channel . Note that the |nputs {ak 2 ak_giﬁ(ﬁ,
the trellis are shown in bipolar { 1,+1 } form In later flgures 2003
binary representation (0,1 } are used with inplied equivalency. Trellis
300 has a plurality of discrete tine intervals represented by a
vertically oriented group of states, which determ nes a noiseless out put
sequence for any user input sequence fromthe channel. Each 2 7 NOv 2003
-28 state is generally inplemented as 'an a@d#-conpare select (ACS) unit, as
is generally known. The ACS unit adds the netric of each branch to the

total netric in correspon h The metrics fromthe two i ncom ng
paths to each stgt;{télsaﬁener?ﬁr)éﬁnig?fﬁ%é a&r@édtch@pﬁratshleW(tAtCSt)hmtbeﬁs metric

I's selected. 5 TraeehéraBy B STHEQLES |, orgerthe chosen MIR
constraints by disallowing paths 30[§'€J Qgt%g'ﬂetflgﬁg dpdhf trighes) ,

whi ch correspond”ﬂ%“%iftltss@qﬁmémg paﬂhatr hbaeeridigRim tHRARY §8koRYin gp&ﬂ%r 150
to avoid their I @3HE Assum ng section 30 epresents

ror
an even bit positi onﬁgtk\é% bk (tolng’ﬁreg ]@d?a&%’hhﬁle bgnt mekdichs selqueasli t i on,
paths 302 ands 3021“raheJ®03i§m(ﬂﬁiddﬁo ek A ARCerPlRE %on‘é‘l%%&@g%“%aﬁc‘” e

transitions that s at_odd bit positions are no PWIngx anpl e.

FIG 9 shows a tP Qs iWdshosmbyatashearipiet), hicaeo rrédposl td Bit §éqmezlxc%5 tO

trellis section {}Qph\k} modi.fied to include the parity
the path for each st atygelb%a]eog%g% FuFodsr Pﬂé ﬁ‘éﬁlﬁthemrew@%vesqrmr@qums t rackedv

until the end of Asmlmésmdma%t’eﬁreséi&sédﬁ)‘e BR! QL respondi ng
to odd parity ( | ower hal f on ﬂ%ltlﬁémgg%'%‘?on (5? %ﬁﬁg '

he
~pruned fromt heo?r}* %"ﬁ l?‘ posﬁfo(‘} pafls {Rnd 384 atCrrellubve;i inaedtionrB083hck haé i S

| extended to jonclsecutiSé ¥ rate. 3/6 code., fromthe -
previ ous exanpl e) and i arglhgohlgGﬁ?s%\&t?éttOaﬁ%é%‘?qsg?ﬁﬁﬁrﬁlft‘?éalﬂwwﬁorpar| ty

have been renpvetkampis: practl cal reasons, a VLS| design m ght include all

states 20 that mght % geﬁ tat an% point in tine. However, sone of the
states have no input, %‘tr?ﬂéﬁ ten 3HQofierpsh fhieeyavhich xplsmwamtothem

from i nfl uenci ngreilisesectiad 3005 butddas ed | & o1 shous. trellis
sed ot S 6o Thelufy |"%H‘ﬁyoﬁ2 KLU 25 The

section 320 vmtn, all unused states renbved
codi ng const r ai APs°a S@lfs sldig Panizes theamath forphahnente Bdrdckedukiatie eriBrGG code.

Thi s was si nul ate rate 16/17 RLL(0O,6/6) code, as
di scussed in P. ;6I'§leaa,glgllj Agthaf &B@P‘ %%oage%oggspoﬂ‘?g t9 %%‘iuﬁ%f“ﬁ v hén theg9s and

lower half of trelhs 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 no
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




“entitled "“Method and Apparatus for |nplenenting Run Length-Lim ted Codes
in Partial Response Channels,"” for a Gaussi an channel nodel. The QeTSL“QVSZM?u
at .a user 2 7 NOV 2003 -29 bit density (Du = code rate x Ds) of Du = 0.7
are plotted in FIG 12. Axis 350 represents the detector error rate, and
axis 352 represents the SNRin dB. The detector bit error rate for the
16/ 17 rate code is shown by line 354, and the detector bit error rate for
the 48/ 66 rate code is shown by line 356. -28- a user bit 5 density of 0.7,
t he proposed 48/ 66 rate codi ng schene provides a gain of 1 dB as conpared
with the rate 16447 nAS _the us bLi density changes, the extent to
whi ch the PR2 po|b;’ibtr§j§ir§1§i | Dé‘ﬁj"‘%%”%%%? Ohél%ﬁaw agplafted im FEOd@. nodeBST or t he
channel response rahesrgeshe dfecty 3 [ Bk -off, the SNR required to
obtain a fixed error rate 10 of mi%%tSet \?\daiaktr'r%%gﬁ?érgwgés tgefsﬁﬁ%:‘t"i@nuhfe
density. These r 88GFipEbisemorgpisiforatie 1671 Ftak codk3s sy AR T5apsRsEOt s SNR

