16 MAY 2005 -1 A DATA PROCESSI NG APPARATUS AND METHOD FOR D=2 OPTI CAL
CHANNELS FI ELD OF THE I NVENTI ON s The present invention rel ates 1t ﬁ&é
design of a data processing apparatus for reproducing bits of |n t‘iﬂgﬁ
stored on a disk. More particularly, though not exclusively, the present
i nvention concerns an inproved data prqcessing apparatus for optically
reproducing bits of information stored on an optical disk. 10 BACKGROUND OF
THE | NVENTI ON Det ecti ong r ualizer followed by
a detector. The ‘equali z?rl‘égﬁgﬁ&e%b;ﬁr§g§$&&bPAﬁro%&gﬁgoptl cal disk read
mechani smto have partiMETHODFORD-=-XOPTICAICCHANNENS det ect or processes
the equalized signal to retrieve the information stored on the optical

di sk. Peak detectors, threshold based bit-by-bit detectors with and

W t hout SR LORCPIT g% for d = 2 code constraint violation, and
partial response Iterbr detectors are the proposed (or used) detection
schenmes for DVD channels. Peak detection systens (see prior arts and
systens described in US 5,680,380 M Taguchi 20 US. 6,028, 833
Takeshi I\/aedalg’F prggont W%@%Jﬁ%ﬁov%m@gpmfm rdataeProcaiS)ng waéawsp rhaps

the firstempshdide b?ﬂs”@f‘?ﬁfonﬂ%cﬁf”s‘cd?éﬁ %ﬁsfaeaﬁkuwgofe %Eﬁ%ﬁg @g@ nce

the information storage density increases the detection

sever el y edelysiselys thtupresant invengion s:pntmhs amtlmpfmérdam pﬂdmemtg)hpbahﬂse(ﬂor

bit-by-bit. .detectors .hayi .rical ual i.z argets with and w t hout

si npl e pé’g{lcagllt'ydfg%r?g]’ﬂﬂgg g%ﬁow pn 88?&0511 ‘E’gFfrﬁéjd%k'ZS the d = 2 code

copstraint violation (refer to Srini Gopal aswany et. al "Sinple detection
hni'que for d=2 coded ot| cal recording channel s", 1CC 99 Proceedi ngs,

“VancouveBACKGRAUN POINVENTIORagawa et. al "A sinple detection

met hod for RLL codes (Run detector), "IEEE Tr. Magn., Vol. 33, No. 5,

Sept. 1997) have been proposed. Al though these detectors are sinple, their

bi t-error-rat ®dpeatbarBRes, i @uel, Mo Mesqum3lRGRE ek gtog6l orHgance.
Partial response equalizers followed by Viterbi detectors (refer to US

patent 5 eeB@IZsBehapfagwtFsag@fhtﬂommmzmabmh regchangshintipm aoi kave mRrquler
Befgmans . &hete t1cs}élﬁ'1ﬁé IR el tﬁeogqugi%eﬁ%ggng}/% retliéveihd nfog%]cisolﬁner

El ectronics,
stored on the optical disk. Peak detectors, threshold based bit-by-bit detectors with and

without simple post-processing for d =2 code constraint violation, and partial response
Viterbi detectors are the proposed (or used) detection schemes for DVD channels. Peak
detection systems (see prior arts and systems described in US 5,680,380 M. Taguchi et. al,
20 US. 6,028,833 Takeshi Maeda er. al, JP 10134489A2 Yokota Hachiro et. al), were
perhaps, the first and the simplest detection systems used in optical playback. As the
information storage density increases, the detection performance severely degrades due to
inter-symbol interference. Threshold based bit-by-bit detectors having symmetrical
equalized targets with and without simple post-processing schemes that possibly correct
25 the d =2 code constraint violation (refer to Srini Gopalaswamy ez. al "Simple detection
technique for d=2 coded optical recording channels", ICC'99 Proceedings, Vancouver,
Canada, June 1999, T. Nakagawa et. al "A simple detection method for RLL codes (Run
detector), "IEEE Tr. Magn., Vol. 33, No. 5, Sept. 1997) have been proposed. Although
these detectors are simple, their bit-error-rate performance is away from maximum
30 achievable performance. Partial response equalizers followed by Viterbi detectors (refer to
US patent 5,680,380, Japan Patent JP101344892A2, and publications J.W.M. Bergmans
et. al "Transition detector for CD and DVD," IEEE Tr. Consumer Electronics, Vol. 46,
No. 1, Feb. 2000, pp.16-19, H. Hayashi ez. al "Viterbi decoding circuit for DVD players,"




No. 1, Feb. 2000, pp.16-19, H Hayashi et. al "Viterbi decoding circuit for
DVD pl ayers," 16 MAY 2005 -2 Optical Data Storage '96, 1996, Chaidd HAY 268
et. al " A PRWM detector for a DVDR system" |EEE Tr. Consuner

El ectronics, Vol. 45, No. 2, May 1999) are the other class of detectors
that use conpl ex detection systens. The&se give poorer performance on.
shorter target responses due to noi se enhancenent and for |onger target

r esponsesopd e Il SohEe%0e 19 CRAER? DHIEX PRNIE del

prelim nar‘g/ post - pr ocgéssi ng ?f’oc srgo t%egg?‘g %rPocesséeh%ﬁgp%ﬁ?aRYBRof t he
present isystem'i /& Eafre ConsameniFltardnivs, YohdAENg 2 dfiayi 1099% fimr tha other class of
publ i catignps, Sri.ni CGopal as et. al "Sipple detection technique for d=2
Coded opERIOT MRk BrbBPiER drteies SysfeEs- ggss e 2aPTTG ST URRRIGE P8Ot ada,
June 1999a:@80redpons NAERIRVROI&S enh@hcenfend iR 6; Qﬁ%ﬁr%&@f‘ ré%&ﬁ&@é! th® detBtbrsCodes
(Run detector), "IEEE Tr. 10 Magn., Vol. 33, .5, Sept. 1997. OBJECTS
ANG SUMVIEReY eBRIIpiEly| ooveay. (Rhe §rsThwoppreliminpey postipectessihg thheckpred sthertdata

i nventi onré)cse 1.0 over%@maft%r at Iteast substant.izﬁll rgduce. sone egf t he
abovement SHEY o FRRIEEEK Y. P PTTEM RV IS8 Are Blidhd ﬁ'ﬁ"egg e BRVRA F9H8%0 to
provi de pubBéAions SEASSoPAaFRRdf &t US"SiARE ARERREH tdlnkdhel Br 12} balldSoriRhL
detection and has enhanced det'ection capability and “which is capabl e of
achi evi ngeqadingr ehanaels's| Hs€'99 oPrdveediugs, niandouker, | Gowdal dwee B¥Qndnd 2D ( MLB)

over ar nel . sihties. 1 In 0 teryrs, ,th resent,.l ntion
resi des ﬁ\&tgﬁ%% %%%Zp %]%%Feaﬁ?t%%ogdl\}sthf’%gér EﬂL ‘fq‘ilgg {Bun ?ﬁ‘%&@%uﬁfﬁ ﬁg

bl ocks f dagu. sVelpdE NSt SgitopEgsi ng net hod on a zero-threshold detector

f a DVD/ CD channel, and achi eves performance close to the nmaxi num

Ti’kel i hood | ower bound (M.B) over a range of channel densities. Because
channel 25 densities in DVD/ CD change due to both paraneter variations and
specific optical conponents used in the detection, this invention, in
parti cul BANDISUMMA RYSOFTEE NTpDNcessi ng bl ocks and an

equal i zer to support such processing capability. Further, a procedure to
design the equalizer to have symmetric partial response target of known

l'ength and optipaRneRaPsh; [ j ] | QFdo o ' 30
resul tant target res%ongoée%egfg{ésﬂé&gggéogﬁ%gggﬁﬁ o%oellge:?rﬁ%q%a:sg%%gt.aﬂ@%g
post - pr ocedweosomowpthesbsvdmangiopetbdiaivbadds. The first two bl ocks are

sy aeous iy AGR BFah rPinc Ebob  Br as

and method which is reliable for detection and has enhanced detection capability and

which is capable of achieving performance close to the maximum likelihood lower bound
20 (MLB) over a range of chammel densities.

In broad terms, the present invention resides in the concept of taking advantage of
the design of building blocks for a simple post-processing method on a zero-threshold
detector for a DVD/CD channel, and achieves performance close to the maximum
likelihood lower bound (MLB) over a range of channel densities. Because channel
25 densities in DVD/CD change due to both parameter variations and specific optical

components used in the detection, this invention, in particular, deals with the design of

post-processing blocks and an equalizer to support such processing capability.

. Further, a procedure to design the equalizer to have symmetric partial response

target of known length and optimum shape, which is unknown apriori, is provided. The
30 resultant target response is also used in post-processing blocks. The post-processor

comprises five sub-blocks. The first two blocks are advantageously designed to detect and

correct the d =2 code constraint violations, while the other three blocks are designed to

increase the reliability of detection of certain data bits which cause the first three dominant




increase the reliability of detection of certain data bits which cause the
first three dom nant 16 MAY 2005 -3 error events to occur at thequtHpa 2405
The reliability is achieved through m nimumenergy criterion fromthe two
possi bl e streans of possible outputs. Sinulations results are al so

i ncluded hereinafter to show the superido+r performance of the sinple
post - processing detector of the invention over a reference 5-tap target
partial respenats 6 befubiat HRIQRHMA! - TR rERAItyAS QORI Dt QU ANRIARRACdney t he
present invention there is provided a data’ processing apparatus

conpri si rigiteripaafiemstbe tye pessihle sycams pijpessibleputpatentamulations reseltoandedso dat a

on a dat i iltering neans.for receiying the ner at ed

ol gnal - ani L HFEERRE T, bk B TS, B Rient SR o Fnble p e
level | antdtediognfthednVdntiohioRe a fBRBEce!Dfap S8 EQGakRY rédpBhsdNatdrbivdedctor. _
multiple-bit data representative of the equalised signal to and c{)r ocessi ng
said nul tipl e-Bivs. ereerding, tolope nerast of dhpopresensrinvration thereds poevidéd aakata

[ : ' ' r.at | f . h he ef f f
ennanci g i el crbrRAgt Fhoedl o chi SRR b Bl Ry s e

aspect ofdatzhen prdseBtoragtveediual) filteihg meansrfoy retetisy dal fencpit@L eFBhINghdsyst em
i ncorporatigg}.me ns for detecting multiple-bit data representative of an

i s equal i°9BYSEE G Senr@tadetiaral rePopsodicd Brodgterningd dexel and siswal reERetingupon a
predet er g : i i 3 ction
Capabi |1 1o 0y o @ned SuEty S bhAE TRt EsARal R SR RaF LT RERECS O
ertranci ngnt heockssiag tsanmuligpebit | datay i lepdndermkoipaien prakedmitaidasaprodcagsi ng
{a@)ar at us corTFri silng eper.at i gq%.a Si gtBaI representatiye of recorded data
on a dat £°BFH RGBTt RARSISR &) hhPBERWS abesdthsi effeet ofenhaagiahie at a
predet er @eRefoh {,ﬂityaaplthgg?ﬁ&gﬁlg_g a plurality of multiple-bit data
representative of the equalised signal and processing said nultiple-bit
dat a i n depend¥stenlingporanathpr esterce ofithe gprasent miveatadna tteos ieptavidedr aildata  The
above and 5%E§iher &eatures f the res%é inventi og}é.acﬁe set forth with
par ti cul AT T Y HE H BN GU PP G O e e M PG Al ERRTHSER @ YRaPh B wi t h
r efser enc eqhalisbd 8igngBarRiCi&eAMRABY i@ edidanD8ata RESGREIONER 2 TiEaEAMINGS |
Figure 1 shows an optical signal channel nodel with additive white Gaussi an
30 channét ofslataecorerigen Biles syplpastoenbanneithe deoaionapkitibiytdfdhe systeoui t of t he

nvention wt I'Tlée{n%'sent invention also extends to a method of enhancing the detection

capability of the aforementioned data processing apparatus comprising generating a signal

representative of recorded data on a data storage medium; equalising the generated signal

20 response at a predetermined level, and detecting a plurality of multiple-bit data
representative of the equalised signal and processing said multiple-bit data in dependence
- } upon a predetermined set of data correction rules.
The above and further features of the present invention are set forth with
particularity in the appended claims and will be described hereinafter with reference to the
25 accompanying drawings.
DESCRIPTION OF THE DRAWINGS
Figure 1 shows an optical signal channel model with additive white Gaussian
30 channel noise,

Figure 2 shows a schematic of a detection circuit of the invention with zero-

threshold and post-processing blocks.




t hreshol d and post-processing bl ocks. 16 MAY 2005 Figure 3 is a typical
equal i zed optical channel response with seven-tap target responsgeg. [AYOGGE,
4 shows a schematic of a post-processing circuit of the invention with sub-
bl ocks each operating by specific rules. 5 Figure 5A shows a flow chart of
t he post-processing circuit of Figure-4.- Figure 5B shows a flow chart of
the post-processing circuit of Figure 4 operating in accordance with Rul es
4A and 4B. Fi Gugnge BAid & t@pi‘é@lh@cgﬁli'té‘d SPEYE Ndhafed] tre@dase Withhsevental target
shift-regi ster where sub- bl ock processing rules are applied and | ocations
of possi B¥OB% corrections, which are 10 indicated by left and right
arrows. Figur ey i cld o re.of . r ro (s red in
i gure om) i n iee 6T e Rr HPHRERSHE i SRR Mg b

obser vat ibiorkaveamtiapertidg biytspgdfé fulens where possible corrections are nade
according to Rule L in the post-processing block 1. 15 Figure 8 shows
det®ect ed bi t s FiFTaAAHSWE ¢ Slomashaitiof desposharaspesigadiopit 6h E1aMFefe  possi bl e

corrections a loF i - NOSt - nr i 2.
Fi gure 9 shows ?C]et g%tsglg&gia?ﬁs&?ﬁﬁ%%ggt@e&% |0t8§1§§\n1%n 8v“vﬂé’§§€%'§%qg°d%.tﬂtq@gns
where passicotdancowith®ulantA and4Brade according to Rule 3 in the

post - processi bl ock 3. Figure 10A shows detected bits in, an observation
wi ndow and bi %ggziléﬁsgcgﬂ“%ﬁ‘té: shopyingpasgnsoR Hher appyt SHU-Egisteradiere 8r di ng

to Rule $fbckbrbORsROSIcRILE 8oicMdall REHAR of FAMIL L A3REANS, dBtACHRA DI ts
in an observation wndow and bit positions re possible corrections are
/n;@ accardi¢ate bolcRudnd right amowhe post - processi ng bl ock 4b. Figure 11 shows
‘det ected bitsdn an.obseryation.w ndow and.bit positiaqns where possible
¢orrections aﬁég"}’fﬁgg %X%%%&Sﬂ@c B Efﬂf’%viuse P%apﬁ@gﬁ%gt@ ‘F%%’é@lglﬁ@mtﬁo R 5. 25
Fi gure 1208hRW&esdinpi t-error-rate conparison of the new detector of the
invention wth other conventional detectors on a DVD channel at a

repr esent at i v&igainglowgedetictsd ifs ingarp 8bseFyajionevibgowhandsbit pasitiamst where
bit-error- f the new.detector. of .the invent.io d ot her
detector® 0%5?15“5 C%\{@ﬁ%%ﬁ éﬁla(goalp COIfig f& Ruleh Iy thp RESEPIoEsipe Bl.ogﬁ? user

demssi ties: 1. Figud® 8t shoks2felected bits in an observation window and bit positions where

possible corrections are made according to Rule 2 in the post-processing block 2.

Figure 9 shows detected bits in an observation window and bit positions where
possible corrections are made according to Rule 3 in the post-processing block 3.
Figure 10A shows detected bits in an observation window and bit positions where
20 possible corrections are made according to Rule 4A in the post-processing block 4a.
Figure 10B shows detected bits in an observation window and bit positions where
possible corrections are made according to Rule 4B in the post-processing block 4b.
Figure 11 shows detected bits in an observation window and bit positions where
possible corrections are made according to Rule 5 in the post-processing block 5.
25 Figure 12 shows a bit-error-rate comparison of the new detector of the invention
with other conventional detectors on a DVD channel at a representative channel density of
4,23,
| Figure 13 shows constant bit-error-rate curves of the new detector of the invention

and other detectors on a DVD channel for channel densities 3.00 to 4.5 (user densities: 1.5
30 to 2.25).




1 6 MAY 2005 -5 DETAI LED DESCRI PTI ON OF THE EMBODI MENT First, the pr ocedure
to design the equalizer is described, and thereafter, the deS| gn 2Ofisay o
post - processing bl ocks is described. The equalized response is fuPt tllvg 6§
in post- s processing blocks. In a conventional optical playback system a
focused beam scans a recorded data patdern, which is in the formof pits
(mark) and lands of varying length on the optical disk. The data pattern

modul ateSDE’I'M?DEDtNESC‘P{IP*I?ONOF@E@MF?MNQM beam Signal changes
froma |l owto-h igh-to-Tow a e edges of pits and remains high
(or low) in 10 between These changes in the signal for a synbol on the DVD
channel is nod@tst,gbe pmcecﬁ&a&s ﬂemgrdﬂ&tetqhhinﬁeﬁ@b désgriied, mietsidaftenties ddsézn
convol ved vvlth a rect e of durat on T, where T is the channel
cynbol | pOH RS PREEIE T i dESipos (Ricescialicht APosR fs irher SatshpeRSonal
optd cal $ir8RRdingBREks.i N schematic form the response of the channel to a

transiti on at t%g | eading mark edge is represented by g(t), and the synbol
response is 1Hnme@msmmbolamahplaybz(cﬂcea‘yeﬁeﬁneefommﬂ)ainrnz):am agfetc)ardedg{ata— T).