(dB) at a bit er : x10' j s 402 represents the user bit
density Du, and g%ié(‘étg%gel?%pr%tgi%rﬁbi4flﬁ%raé%?ﬂdﬁgs Havia byditeisén Atlaeiseniet

codi ng schemes. Hénsiy 406.7sthepropbiid 48N3 R0l 7 8 4 Sode d I'ine
408 shows the SNR forg{)he 48/ 66 rate ccgde.coLlllﬂﬁé %pgﬁﬁa%sat%aénigl gﬁ&? ng

gai n between t he®dURAEOYIhhegatrd A< codtheAsidk BEeribittdensinishapseayihg @ftedt

signi ficant gai ngabhikew qaq@%j ies. However, at a density around 0.85, the
distance gain is offset by towen%g‘éacigm\ni@f ETorJacchanismp arefegoog aagle] for ther 0. At -

hi gher densiti esqllanmreﬂpomembatxgeg.ate causes the proposed schene to perform
worse. |In an alternatjve enbodi nent, encoder 150 appends only one parity
" bit to 20 the end of  BHEMRGYE Haes-aff be SSEcrequired to@btdin e fisted wosdadk t o

B make the output &Ff10°FR¢2380red i . eyven or odd parity. However,
a single parity bit makes trﬁeggae g(\étﬁngdnftdg?sr“\yarg eé‘?&gs%ﬁﬂ’ tedpi ElGonpl ex

for a given MR BoAgisrdi0nepresshts SNR (@B) ped bit yrrby rateCN x M@K @xistgogi fficult to

satisfy the MIR ints t he oundar.i es between code words. For
exanpl e, appendirgg %‘éﬁ?‘ﬁ%fﬁéﬂ%f*m}y “ta'bfaxz%‘m rgpresqnés thheodinglgaih a " 0001 "

code word from bab¥een Zhe tdi hing ScHeiRE. Lme|4@%ﬂo\9%tgg fﬂ%%g%e Pﬁ?ﬂﬁa}"é’r ds

from Table 2, would éfﬁu” in the bit sequence ' sequence
woul d fail an MPREer DA fine 4Qfdhopathe:SNR Audhe 4Ri6@ratr eodehil e 419UB6ES Sieve

e 1 S ek SR B s e
different 2 7 N@jgnif@gpt‘ 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

. . . - (1 ’q . - -
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




-30 tenporal |l ocations, such as even and-odd-l ocations, wthin each@qdvlnu&
word since an odd nunmber of bits are added between code words. However,
an, odd number of parity bits can be used if desired. 9. Conclusion 5 The
above-sinmul ation results show that an MIR(1/2; k) plus parity constraint
can be effective when used with |ow pass filter channels (having a

Gaussi an i npul se response). At |ow user densities, the code provides up to
2 dB of margin, but for densities greater39han 0.8, the gain is zero or
negative. The coding constraints are enforced by nodifications to the
encoder and to t iterbi algorithm_ In summary, one aspect of the
present inventi on@?%q(}g?{%ésa%f)gs’éu%‘aﬁsﬁ"%"t BI04l locatiamm aithimneaohl eodels6rd sivek C h
incl udes a data wnbdd hivabdr cfRs ard a8 Lit 3. The encoder 150
is adapted to encgde_ successi ve dat%\r{géeqig&??@rcdéi \#Z’d"ev%rnatfﬂ gapberwor d
i nput 152 into sOERHEEYpyscandraisobifdssiéd, on the code word 15 output 15")

according to a sel ect . having a conbi ned MIR and parity
constraints. The MIR gdc %ﬂl%lon constrains the successi ve code words Y, ,

such that, when the ThesRssisaulsnmaewns 5o at.enated to form an
encoded bit stream 260 on out put 154, thlzo o, elgngéli?&gl)rp@ﬁrﬂa?@b on

out put 154 has a“OHEXPheambsretiseivecenased witk Idw pass ifileO¢haB g} (Héivﬁxg aat
268 in the encoded bit stream

ei ther odd or evggusiad [ ition [

260 and a naxi rruvg of t\;\?%1E Q(S:%%Qeoglh%)i \%g??‘?{é{?%%te‘?sbtﬁé’ the gPdrwraYidas up tee2 &8 her
of the odd or ewimargieketdobddnsitipOgrehteOMsn 88S8the b; | EROt o, 4 he
sel ected code gengr ates at. | east one parirt1 bi flgzlgqggﬁgﬁﬁgg%ggg %‘?d

output for each SEtESPIHralns e cafaeed byduodibeationsto, the viverlei andpo 125 i s a
positive integervivabi Adhkhhat is greater than zero. For exanple, two
parity bits 4 and Zn and can be used, which can include a binary "10" or

a binary "0 P, deperddiswgmapbnnd ipeqiaf tHeyprédestfintdiiod 9élates toSéJ&é@%}aé@ code
words. I n one eX gg o%{%e\j %ncglggr %_%0 is adapted to encode succeSsive

3-bit data words Xm- 2 FORRMRV2BSR inchides a dataywoad syput ki, dsbde worddbtitmput 152
i nto successi ve 143biThe endeeNF0dsadiMtedo LHS ] rd. out put, 153 .according
to the sel ected code, Another as e?:;?t of theegl%ggsesmg @hav‘gﬁs]@fg(ﬁrf%qlﬁdes to a

met hod of encodPRdre data word input 152 into successive code words Y, on the code 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 Yhn, 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,




successive data words Xminto successive code words Y' for transni ?S?qm\pmm :
t hrough a channel 160. The nethod includes nappi ng each successive data

.. word Xminto a correspondi ng one of the code words Y" according to a

sel ected code. The successive code words Yr, are concatenated to form an
encoded bit stream on output 154 having a plurality of even and odd

i ndexed bit positions 268. A maxinmumtransition run constraint MIR(1/2)
is inmposed on the selected 10 code such thgy.the encoded bit stream 260 on
out put 154 has a maxi num. possi ble run of one consecutive transition
beginning in eit gée.\p e o%eéarshe even or. _odd indexed bit positions 268 in
the encoded bit strearmnde R} WREKINRUERinta succpmbei dobie codenvarls YYWon the
consecutive transolié QB i+ ARt i ot her of  the even or odd indexed
bit positions 268 in the&g}%]égg?ég&lglhpné{&retg%?ﬁlw.Coﬁ\e-pari ty constraint 15

z,,, z"+, is also i npdgetheonspetiof el wedeadinoation Aael her m?\lﬁ%g%?n%dit pe
or

present inventi orgu&gészia\;egﬂstto g t.a storage read channe U8e in
det ecting successive code WSS AmAnty syecssavfecodhavondsl Y, foutrpsmissiah  t he

successi ve cofle wabekth Detange] 886 0% o di to a code. The read channel
148 incl udes a Iikeiﬁ?]hood sequencgg'gg@ggf%?&%/?fipmfgE‘Pf%isé‘ccffa%}fﬁ‘&ﬁa 20 to

detect the succe¥®rd&mdae capespondiipendet the tale Words Ragcdrdifd & Jeﬁeﬂ&ed
|

sequence 300, 31& . effectively disallows detectionh o
sequences in the steb?lglgse&p%ﬁléﬁﬁ%e‘%‘ﬂffjfbk{t* A EoNeRAaiey te farat arenchdud bine

consecuti ve tr ansieairoon Qiegitnsi Rgviat a pRirilh en indexed. bit
positions 268 i n%é&he bi t. sequencef“é bt rsegggﬁggé‘&lﬁ ﬂg‘yi“ﬁ%"e@ﬂf’é‘rﬁ?éiﬂﬂaﬂt put