fﬂlirér%”?é o vbiEERA B Sadiitd of s ireeny B st %&%a@n@hwgr & gpties sk
unct i on.ThERtapatRs mddedfeswaratior ??o)ﬁ(lé bf (Heerfeﬁé&ét? ﬁ%%"% §%ﬂ i]ﬂﬂ%

optical channel is nodelled as x(t
where { eﬁ@n @r lovetoeligh (o ighdb-1ay) iat thﬁhed@e qJJT emtseandf remadsdhlgh rer jow)np]ut

b 1y f | di t
Geast an Tl ARy Sl YERE Nl 58 Srobiton e VD “Hlvial if model e
;f%nnel Msﬁai diRatbues SR imcddty! RORINARYG0eRWithA re&anﬁﬁ& puléd @fdeEEcM?ﬂ us

e) 25 In_equation (3), Ris the code-rate and A'is tw ce the

peak- anplT t‘mrée &t istthe chmshaymbalxepiods Referring ﬂz\sfgt@rﬁlgma & whish Ishowis the of
the data cgﬁ%fl?i%ﬁéln&)tﬁ}ﬁs E&Hﬁu%o&éﬁn' J&Kglﬁgﬁco?onnf‘%he response of the channel to a

transition at the leading mark edge is represented by g(t), and the symbol response is

15 represented as h(t) (reference numeral 2) = g(t) - g(t-T). The transition response g(t) is

then given by

=L -2
g()=erfe(= 2/gr) (1)
where S is the channel density and erfc is the complementary error function. The analog

read waveform x(t) (reference numeral 5) from the optical channel is modelled as
3 x(ty = a,h(t —kT)+n(t) 2)
k

20 where { ac} (reference numeral 1) is the sequence of coded binary input bits (+1,-1) and
n(t) (reference numeral 4a) is the additive white Gaussian noise(AWGN) with zero-mean

and variance o, determined by the channel SNR defined as

SNR =10 logIO(Aszan), A =2, R=0.5 (for EFMPlus code) 3)
25
In equation (3), R is the code-rate and A is twice the peak-amplitude of the channel
response h(t).
Figure 2 is a schematic of the data processing system of the invention. As shown,

the data processing system has an optical head 6 to read analog signal 5 from the optical




the data processing systemhas an optical head 6 to read analog signal 5
fromthe optical 16 MAY 2005 -6 disk (not shown), which is then atpl ififedlih
suitably by an anplifying unit 7, equalized by analog filter 9 to have
specific characteristics, sanpled at T equal tine intervals by a sanpler
10, passed to zero-threshold detector-$} (also called slicer) that gives
binary output {+1 or -1}, post processed by processor 13 to correct any

i denti fi eigkkelnbOSRAMS, Wiich is ﬁlemﬂap@rﬁ@alsdﬁalﬁy %Srraﬁ%ﬂlﬁfﬁﬁ?ﬁﬁitw %qaﬁlzéctw -1}

t hrough output_ 14 to other processing bl ocks he system al'so has a’timng
control @apleg fdter Pato hameespeeifis ¢hameteristics, sampled asf T telqeal tsme a@tﬁnm boa

Caual | zer gl 18, DENR b el BRSPS L Lo BIE iy G by e

key fact ougput +1 be-1de5o provksdel &yGR6@E4dran t6 ¥6ireMany idehtified Bﬁ‘oﬁ&‘&s gits,0of the
systemof the o invention provides a fractionally spaced discrete tlne FIR

eqial i zer9 nrovide dpstrgm & é’ﬂ@ﬁ’! slater oF lairldethaeughl eatput 64 4n acrtbg RIpEeSEHEas
possi bl e, the oHeL s?e?ﬁrﬂfsg ﬂassé ﬂﬂl%lle%(g ntl%tl uﬁﬁ'?s a?k@%g ﬂ\? 111&&“3?1%9‘:%@)&[ ?]ﬁﬁ\ﬂ,t he

mth instant in over sa rven- b (4)

j =0 wher eheerzll|tsptdv&1ecnoeﬁraﬁeaﬁmiphﬂgbloﬁhpulaéseﬂb\tbé sanbgilér 19, bel ng t he over
sampling fact is no js the sanp Ilng phase, (N.-1) are

the weights o eﬁg& Afuplizeg ® forhave spgoine ch%rﬁﬁe&wrtj@t Pyﬂslwl ﬂih@nf‘sPE;ﬂ@I x(t)
8 at t =pbK rlctdlQ in the ;ll_eglgrpof HeOmt n%czf’ﬂ)onasggeﬁf )Flrs@ftﬂt?ﬁes?éﬁ'\ﬁf Lht%asg}mt I the and

sinplification, the sign at sy teTntérns I'S given
astoQ N-| invektion pfoviden le- ﬁuacﬂanyTtpaketﬂquetentﬂnQFj[ﬁ(&qﬁ’ﬂmhe e kberf the syftbdh, and

are related as hno-QA ... hno- (N1 hno+QO ... hno (NI) Q wo (5
{ @} performance as close fo analog syster.(n as goss?l;le The over-sampled 31(gnal %m at the (%)

output of equalizer 9 at the m-th instant in over sampled index is given by

N-]

Vn= zox(m"'”o_.f)f Wi (4)
=
where T = % is the over sampled time interval with A being the 6ver sampling factor,
15 n, is the sampling phase, w,,j =0,l,--,(N =1} are the weights of the equalizer (filter) 9,
and X o jxe is the signal x(¢) 8 at r=(k+n,—j)T/A. From (2) and (4), after down

sampling y, and simplification, the signal at symbol rate in terms of input bits 1 is given

: } as
Zf ak —m +Zw_,rnkA+nu—J’ (5)
m—0
20 where {f},{#}, and {w}are related as
f -0 hno—QA hno—(N—l)—QA Wo
o e 6)
J ) hn0+QA hnow(N—1)+QA Wi

- Representing in vector notation, we have f = H' w




(6) Representing in vector notation, we have f = HT w. 16 MAY 2005 -7 Sk =
f-gak+q +... +foak +. ..+ fQak-Q =fT aQ —WTHaQ(7) where aQ = [ak#Q \H\,,‘a#
, ak-Q]T . The nean squared error Cis given by d To" MAT 2905
=E[ (yk- sk) 2] =E[ (wTx- wTHap) Z1=wTR5w, (8) 5 where Rn = E [(x - HaQ X - HaQ
)T ]. Let constraints on the weights w/e represented as CTW= g. Using
Lagrange's nethod, the m nim zation probl em and conpute equalizer weights
can be sol ved S%]Eg = 1 and G pre- and post-cursors
to be equal (I?él ?l%d\ ?éﬁw%j;tﬁe he desired signal sk will be of
the form hno , hno-1 , .1/1 hnO-(N-1) (hno+4 , hno-1+d,... hno
(N-1)+d)-(hno-d , hno= hino-( )|-j L(hpo+& TBnQ-MI}@bI hno (7

(N-1) +GA) - (hno- GO, %o Jlr-gGlAg JNu} f? ) f'lI%l 0= 8 C—zeros( and
signal power is given by CT = wTRc w where R, = HE[ap aT signal -to-noi se

t S i ut ed S 9 10) 9 T
.raTlhg fs%@mé 6t %7“52%13%‘%39% ﬁ@%ﬁ?@?&%ﬁg%g G‘Ogé%ez?r Rio%g(al)l (saerI i ng

phases and choosing the phase that gives the best detection SNR

By, -5, P |- E[(lVTE—‘_‘VTHQQT]: w' R, w, (®)
5 where R, = E[(J_C ~Ha, X§ —Ha, )T] Let constraints on the weights w be represented as
-~ C'w= g . Using Lagrange’s method, the minimization problem and compute equalizer
o weights can be solved as
w= Rg:C[CTRg:CF g ®
10 For f, =1and G pre- and post-cursors {o be equal (( Fi=f) e =)
hno—l st =hn0 —(N-1) '
C= (hno+A ’ hnn—1+A R no-(N—1)+A (hno—A’ nu—l—A’ . hnu—(N—l)—A)
‘ (hnoerA’ hn0-1+6m' ) no—(N—I)+G£\.) (hno—GA’ nu—l -GAY T hno—(N—l)—GA)
.o 0
g=|.
: (10)
G~zeros
and signal power ( is given by ¢, = v_vTRcs w, where R, = HE[QQQZ ]HT . The
signal-to-noise ratio (SNR) for a given n,is computed as
C (15)
15 and optimum sampling phase is determined by searching all sampling phases and choosing

the phase that gives the best detection SNR.