173 having gr eat €% PHARKITHE Exsiion run canstraianMTR( DRjis 28 pbRionthd \@ldtedt he

other of thejoddde s8Rt it .positions 268, and bit sequences-in
the channel output 173 h%v?%g%ggmgﬂ% Omquipt 194 hasssesimumaspect  of

the present i nvessible mebforesconsecativh tshsilioh beeihink ap ﬁé'élﬁ 48, Wi ch
i ncludes a trans%ﬁﬁqeégtﬁlg“an .encader. 150, 15§g,l 115% ﬁiglgpﬁ eh?%‘g Squcer

i s capabl e of cof GOHeNs 248 dmths evcasied gis stiean 26T hed KR alndN@u003

-32 encoder 150,pot§ible ridb6f twbTBnictuGRUPIEHohObd he.tragﬁdu er(gjégr encodi ng

successive data words X, into successlve code worgSn&Oher JliuFdnNg to a
sel ected code t ®ddfrdenedpit poriiéats @6Biin the tenemied bt 4treat®960. N BarfiPdbMihainbe

the transducer o8 & huimErbsl G BB egedecrbodi mont, the encoder
constrains the s UCC.. eggioter aspder oftiedsresént 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




such that encoded bit stream 154 has a- maxi‘mim of ‘one consecutl ve:
transition beginning at either odd or even indexed bit positions %a NGV 2303
- the. encoded bit streamand a maxi mum of two consecutive transitions
begi nning at the other of 10 the odd or even indexed bit positions 268 and
enforces a selected parity constraint on the channel input 157. It is to
be understood that even though nunmerous characteristics and advantages of
various enbodi nents of the present inventi-8» have been set forth in the
foregoing description, together with details of the structure and function
15 of various e i,bhvention, this disclosure is
illustrative onreﬂwé%%@r‘]ggndég lr?’éy}s tuplegde therfrageduset for eaeqdmg sabéegsive
matters of structameveaddX, @td aQ s within the ci pl es of
the present inveption to t he fuIgf'fwiegg:(ctde%rt\tf&ag P‘ag‘foégim%)tf’?ﬁ"é ‘Q%Rﬂie@‘éner al

meani ng of the t&THE2N hcodaddnt Stﬂh@m lapPe0ded-collial Mhe ac8dQM R §8380r5470T
exanpl e, the parpisill a used 20 can be nodifi ed, and t hese
codes can be enforceéja}f\}\}lpli)%]iﬁ;l gfe'c fifl‘ig‘fsﬂ‘?a[“f Y &ttthe ansduger es anbinoel

sof twar e confi gumgti.ons. The sequence detector can include any of a

vari ety of detector types, V\:hl ch has been nodified to enforce the
sel ected code const r aifrft€ embgdimapnthe|egcaieAbMBERaInS thd succelsid@ eSO YE

channel encoder $@RBHAt Shddded a [ a_code word output; and 5
an encoder, which is coupl cédb1 & m@eln%ﬁéaéfé??‘éfn%roéopﬁmsewetrhesﬁmmle

word out put and begu‘@)dmtedhdr@debﬁadﬁ iRdeREE BR bN&H ORISR LS nc(';c?e?i |ved on
the data word i 0 successive code words on the co fout put

i
‘according to a, %8?‘8@{‘@8 MASHBUR 8¢ R Consenytive sansitions eaginhing s ikeioger HEN and

parity constmai nheoddlér Ve fridexkdt %ﬁ;& ransi tion run constraint -
constrains the successive code H\Xﬁ) sucﬁg% g %‘mﬁe%seﬂq?éedﬁé‘&esm ve code

words are concé’f’éﬁ’é?tlé@ntthﬂff@nmnlmpuem:bded bit stream the encoded bit
stream has a naxi nmumy p% ope, a?: ﬁogultﬁx ve transition beginning at either
odd or even indexed bi OSI CBIRedithat eyen havghyammaspes derastensts add a

maxi mum of two edvewapet Dﬂ‘&rfbbﬁ&ﬁb&duﬁ@lﬂs BEGE %Pés@t& ifVentid hatd tbe%g sgtffo;tl? e odd

or even i ndexed. bh f osi tlg
1n e foregoing escnptton together with details of the structure and function

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




2. The data stor age channel encoder of claim1 wherein .,the«bar'i‘t"y*f'iQ"f‘d[‘?N(]\Is?‘.fZﬁU&;“
constraint generates at |east 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 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 data38torage channel encoder of
claim2 wherein the parity 25 constraint appends two parity-enforcing bits

to each set of p wafer Yo nforce the parity constraint. 5. The data
storage channel encoder tgmmpnlg4 wherein the two parity constraint bits

conpri se either al.bi nakyath@tageichanbi GRbYer cg%x ;lslggepend' ng upon the
parity of the set of pcﬁ?de words. 21 B 6. The data storage -
channel encoder of cld al""%é?léitan t he encoder is adapted to encode