1 5 MAY 2005 -8 Preferably, the length of the equalized target is 7, this
being the optimum Il ength that supports d=2 code constrained S|gﬁd1§ﬂhnkﬁﬁb
present schenme. This choice of 7 coefficient target response results in 16
| evel s of noise-free signals for EFVMPlus coded binary input bits (+1,-1).
A typical equalizer synbol response feB-a representative DVD s channel with
density 4.23 along with an unequalized channel response for conparison is
given in Fi gunneef&abwhem; kﬂghsﬁm% shafiz&N Bl gt $s PAURE BefnBrtRY GPtiliM @ﬁ%tﬁer 11,
the sign of the signal at the slicer 11 output 12 gives the estinmate of
symbol akhat Teipperis] dg? aede adoinstrained sigpals myﬂantremt tselramse. oThib evhgice of 7

sati sfyi code constrai 1 and .t ondi ng
deal vardeioEnt wredt ERRRC T, 16 1l o Wouse e Hpatt OFs, FEEAG fRRY
sim | arl pinary aﬁjuebas gHvEs. N’t?pil@ﬁlt é@hﬁﬁeras%bapfdsﬁaﬁ@q@k Agcpre@atativalDien of
equal i zer outgut val ues = -1. Having regard to the foregoing, the

eqial i zeghqme warﬂeagébﬁgﬁ )?l%PésW’@lh e uneualizad ¢hageelgispease foy-0eBIpsEsqIIRR)  at

he d
const rai Aendh Fike poney SRR R ol oo TR Pt eseé“i‘aé i t 1
the 15 p@ﬁgha]Pﬁt%@%ﬁbé?&ls&LhﬁﬁEBlz gﬁ!%é fd Sk Qﬁg,f;ﬁ bdred efmd'l fhe! €NGLN

of the equalized target Is 7 the equal i zer ‘design can be m)dl fied
t o acconmARkAnBAGahes To@'[eﬁhgﬁm 7 Eﬁﬂ%ﬁﬂg B £hangge OinsRaMAWBHLES S= @"PQnd the
constraints. Assunln that the detected bits at time instant's 3), (k
- 2), (kceft¥spofiting 1d£)a1 vilkest(i2), ,no(liﬁlée ) @ BSIy of eqelizerv@utp@t, ea.nfdrsikﬁilﬁﬂllﬁ

t abl es t \g 52here 20 will be the d=2 code constraint violation if a bit
Fjdm pat tl@Ples® 8Fves Rgspaticms o awarequrﬁhrﬁaldaaleva&asé@teéaal@er SHEhFReniort he
k=th |nsaﬁnt By appl yi ng post-processing to the output sequence 12 in
accor dancé mn%h a set of data correction rules, as schematically shown in
Figure 4, the d.thel Q@ t r

Foure 4, {ISHRB RARD BT RAGSHET 0 SobdlEe S SPAARSl S5EAR 0

pr obabi | DmeIS(eCBSgnaQtCEndiaeb[M) aiSpetislecioatitmert fer ©knbden ddztly of atplusﬁynbtg t he

d=2 code_constr. nd the.  correspo deal val ues. aof .equal i
out put s RAGHD 0L opEfug oiSthe 15tz Sizee ot 3 S5 PGt for Use wifh
15 post-processmg scheme, While in the described embodiment the length of the equalized

target is 7 (7-tap), the equalizer design can be modified to accommodate another target

length by change of parameters and constraints.

Assuming that the detected bits at time instants
(k=3),(k=2),(k-1),(k +1),(k +2),(K +3) are cotrect, we note from the tables that there

20 will be the d=2 code constraint violation if a bit from patterns of rows 1 to 2 and 5 to 13

| ) are detected erroneously at the k-th instant. By applying post-processing to the output

sequence 12 in accordance with a set of data correction rules, as schematically shown in
Figure 4, these bits can be corrected. To this extent post processing blocks 21, 23 should
correct d=2 code constraint violation with high probability.




-1-1-1+1+1+1-1f0- 2 f3 0.8114 2-1+1+1+1-1-1-1f0-2f30.8114
3-1-1-1+1+1+1+1f01. 0000 4+1+1+1+1-1-1-1f01.0000 5-1-1+1+1+1-1-1fQ @ éf; e
22 - 2f31.5984 6-1-1+1+1+1+1-1f0 + 2f1 - 2f32. 4568 7- 1+1+1+1+1- 1LAfGAY 2103
- 2f32.4568 8-1-1+1+1+1+1+1f0 + 2f12. 6454 9+1+1+1+1+1-1-1f0 + 212. 6454

10- 1+1+1+1+1+1-1f0 + 2f, + 2f2 - 2f33-89152 11-1+1+1+1+1+1+1f0 + 2f; +
2f23.5038 12+1+1+1+1+1+1-1f0 + 2f, + 2f23.5038
13+1+1+1+1+1+1+1f 0+2f , +2f 2+2f 33. 6924 16 MAY 2005 -10 Table 2: Synbol
patterns of length 7 satisfying the d=2 code constraint and the

cor r espordiblgy 1i: diahbelapattsgnsobf daugthi 7 esatisfiringutte -2 heaalie constiraing and the

ak- 3ak- 2ak- lakak+la, +2ak+3Zkout puts 1+1+1+1-1-1-:.~+i-(f0 -2f3)-0.8114

2+1- 1- 1- PoAGspendipg ideabyalyespigqualizen quiputs withiaa=+1. (0 )- 1. 0000
4-1-1-1-1+1+1+1- (f0 )-1.0000 5+1+1-1-1-1+1+1- (fO + 2f1 - 2f2 -
2f3)-1.5984 6+1+1-1-1-1-1+1- (f0 + 2f1 - 2f3)-2.4568 7+1-1-1-1-1+1+1- (fO +

2y 5 SO R el By U R, 2 S DL TR (1o
11+1-1-1-1-141-1- (f0 ™+ 2f, +72f2)-3"5038 12f;1=4f1- 1- 1- 1+1} (FO*+|2f, +
2f2)-3.5038 13 1-% 1-1r 1-Jr 1-a(f O, + 3F, % 2f2 + 2f3)-3.6. 94, 5,

. 3 -1 ~1 -1 +1 +1 +1 +1 f: 3 1.0000
T S S 1.0000

A::) 5 -1 -1 +1 +1 +1 -1 -1 fo +2fi —2_](;2 _zf-a 1.5984
6 -1 -1 +1 +1 +1 +1 -1 f;) +2ﬁ —2_](:_,, 2.£4568

7 -1 +1 +1 +1 +1 -1 -1 fo +2f-[ _2’]{; . 2.4568

8 -1 -1 +1 +1 +1 +1 +1 fo +2ﬁ 2.6454
B T T S AP 2.6454
S I I PP P NP PP RIS L
S N T N TP 3.5038
S I N PP PSP 3.5038

13 +1 +1 +1 +1 +1 +1 +1 fg +2f-1 +2f3 +2f‘3 3.6924
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It can be observed from T Table 1 that a single bit error in patterns 3 and 4
results in a shift in location of transition of polarity change. For

exanpl e, pattern 3 in Table | will be erroneously detected as pdtd dify £00H
Table 2. There is a possibility of single bit error 10 when the detected
sequence has the pattern {+ 1,+1,+l,-K~-1,-1,-1}. Therefore, whenever
such a pattern is detected in the original sequence X", m= 0, .,4L,

anot her sequence M X.BIm=0, -,4L with the bit at X -position flipped is
first formed, and the cumnul atlve error energies of both the sequences are

conput ed LAl % haymbolepaitans of dengthed safisfyingh thel §=Rpvodeoomsiraint |asdstheener gy

sequence is_ sel eB re resent cunul ative energies in the

t Wo seqﬁ8’nr85é’§n§i(5‘ﬁf)%%8§3’?s%ﬁ%‘%\@f?% Bt = q;s k+tL i=L { eA = (yj - X
+j-k+2LJi  j=k-L i=-L ) 2 (12) k+L i=L 2 eB = ( - 2X B+j-k+2LJi | . j=k-L
\ i-L J Sequence XB is selected if (e B- e A <0 . In actual
inplementatiqon, it is not required to s have a separate sequence XB as the
criterion (elHB - & Na,s @, doas apt dilkezeChk+ equence zXB explit CPEPYFE [which wil
be expl ai ned|hefeinafter. Since om nan error events control t he

o rRARnCo

bi t - error-raterirgparitatrresponse W teb et or—t-he I_é_ t hr ee
dom nant erro¢r events are identified, as shcﬁn E )Tabl e 3,|and ijnclude
t hree post-processi ng-ibl ocks-it 0 +cor kect +t h (?-I ? ty\hat causge-i.basg error
events based|to|on energy criterion. In the Yol 5 ng, thefe is ijncluded a
conmon pr oce<,s-’1 ng“lbl oék for -% hi-td error- \Lq_r,ﬂ for both the-dewsijti es shown

in the Table. may  not ed that the i ncl ugsi on’” or del etion|of ong of the
;jsgb-bl ocks im 4the comion “pr ocesst ng*tol otk  of(fF) gure 4 changés®*fHe
performance ¢oryy parginally. ,15 Table 3; First three dom nanf grrlor events
and their distances. -(f,+2f,-2f,-2f,)

6 +1 +1 -1 -1 -1 -1 +1

_(f.\a_l_zf;_zf;) -2.4568

7 +1 -1 -1 -1 -1 +1 +1 —(f +2f —Zf) -2.4568
0 1 3
8 +1 +1 -1 -1 -1 -1 -1 "(f +2f) -2.6454
¢ 1
s -1 -1 -1 -1 -1 -1 +1 —(f +2f) -2.6454
¢ 1
10 [ +1 -1 -1 -1 -1 -1 +1 ‘(fo+2f1+2fz"2fa) -3.3152
11 [ +1 -1 -1 -1 -1 -1 -1 “(fo +2f1 +2f2) -3.5038
12 [ -1 -1 -1 -1 - -1 +1 _(fo +2f1 + 2f2) -3.5028
N 13 -1 -1 -1 -1 -1 ~1 -1 ~3.6924
D , —(f, +2f,+2f, +21,)

It can be observed from Table 1 that a single bit error in patterns 3 and 4 results in
a shift in location of transition of polarity change. For example, pattern 3 in Table 1 will

be erroneously detected as pattern 4 in Table 2. There is a possibility of single bit error

10 when the detected sequence has the pattern + {+ L+L+1, X,-1,— 1,—1}. Therefore, whenever

such a pattern is detected in the original sequence X?,m=0,---,4L, another sequence

Xj5,m=0,-,4L with the bit at X -position flipped is first formed, and the cumulative

error energies of both the sequences are computed, and then the bit associated with the




jError event( s)d(S=3.0)d(S=4.5) 1 {+}1.54401.6750 21+00-1.91981.9198
3{+00- 00+} - 2. 1422 4{+000-2.117- c : error event d=J f(r)s}2 O aﬁpn\fplwtljgﬁxgﬁ
operator Post-processing on the detected sequence is done as sho

further detail in Figures 20 5A, 5B and 6A. First, the data is checked for
pattern {+ - - +} in A2. If the pattedh-is found, Rule 1 (given below) is
applied A3 and erroneous bit is corrected, and then 16 MAY 2005 -12

d ' ots f ound
b1 oceed toohiEg? %ﬁcéiﬁe‘% ehoLReE c%erar‘?%gw S opleetts i Bradhey

t he patt el is applied A5 and erroneous
bits ar e%%gl%érng%sie , toﬁge%v%?ig‘égéét%% ?o A6, and if the pattern is not
found in A4, bits dlrectly proceeg,to A6, LThII’d he data is checked for s
patterns {----+++---}and{--- +34=- -}JJI’_L v Al t patterns are found, Rule
3 (given below) is applied A7 ang4gnrdn ”bf‘*lz re corrected, aﬁg t hen
proceeds to Al3, and if the patterns arehnot found,in A6, bits di ):tly
proceed to A13. Fourth, the gata cheg forf atterns {+ + ++- - - -
+ + +} and {+++- - - - ++ +& Wn ABAHFRLA € patterns are found,

Rul e 4A (given below) is appli ed“A9a and erroneols bits are correct ed, and
then proceeds to A8b, and if the patterns are not found in A8a, bits

directly S?:ﬁ@éif%@d}( e Ps LRBtedhiF Kéh — éhf <A@t %845:&51? pﬁf‘dﬁ&@mfaﬂ RAsLt *red to

{++++---+++---} {+++-- - F+4---- Terhs ar ound,

W pRld ed nd e roneq S s.are corg ected, and
then proglg{é%?‘gt gg&%o eq'ugcf% ?}tﬁ% aflfltapﬂ]% rBe ﬁ"ol'Ej ?Q@f‘?ﬂs oAt R@aél guence
diyectly pio edt0| Finally, the data is checked for patterns {+ +
F+ oo - ’ ﬁ@“’“@w@“ jl?be explaiped hesgigaftgr; {he patterns are found, Rule 5

(given beI ow) d and err u corr ed, and.then
proceeds to enéﬁ %1(20% %% er}:ort%vgnga%opgpﬁ% S‘? Ee]ﬁ‘c’)rt faf%ﬂhaa'%ﬁf Wfbonsﬁd\}]éer

di rect |y deteoti@gd teofign thréel domiHagt ErdbiesyeRfsCara AdnkiGed,0f SHolvheinerdbid 9Catd ons
on the det streamof ;data in the shift regi ster as shown in Fi gure

6A. (bs e,lvzgqieoqlqr% ogbpEecessing blocks to correct the bits that cause these error events based

10 on energy criterion. In the following, there is included a common processing block for
third error-event for both the densities shown in the Table. It may noted that the inclusion

or deletion of one of the sub-blocks in the common processing block of Figure 4 changes

the performance only marginally.

15
£ Table 3: First three dominant error events and their distances.
J Errorevent (¢ ) | d(S=3.0) | d(S=4.5)
1 + {.|_} 1.5440 1.6750 | € : error event
2 - 1.9198 .
+{+00 1.9198 | _ r*“fzocm)z
3 + {+ 00 -00 +} - 2.1422 | & :convolution operator
4 | £{+000- 2117 -
Post-processing on the detected sequence is done as shown in further detail in Figures
20 5A, 5B and 6A. First, the data is checked for pattern + {+ —-— +} in A2. If the pattern is

.found, Rule 1 (given below) is applied A3 and erroneous bit is corrected, and then




20 different rules and |l ocations of possible bit corrections are shown in
the figure. The value } L in the figure is half of non-zero ext®ftMaf s
equal i zed response as shown in Fi gure 6B. As it is clear fromthe figure,
the mninumvalue of L is 3, but to inprove performance it can be
increased to 10 or further. The specif12-data correction rules are given
herei nbelow wth reference to Figures 7 to 10B respectively. 25 Rule 1:
Thi's rul @rocediol A4dndnf thewaaamliakot Rknd in AK; Hits cﬁi%nﬁi? pidced to Al SdcbAd
observation wi ndow. Observation Wndow a k+3 a k+2 a E | ak ak-2 ak-3 ak-4
ak-5 ak- 6he30atE|1gmh@:kEd ToGpdikeyh 20065 +13inXAd. If the pfattb.nnqatfbmm d(ul@lQO(lgﬁkehe

ohange | Befouhs tpnliad A3 arel criprepts s 50 prerartede adhen pmﬁ:&edemob@eWaf then
Wi ndow haRitterXis XnoX fdund i n Ad; blt? e&fy gTOCé@& ) AP ’([‘Eutr? fhﬁ daﬁﬁ_ & }FP f(édagﬁ 0))

set to 1, otherwse to O f Igglcjk)_) 11 o % T)”&Q I

fl L f = se
|f|(5(ogvﬁ E’a%imggg{“l ak%ﬁfg%r(via@ %k{ng&Jr(Ek - -1)}))‘&is (?’Fga el
(fl agB =1yyud, fRulq‘o%i @iven bedow) & applicd (A7 ¥kd rrendtus1bi& frakcomreett)l, Jat theMk- 3 <

+ + +

Yk-1 & ( %%ocgeds ‘20 Ali’o and if the patterns are not found in A6, bits directly proceed to Al3.
Fourth, the data is checked for pattems £{++++————+++} and
+ {+ ++—-———+++ +} in A8a. If the patterns are found, Rule 4A (given below) is
;{:)o applied A9a and erroneous bits are corrected, and then proceeds to A8b, and if the patterns

are not found in A8a, bits directly proceed to A8b. Fifth, the data is checked for patterns

t{tttt———++t-—=} and +fr++--=t++-——-} in ASb. If the
patterns are found, Rule 4b (given below) is applied A9b and erronecous bits are corrected,
and then proceeds to A10, and if the patterns are not found in A8b, bits directly proceed to
15 A10. Finally, the data is checked for patterns + {+ + + + ~ ~ ~tand 4+ +--—-}in
A10. If the patterns are found, Rule 5 (given below) is applied All and erroneous bit is
corrected, and then proceeds to end A12, and if the patterns are not found in AI0, bits
directly proceed to end A12. The rules are applied on different locations on the detected
stream of data in the shift register as shown in Figure 6A. Observation windows for
20 different rules and locations of possible bit corrections are shown in the figure. The value
L in the figure is half of non-zero extent of the equalized response as shown in Figure 6B.
As 1t is clear from the figure, the minimum value of L is 3, but to improve performance it
can be increased to 10 or further. The specific data correction rules are given hereinbelow
with reference to Figures 7 to 10B respectively.

25
* Rule 1: This rule is applied only when {a,,a, ,,a, ,,a, .} = +{+ - - +} in the
observation window.

Observation Window

Apes | Gpen | Qpn a; ey | Qpn | Yoa | Gpes | Qs | Qg

¥ 1

30 Figure 7




& (flagA = 1) & (flagB = 1)), flip( a k) flip: if bit is +1, change to )
-1, or else if bit is -1 change to +1 15 Rule 2: This rule is appld gddonl
when {ak, ak-1, ak-2 +} in the observation w ndow. Qbservation W ndow 20
ak+3 ak+l1 ak ak+2 ak-2 Figure 8 X : +or t Location of probable change in
sign ak-3 ak-4 ak-5 25 1 6 MAY 2005 --1#3+f observation wi ndow has {- + + +
- +xxx}or {--++-+xxx}, flagAis set to O, otherwse to 1,
and if observation window has {x x x + - + ++ -} or {X X X + - + + - -}
, flagB is set to O, otherwise to 1. Bit flipping logic s if ((flagA = 1)&
(flagB = 1))X fligdieth a k and a k - 2 It is to be appreciated that the

logic for flags A;and.B in respect of, Rule 2 are part of the present
i nvention ( o'ppé@%‘glwfﬁmbégg%@g%‘@)s?g“ml e 3: This rule is applied only
when {ak+3,... ak,...ak,-6}{----+++---} or{---+++----} in the observation

W ndow.
If observation window has & fx — — + — — + x x x} or + {+ + + + — — + xx x}, flagA

is set to 1, otherwise to 0, and if observation window has + {x XX+ ——~4—= x} or

5 i{xxx+——++++},ﬂagBissettol,otherwisetoo.