successive 3-bit dataav&agI@o;de&g andon the data word input into
successive 4-bit code words on the ¢ode word out put accordlng to the

sel ected code’ 5 7. Aanetdvder, ohichris eslipha b'“‘eﬂﬁééﬁstﬁéd’a‘? 9/91‘& g 'ntoﬁ
successi ve code words for transm ssion through a channer aﬁ'
conpri sing steps of: (a) nﬁ’ﬁﬁf‘ﬁﬁp%&é 153&9’@@9@&311@0@!51&@5@&/61&@%@5

correspondi ng one of the gQEg.YO to a selected code; and (b)
concat enati ng the successive code {\?\%Pgﬁ(\v?%g SH”&%S“@H%SB'C{%O‘HW@@OMream

having a plurality of eventhanddmakdmnqﬁxxeadcdwhgﬁ@ﬁ'séléé?&? ode‘ﬂgﬂ,gl n the
mappi ng step (a) enforces arlt constraint on the ect ed 'tode and a

meximumtransition run con% %mf‘ﬁ’etra%’élpéé'!fe@dqmda sustnainfsat t he

encoded bit $tream has a rr&xérB‘HrﬂherHQﬁ one consecut.iv
transition beginning in either one 15 OP“? éng\r} Hp Ggnstraigt ?%@%Eﬁ&ﬁlt

positions in the encoded hivfcestivecade vennds fuab thent, When TR URESSVE L6dd Whdof t Wwo
consecutive transitions of the even or odd i ndexed

n e ot her
bit positions in the encgagg%&%hf'gat?&é’afh an engededyhit perany thegngpdnd biand

further conprising: 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.




20 (e) pre-coding the encoded bit stream from a non-return-t oeaz‘e’rlO?"{"NOV"’ZUU'& :

inversion format into a non-return-to-zero format, wherein the pafity

. 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 nethod of claim7 wherein the mapping (a) conprises

concatenating at |east one parity-enforci-B4 bit to each set of p

consecutive code words, where p is a positive integer greater than zero,

such that each sgt of THeﬁg{Qgecuti e code 17 NOV 2003 -35 words and the at

| east one parity-enforcing. Briest §EnAkencedarof eking havhersii therncadeni ti on run

constrai nt i nposedhpied t6eBgE GYcodhsivai Ip; d.bit stream 0. The

met hod of claim 9 wherein the rrapp\{}njsbé?%%%%%qg‘geﬁ‘ﬁﬁio éEe g*lf?)ﬁ’@éff"é‘ﬁ%‘ti ng

two parity-enf or BiNYBFELe tibiecnsh woeds withp catenssdvlipiea@oling@iths . 5 11.

The met hod of clgglgaengggerei n the mapping step (a) conprises

concat enati ng ei %}her a bi'mary "10" or a binary "01" to each set of p

consecutive <odé wordisnetiteiEedidtn ek s ; hat..set of

consecutive code,words. .12, The rregtjgr?gd of@gﬁgyr%}%s l\ai?esﬁlgi%%s‘%‘éo‘ﬁa"ﬁﬁfi%g

step (a) conpri s&5TMGHEEUNAquUEY agharinalthe method yoremisiiecitg@ opi t to each set

of p consecutive cod r.ds. ~.Jhe method of claim7 wherein the

mappi ng step (a) corrg?)l ineagp %Sg(?lnsé%gessﬂg%g%tgi‘”@ Rigy3 eorFpspendieg ehe dftheo

successive 4-bit code wor dsdawonksdiddedihg td Helect Kateg,£ode. 14. A data

_storage read channel {)or use in detecting successive code words in 15 a
storage channel out pdP) clfaeaRinghg ureessiva codowdsls befomy aarmacstied brccor di ng

to a code, he read changgla¢RNMid Shind; i.kelihood. se nce detector,
which is adapted to detect t he sucécig@?a\}@a Ott:egggaf}\ﬁg?xg‘g‘,“aﬁgi’é‘iH?S’ct!‘?és,

detector has a detection ségurimibe napping sebf(e)cérﬂfMQéSYanrﬁyabdrﬁ%ingﬁﬁ ggtion of
bit sequences in the storgggthGOWéhanglel out put havi ng greater than one

consecutive transition begrnni gcard & MaKERup fanstionasonsiinted the t

positions in the bit seqsagel codk buSQEMERCER olidH i noel out put havi ng
greater than two consecutive transitions begfgérﬁt%gﬁget%p‘?ﬁéaé?%éwgﬁf t he

odd or 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




~even indexed bit positions, and bit sequences ‘in'the ChanneL’ZS»OULgfﬁ;"‘v:ﬂma
havi ng a disallowed parity. 15. The data storage read channel of cld qg