Bit flipping logic
4 ) if ((flagA = 1)& (flagB = 0)), flip(a , )
else if ((flagA = 0) & (flagB = 1)), flip(a, _, )
10 elseif ((y, > y,., & (a, = +1))or(y, < y,, & (a, = -1)))
& (flagA = 1) & (flagB = 1)), flip(a,_, )
elseif ((y,_, > v, & (@, = +D))or(p, s <y, & (a, = -1)))
& (flagA = 1) & (flagB = 1)), flip(a, )

flip : if bit is +1, change to -1, or else if bit is -1change to +1

is

e Rule 2: This rule is applied only when {a,,a, ,a, ,}=+{+ - +} in the observation

- window.
Observation Window
20
Apys Ariy apn a; Ay, () Ay 4 Ay a,_s
Figure 8
X : +or-
* :  Location of probable change in sign

25




Observation Wndow 14 2L 14 2L X': 15 XB ak+21 ak+21 ak-1 ak-1 Figure 9
Conplinent of (.) Location of probable change in sign a k-2 a k-2 @ KAB 005
ak-3 ak-21 ak-21 20 Sequence X' is the original sequence and Sequence X 1is
identical to the original sequence with ak and ak-3 bits flipped.

Conput ation of cunulative errors k+L ifg-{{"''\2 e" =1 (y] - | X+ -k+2Lfi
ak t j=k-L \ i=-L/ Kk++--L++ | i=L 2 eB - kyj Y, XiB+-k+2Lf! . j=-L -
i=-L 16 MAY 2

Ifogserva:tlon window has + {~ + + + — + xx x} or £ {- = + + — +xxx}, flagA is
set to 0, otherwise to 1, and if observation window has + {x XX+ —+++ —} or
+ ¢ xx + —++——}, flagB is set to 0, otherwise to 1.
Bit flipping logic

5 if ((flagA = 1)& (flagB = 1)), flip both ¢, and @, _, .

It is to be appreciated that the logic for flags A and B in respect of Rule 2 are part

of the present invention (as opposed to Rule 2 per se).

¢ Rule 3: This rule is applied only when
o v, g, =t ———+4+4——-}ort - ——+++-———} inthe
observation window.

Observation Window

— 2 b e 2 —

X7 Gy a Ap g | Qg | Gpes Ap_ag
s ; .
XB a i ar
k42l a; Qi | Qg2 k-3 Py
Figure 9

(_)' : Compliment of {)

f : Location of probable change in sign

20 Sequence X is the original sequence and Sequence X7 is identical to the original

sequence with a, and «,_, bits flipped.

Computation of cumulative errors

i=—L

kel 2
ZX i j- ot
J=k-L i=—L

kL 2
; [ ZX!+_[—1C+2LJ(;']




5 y] zero-threshold detector input sequence equalized channel response Bit
flipping logic If (eB - eA) < 0, we need to flip both ak and ak43 mgtfsg}gs
the original sequence. The bit flipping criterion on sinplification
reduces to k+L L 4X L yj - E X +j-k+2L.f j=k-L =L, izk-j+3 which uses
original sequence X Aonly. ( k-j - /k1p+3 (13) Rule 4A: This rule is
applied only when 10 {ak+3,... ak,...,ak ,}=d11l----++++---} or
}---++++----} in the observation wi ndow. Cbservation Wndow XA: 14 2L -|
ak+21 14 ak t XB: ak+21 ak Figure 10A 20 Conplinent of (.) Location of
probabl e change i Aerorthresiald detector input sequence

fi equalized channel response

Bit flipping logic

If (¢ —e*) <0, we need to flip both @, and a,_, bits in the original sequence. The bit

5 flipping criterion on simplification reduces to
— y k+L L P ( 1 3)
'1\:) 4X;, Z Yi— Z Xisrnart: (fk— i~ S ) <0,
st oy
izk—j+3

which uses original sequence X “ only.

¢ Rule 4A: This rule is applied only when
10 CMapsaa b=t bbb ———Jort e —— 44+ +-———}in

the observation window.

Observation Window
s |« 2L — | |« 2L ]
XA . ak+21 ak ak—4 ak_z[
X'l ap| | a Qg | 7| By
Figure 10A

20

Y ¢+ Compliment of (-
()

f : Location of probable change in sign




ak-4 t ak-4 ak-21 ak-21 1 6 MAY 2005 -16 k+L i[[=~~L {{'" eA - L Y*é -
[ ~Xi +j -k+2LJi j=k-L i=-L ak k+L ii==L+ (('* 2 eB =Y QY] -YXBj-K&2UIAY 2085
j=k-L i=-L s 15 Sequence X is the original sequence and Sequence XB is

identical to the original sequence with ak and ak-4 bits flipped.
Conput ati on of cumul ative errors Y; zel®-threshold detector input sequence
equal i zed channel response Bit flipping logic If (eB - eA) <0, we need to
flip both aBeqRfcak3s Melotigimhl tQRcidd HlaMhudRIULNGLidedtidl B the ofigidPi Ng
criterion on sinplification reduces to k+tL L 4X c yjJ ~X +; -k+20Ji j=k-L
i =-L, i*k-pequencskwith+4, whd @b ,bkeflipped.gi nal sequence X A only. Rule 4B:
This rule_is applied only when

Computation of cumulative errors

L, bk L 2
e = Z [yj_zan—kuLfiJ

J=k—L =L
= L 2
€ = z (J’j - ZXi+f-k+2Lﬁ'J .
jek-L =L
y; zero-threshold detector input sequence
9 o equalized channel response

Bit flipping logic
If (¢” —e*) <0, weneed to flip both @, and 4, _, bits in the original sequence. The bit

flipping criterion on simplification reduces to

k+L L
4
4X5; Z Yi— ZXiijwkﬂLf;' (fk—j_fk—j+4)<0’ (14)
jek-L =L,
i':fiﬁ:ffh

which uses original sequence X * only.

¢ Rule 4B: This rule is applied only when
{ak+ss"' ’aki"'5ak—6}= i{+ tH+———+++ —-—--} or

ot ——— ~} in the observation window.

Observation Window

15
I 2L » |« 2L |
X7 @y Aoz | Thaa | Ay | Ay | Qpy | Qpa | Gps Y
4, ' '
D, QRS Py Qpas | Tz | Qpar | g | Fpog | Fpa a,'c_3 Ayat

Figure 10B




( k-3 - J k-j+4 lak+6,..., ak |.l ak_6}={++++---+++---} or {+ +
++ - - - -} in the observation window. Cbservation W ndow 14 ZL?ﬁAMﬁb(Af‘L‘%b
k+21 ak+2] a k+3 t a k+3 a k+2 ak+2 a k+l ak+l 14 ak-2 t. ak ak-1 ak-2 2L
ak-3 t ak-3 01 ak-2i ak-2| (14) Figure 10B

. - 17 -

(.)' : Compliment of ()

* : Location of probable change in sign.

Sequence X * is the original sequence and Sequence X* is identical to the original
sequence with a,,,a, and a,_, bits flipped.

5 Computation of cumulative errors

k+L - z
: Z [yj Z z+_r—k+2Lf;')

B f=k—L j=—L

» ’

el 2
Z (J’j ZX+J-k+2LfJ
J=k-L i=-L

y, zero-threshold detector input sequence

i equalized channel response.

Bit flipping logic
If (¢” ~e*) <0, weneed to flip both q,,,, a, and a,_, bits in the original sequence.

10 The bit flipping criterion on simplification reduces to

k+L

L
L Z Yi— ZX:jmmszf (fk—j_fk—j+3 _fk—j—3)<03 (19)
el I oY
)

which uses original sequence X ? only.

¢ Rule 5: This rule is applied only when {am,---,a,‘,---,ak_s}: t{++++-—=}or

15 + {+ ++—~——} in the observation window.

Observation Window




16 MAY 2005 -17 Conplinent of () Location of probable change in sjgnm,g'qnﬂ
Sequence X A is the original sequence and Sequence X B is identich Vg7 ¢ He
original sequence with ak+3 , ak and ak-3 bits flipped. 5 Conputation of
cunmul ative errors k+L i=L {{ eA A Y] - EXi+j-k+2LJi j=k-L i=-L k+L i=L {
eB- EY - EXB -k+2LJi j=k-L i=-L 2018% .fj zero-threshold detector

i nput sequence equalized channel response. Bit flipping logic ) 2 ) 2 If
(eB - eA) <0, we need to flip both ak+3 , ak and ak-3 bits in the original
sequence. The bit flipping criterion on sinpljfication reduces to N k+L A
4X2L | j=k-L L AME—Xi +] - |
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Figure 11

(_)' : Compliment of ()

f :  Location of probable change in sign

Sequence X * is the original sequence and Sequence X * is identical to the original

sequence with a, bit flipped.
10 Computation of cumulative errors

p k+L i=1, 2
e = Z (J’j _ZXi‘ijuthf;']

J=k~L f=—1L
= L 2
e = Z (yj - ZXi+j—k+2Lf}J .
J=k-L =L
y, zero-threshold detector input sequence
) ' fi equalized channel response
Bit flipping logic
If (¢® < &), flip a; bit in original sequence. If (e —e?) <0, need to flipa, bit in the
15 original sequence. The bit flipping criterion on simplification reduces to

k+L

L
4X;L Z Yi— ZXij—kﬂLﬁ (fk—j)<0’ (16)

j=k-L i=—1L,
iek—

which uses original sequence X only.