- wherein the |ikelihood sequence detector is adapted to inplenent a

Viterbi algorithm which can be represented by a trellis diagramwith a
plurality of states connected by a plurality of branches, wherein

sel ected ones of 'the plurality of branches that 27NOv2D -36 correspond to
the bit sequences having greater than one 86nsecutive transition

begi nning at either odd or even indexed bit positions and that correspond

to the bit sequ 8 ater. th two consecutive transitions
begi nni ng at theaﬁgt i%r{raqg% Qt'?ﬁ%{ g‘g@a&l}"g arfiienbibtegethps satigfy dhet morimuar e

ef fectively di salttapsibon amcobstiieigbsed g 86 sl the plural ity of
states that corriﬁponch}t he bit squences %gu"ﬁg‘ﬁfﬁ‘g egéeq S%Bléatr%?i"%al | owed
nel

parity in the ch Eiffstiod of elaun Perdercinthe mafiphay dtepr@ilconiftised di sc drive

storage channel e¢g&fafehgh R A ucer, .capabl e of communicating with a
data storage disc; and 11%93'8}8&{)’3%%1”% sb’téé‘gﬁ?cg&ett‘?fRW@SQCP%YPSMQMOMSM

encodi ng succéssille dihamethod déchaimi 00 SHELASHEE VB L5 ording to a
sel ected code to. forman eggrcc)aglgd bit stream pPg- ggfﬁgﬁ@d@ﬁ@%@eﬁcoded bi t

stream and appl J7150 CPHEESHBEARIBYY b1~ eta binary 01t toceatl s sfipicatseasiva

channel input. 1&dkAvordd)@epsting I .a st orage channel of claim 16
wherein the encodi ng ornea%ﬁsyncglﬁg{p Pés{g]segﬁhg'a%ffstgﬁuégt FHOPFESH TS pde Meords.

successi ve code Wbr dsTkamethohaf clancddierehi the nbpRgRepas) &n{é%ésﬁum of one
n

consecutive transj.t.l ; inning at either odd or even I ndexed bit
“positions in theédgtrcl%:tgll('}ggg%is{ngLetP%é‘é’ﬁF‘Eferc&Pgdblhtorﬁmh paiof pconsacutiversdc ut i ve

transitions Wegiweidng at the other of the odd or even indexed bit
posi tions; and ngans {or enforcing a selected parity constraint on the

channel input. 2157 egprihod o PlaRHTW e IRERPORSHN CHAPIG o PN LG AEME! NED
MIR AND PARITY GERNRIRA M§ data words into successive 4-bit code 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




5 ABSTRACT OF THE DI SCLOSURE -A dat a st orage channel “encoder.: (150) I#ﬂ W .
a data word input (152), a code word output (153) and an encoder. e 2003
encoder (150) i s coupled between the data word input (152) and the code

word output (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 nrumtransition run and parity3geonstraints. The maxi num
transition run constraint constrains the successive code words (Y") such
that, when the suyggessh gotﬁggﬁ; words (Y") are concatenated to form an

encoded bit stre\%? ( 60§{, the' SHEGUEs hayipg greptgnthat 260 yorlsacutiae raxditgym of

one 15 consecut i \peginiapsti ¢ithenodiegicnai 2 ther odd or even indexed bit
positions (268) Ritg the encoded bi t&yt?lrgggetr%b?%ﬁm&ﬁﬁ“da&ﬁ‘a%rmﬁ“éﬁo theo
consecutive transitiBAL lﬁ‘é\j}ﬂ%\ﬁieﬁfgr tiantwe catsb@itivetrahfifoRd o Ahing Ul Ndexed

bit positions (268krof the odd or even indexed bit positions are effectively disallowed and

5 where: .
herein selected ones of the plurality of states that correspond the bit sequences
having the selected disallowed parity in the channel output are effectively
disallowed.
16. A disc drive storage channe} comprising:
a transducer capable of communicating with a data storage disc; and
10 i ’
enceding means coupled to the transducer for encoding successive data
words into successive code words according to a selected code to
form an 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.

The disc 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 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.