Ji i =-1L, ixk- i Xk-j +3, ixk-j-3 which uses original sequence
( fk- J-fk j +3- # k-j-3)< 0, (15 Rule 5: This rule is applied only%%ﬁgﬁpﬁéﬁd
k+3, ,ak, ..., ak-3{++++- - } or 15 {++ + - - - -} in the
observatlon wi ndow. Qbservation VVndom116 MAY 2005 -18 XA: 2L _N ak+2| t
XB: 5 ak+21 If 2L ak ak Figure 11 Conpi®rent of () Location of probable
change in sign ak-2I ak-21 Sequence XA is the original sequence and
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error-rate performance comparison of different detectors (refer to Figure 12). Detectors
used for comparison are the simple threshold detector of the invention on 7-tap equalized
target and the partial response Viterbi detector on 5-tap target for reference. Linear

5 equalizers in all these detectors are designed using MMSE (minimum mean squared error)
criterion. Figure 12 gives the bit-error-rate comparison curves of different detectors on a
representative DVD channel with channel density 4.23 for linear AWGN channel. In all
the cases, 4 times oversampled 60 tap FIR filter is used for the equalizer and design SNR
is chosen to be 18 dB. Maximum likelihood lower bound (MLB) is also shown in the

10 figure, which is computed as the product of matched filter bound on the unequalized

/> channel and the probability of data patterns supporting single bit error event (which is
equal to the sum of probabilities of the patterns 3 and 4 in Tables 1 and 2). The superior
performance of the new simple detector of the invention is clearly brought out in the

figure. At the BER of le-5, the new detector provides more than 0.6 dB SNR gain

15 compared to the reference 5-tap partial response Viterbi detector, and it is only 0.35 dB
away from the MLB.

Considering a wide range of variations in the channel density (3 to 4.5) due to

variations in system performances and choices of laser diodes, constant bit-error-rate

20 curves of the detectors for channel densities 3.0 to 4.5 are given in Figure 13. The
performance of the new detector of the invention is close to MLB in the range below 4.5,

and at higher densities, it is observed to be better than those of other detectors.

Having described the invention by reference to a specific embodiment, it is to be
25 well understood that the embodiment is exemplary only and that modifications and
~ variations thereto will occur to those possessed of appropriate skills without departure
from the spirit and scope of the present invention as set forth in the appended claims. For
example, whereas the described embodiment of the invention has five post-processing
blocks arranged in a particular order to operate in accordance with specific rules, the same
30 or similar technical effect might be obtainable in an alternative processing structure having
more than or less than five post-processing blocks arranged in a different order. Further, it
is to be appreciated that the present invention extends to using various error events and

identifying various data-bit locations associated with various combinations of error bit




j=k-L ~yj i=-L k+L ii=L 2 eB =1L Yl - XXBj-k+2LJi j=k-L i=-L/ %%-¥hW'ZUU
zero-threshol d detector input sequence equalized channel response'Bit?* J
flipping logic If (eB < eA), flip ak bit in original sequence. If (eB - eA)
< 0, need to flip ak bit in the original sequence. The bit flipping
criterion on sinplification reduces to2R+L 4XA 2L j=k-L L A ~ Y]

Xi +j -k+2LJi  i=-L, isk-j ( k-j)<0, (16) which uses original sequence X A
only. 1 Goabkeris26ibcert&ting the ldasitbiat astdensdngly aritefiechbaesppndmgab tiaeonew
schene, there is provided a bit- error-rate performance conparison of
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target and the partial response Viterbi detector on 5-tap target for
reference. Linear s equalizers in all these detectors are designed using
MMSE (m ni mum nean squared error) criterion. Figure 12 gives the
bit-error-rate conparison curves of different detectors on a

representative DVD channel with channel density 4.23 for |inear AWGN
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the cases, 4 tines oversanpled 60 tap FIRfilter is used for the equalizer
and design SNR is chosen to be 18 dB. Maxi mum |i kel i hood | ower Hgurday MoB)
is also shown in the 10 figure, which is conputed as the product of matched
filter bound on the unequalized channel and the probability of data
patterns supporting single bit error eygnt (which is equal to the sum of
probabilities of the patterns 3 and 4 in Tables | and 2). The superi or
performance of the new sinple detector of the invention is clearly brought
out in the CLARMSe. At the BER of |le-5, the new detector provides nore than
0.6 dB SNR gain 15 conpared to the reference 5-tap partial response Viterb
detector, and it is only 0.35 dB away fromthe M.B. Considering a w de
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t echni cal fect m ght be obtainable in an alternative processing structure
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1. Adata pgeaﬁe%%gs A SRS %eugorgonngfr ﬂxg n?tgtlple-blt data are corrected in dependence

upon the comparison.

20 3. A data processing apparatus as claimed in claim 2, wherein the multiple-bit data
are corrected by interchanging and/or shifting the polarities of a number of data-bits at

said portion of the multiple-bit data.

4. A data processing apparatus as claimed in claim 2 or 3, wherein the set of data
25 correction rules is selectively applied at a plurality of data-bit locations associated with

said portion.

5. A data processing apparatus as claimed in any of claims 2 to 4, wherein the data
corrections are effected in a manner which takes account of amplitude variations in the

30 signal representation of the recorded data and the detected data.




means for generating a signal representative of recorded data on a data
storage 5 nmedium filtering nmeans for receiving the generated si ﬁngilrf‘f{aﬁd}g
equal i sing the generated signal response to optim se signal-to-noise ratio
for a known | ength of input synbol pattern with constraints on a target
shape to be symmetrical; and signal cqQmhecting neans for detecting a
plurality of nultiple-bit data representative 10 of the equalised signal
and processing said multiple-bit data in dependence upon a predeterm ned
set of dat ab.cor reedath processingsipparatoh as ¢1ainmpém amy mﬁrlajfnsahe Sapypabiatthsdatzhas the

effect of e n det capabi

processi ng %E%gt?dél grse eggem? agﬁl{%}laﬂ?ﬁ RN T eﬂc Wﬁ% |ﬂg’ cﬁr@ﬁ% %Ié?%é?poiaﬁugs 15
correcti on ofithedetécsedsiptaatidtimeioy. appl ied to a portion of the multiple-bit
data, such application being based upon a conparison of said multiple-bit
data with predetermned nmultiple-bit sequences and wherein the portion of

the nulsti pl &- bi tA dataapat@sif® appeited at RIALEE RO GRC recttiG clalie, ¢Rsrpartson. 20
3. A data p{nocesm n]g apparatus as.  clainmed in clajm 2, \ggereln t he

mul ti pl e- bi tIGRE e} 3EECE (3 BGVE 27 FOGPLOHSRLRLEE Sanalelr SEflresPAT e

pol arities wfdetecitdnber of data-bits at said portion of the nultiple-bit
data. 4. A data processing apparatus as clained in claim2 or 3, wherein
the set of data 25 correction rules is selectively applied at a plurality

of data-bitglocay ﬂ&ﬁ‘ﬁro@@s?;iﬁghﬁ;a%usvﬂstcﬁlméﬁhglaﬁﬁﬁt\b@?em $id ésﬂﬁ%@lsﬁﬁtﬁ’&?ss' ng
apparatus as clainmed in any of clains to wherein the data corrections

are efklect e@%%ﬂﬁnﬁﬁgﬁﬁéﬁﬁmﬂ% t akes account "of anplitude variations in the
30 signal representation of the recorded data and the detected data. 1 6
MAY 2005 -22 6. A data processing apparatus as clainmed in any of clainms 2
to 5, wheref-n tHeddapmwocssiog epraritines caimedinfang pragedingi¢leinn mabtel thasiggbendence

upon the CO&H%E'&H rﬂé}mﬁ’f:ong% Sesogée% 'tl‘]frésﬁ?ld thfe%the detected data distribution.

5 7. A data processing apparatus as clained In any preceding claim wherein
the filtering neans is arranged to provi de an enhancenent of the generated
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in claim?7, Wherein nse Is su
means connected to the output side of the detector

11. A data processing apparatus as claimed in claim 10, wherein said processing means
comprises a plurality of interconnectable processors, each processor being operable to
20 correct the data in accordance with one or more different correction criteria for enhancing

the detection capability of the apparatus.

12. A method of enhancing the detection capability of a data processing apparatus
comprising:
25 generating a signal representative of recorded data on a data storage medium;
eilualising the generated signal response to optimise signal-to-noise ratio for a
known leﬁgth of input symbol pattern with constraints on a target shape to be symmetrical,
and
detecting a plurality of multiple-bit data representative of the equalised signal and
30 processing said multiple-bit data in dependence upon a predetermined set of data

correction rules.




10 to a certain target distribution. 9. A data processing apparatus as
clained in any preceding claim wherein the signal correcting nears MAY 205
conprises a zero-threshold detector. 15 10. A data processing apparatus as
claimed in claim9, further conprising processing mneans connected to the
out put side of the detector. 11. A datagprocessing apparatus as clainmed in
claim 10, wherein said processing neans conprises a plurality of
i nt erconnect abl e processors, each processor being operable to 20 correct
t he dat a i nl3accok oathod aneleimed mreclaim 1) wherdinfshidmpertesstgrof @etdatans effdctedin a f or
enhanci ng ehgl%j%e&ect}1 Iyt cagabi ity of the apparatus. 12. A nethod of
"~ enhancing t B et ect’d @5661 BTG S a dat a processi ng appar at us
conprising: 25 generating a signal representative of recorded data on a
data storagg, nedj u equal i sj.ng, t he_gener.at ed. signal response to optimse
si gnal - t o- ngﬂ‘se‘%gie%dfﬁ)f’ﬁgm Iéﬂg%hmﬁén feip fhe; © SY/HY SBE]‘L‘afg}erf' th
const r @i nt Ser@fyaanicii:) R$sod e Erck@vitdeaffey HOREJHOE 8¢ noMBred@hie tlel d¥@r n@tgyral ity
of multiple-bit data representative of the equalised signal and 30

processi ng T&TGPHATET BITECET data in dependence upon a predet ernined set of
data correction rules. 16 MAY 2005 -23 13. A nethod as clained in claim
12, wherein said processing of the data is effected in dependence upon

di fferent eher gy* &rfhodras£lamad imanpehelams! 2cioatdnderthen comprisnglidentiffieg ei n t he

data are COffd@Clvesls ad tdadking mtaﬁ@atrogrmlé EOFEN ATRMRL pﬁaaaﬁ{i@éae&iat%.@?r ew th

after correction is not nore than the error energy anount prior

cor r ectd on. logationyasseciateshiwidl the datepiedidatndigimputist. cl ai ns 12 to 14, further
conprising identifying error events and devising correction rules to
correct errors at predeterm ned data-bit 10 |ocations associated with the
det ect ed dalfa difstdetabpro¢essing sBtem intatnergting gesss ey epekismg b rgsoerplosigal ng

means for eﬁ%ﬁ%'néest'o %gtnﬂ%sgggﬁz{lﬂ!)-n& Qﬂtﬁl) forraeléle&pﬁ&ﬁihoofqi%“t Cg)i/r[?lf?ol ﬁét‘% i-tﬁ 0-noi se

ratio for a Known |eng i nput synbol patterfi w't onstrarnts on a

target shap@nsipile ogyantaedet siwakb to e apsnicticakl@teest fargleteatitg pluBiple-tiit data 15

ggg;ﬁf@zégt Ileffl%se%ati%] of %%&ﬁa%l?e% s%én%{] gllld I%Qegns & gr%cgsgl{lg Y@ G5=5h ’&S’pe?ﬁén%'e data in
upon a predetermined set of data correction rules such as to enhance the detection

capability of the system.

17. A data processing system as claimed in claim 16, wherein said data are processed
20 sequentially or parallely in accordance with two or more different kinds of data correction

rules, one or more rules at a time.

18. A data processing system as claimed in claim 17, wherein said data are processed
in accordance with said different kinds of data correction rules having different sequence

25 pathways associated therewith.

19. A data processing apparatus comprising:
means for generating a signal representative of recorded data on a data storage
medium;
30 filtering means for receiving the generated signal and equalising the generated

signal response at a predetermined level; and




upon a predeterm ned set of data correction rules such as to enhance the
detection capability of the system 17. A data processing systenﬂq% MAY 20605
claimed in claim16, wherein said data are processed 20 sequentially or
parallely in accordance with two or nore different kinds of data correction
rules, one or nore rules at a tinme. 18.,4A data processing systemas clained
in cIa|n117 wherein said data are processed in accordance with said
different kinds of data correction rul es havi ng different sequence 25

pat hways associ asfgndl ¢ohectﬁxgimdmns ﬂcﬂdetéctﬂ;@ta@hp&lﬁp@ﬁﬁiuhgle&ﬁp@taﬁfep&s@mﬁwi si ng:
means for g rati represent f cord a on a data

st or age ﬁ“ﬁ] qgglgﬁgﬁllsf@g? Rﬁdgﬁ%mgoﬁal Ellp% lHB fen g‘g"ll?%‘?ad[ﬁ{“é’du%oingﬁal and
equal i sing pxhdbtgﬁ]meﬂa‘eeﬁf deSd gcnfelcmeﬁmnslﬁctgtm apgieaeirahdbpRehtlseusl the and 16
MAY 2005 - 2ff L‘?QDL correc(ﬁ or, detecting a plurality of

mul ti pl e- bi % @’6?"@%% G %Capﬁ lll‘feréﬂ?é’cﬁHB?rf“é‘%d si gnal and processing

said msl tipl e-bivwhegtah el dat Gﬁmd@f&ﬁoma@@ 1@ sel@dti@gl‘?ta%lﬁ@dﬁﬁcb Stior0éf et a
correction ru i n operation of the apparatus, the effect of

enhanci ng t T ‘BEE'%'C‘#‘F%%“C@& pRifsefion hemgrb aﬁqqélp%?)é?r&ﬁ%on@ SWﬁé*?‘%ti‘me bihdatg ot of
data corr ecmtpﬁreﬂ&é@ﬁnédsnﬁﬁllbl%hIsycﬁlbﬂceél@zm WkSeih ﬁleqao%htomfa o186t data

mul tiple-bit data, such (5) i cati on being based upon a conparison of said
mul ti pl e- bi ?reél%}'t”e&ted\,‘&‘fl@eﬁ AR R MmPaiTon gide- bi t sequences and wherein
the portion of therdulitd e thécuGﬁ‘st Gre HeEte@Gh'd eﬁq&ﬁ%r ki eRERALNGE: wpon the

conparison, and wherein the data corrections are fected 1 n a manner which
t akes Wecoumnplipde vaviagons int (g eequalisedisisonlsof ﬂnetm@r@qqlu@ata godl thy §hhlcode t he
recor ded da&ﬁis@ﬂﬁ‘tﬁ&ﬁm‘ﬁ'ﬁﬂfé%@cte&ﬁﬂét raint violation in the detected data.
20. A data processing apparatus as clainmed in claim19, wherein the set of
data correction rules is selectively applied to a portion of the
mul ti pl e- bi 4, dat N u of
said nul ti p%e blétEl gljac‘%glﬁé pﬁ%éétﬁera s}n%lr?e dm%ll ﬁgﬁfggb% Qre%e&greggﬁé%a%%d
wherein t hecqmpmomleeis selvetivelyl dpphiédeto lalpbrtnbatoﬁthammlmmw-bmdate,ckuclnapqlhmnnience
on t co ris 20. A data oges cl. ai,ne | ai m
58 mlgfel ng%ir?ﬁaﬁarsrgcr 1t1}%)cmI aecqnmqans&)gt&r sal {11519 b%%g% with pre&l %ermmeld qnple-bﬁ I
sequences and wherem the portion of the multipie-bit data are corrected in dependence

upon the comparison.

20. A data processing apparatus as claimed in claim 20, wherein the multiple-bit data
20 are corrected by interchanging and/or shifting the polarities of a number of data-bits at said

portion of the multiple-bit data.

21. A data processing apparatus as claimed in claim 20 or 21, wherein the set of data
correction rules is selectively applied at a plurality of data-bit locations associated with

25 said portion.

22. A data processing apparatus as claimed in any of claims 19 to 21, wherein the data
corrections are effected additionally in dependence upon the combination of bit-polarities
of the detected data distribution. -

30




20 are corrected by interchanging and/or shifting the polarities of a
nunber of data-bits at said portion of the multiple-bit data. Zi ﬁy@aggw
processi ng apparatus as claimed in claim?20 or 21, wherein the s 5 Hdat'e
correction rules is selectively applied at a plurality of data-bit

| ocations associated with 25 said portj.on. 22. A data processing apparatus
as clainmed in any of clains 19 to 21, erein the data corrections are
effected additionally in dependence upon the conbination of bit-polarities

of the det el ed Aldia prbicedsing Rppdrais asdhichéd My 30OSF cldfas 28 10 22, ddbRinRhOCESSI NY
apparatus ag clainmed in any one of clainms 19 to 22, wherein "t he filtering

nmeans i s ar ]éﬁﬁ’@‘% v ‘ﬁraH@‘?gﬂé tPFORIAR &M ERHRSSIRCBY Oft%gegéﬁ@ﬂétgé@ respgRra o
response t ope dddectdgt ected. 5 24. A data processing apparatus as clainmed in
claim 23, wherein said response is subject to a certain target
distribution. 25. A data processing apparatus as clainmed in any one of the
claimko t 04, MaglaChrioesile ool oL OLinfAh ML HEAN SRR LI Soplse s
zero-threshol d detector data processing apparatus as clainmed in
claim 25, fWPicRP aceivpr fasgehdispibéessi ng  means connected to the output side
of the detector. 27. A data processing apparatus as clained in claim 26,
wherein said processing neans 15 conprises a plurality of intercoNnectable
processor s, 2each gas orsswinglsppaguoperalyice it gyomené e dim 1840 a4, whexdeor dance

with one orypRpe dhhiBhe Rk Uhfilds Aol olfudlorennancing - the detection
capablllty 0 apparat us.

26. A data processing apparatus as claimed in claim 25, further comprising processing

means connected to the output side of the detector.

27. A data processing apparatus as claimed in claim 26, wherein said processing means
15 comprises a plurality of interconnectable processors, each processor being operable to
correct the data in accordance with one or more different correction criteria for enhancing

the detection capability of the apparatus.




