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DETECTI ON FOR CHANNELS W TH A TI ME- VARYI NG MIR FI ELD OF THE | NVENT

present invention relates to disc drives. 5 More particularly, the present
invention relates to a data detector in a disc drive wher dat a

detector detects data encoded according to a code havi ng ”WM@@"MW!&]
constraints. BACKGROUND OF THE I NVENTION 10 A typical disc udes
one or nore discs nounted for rotation on a hub or spi ndl e. ASstsppi cal di sc
drive also includes a transducer support'ejd' by a hydrodynam c air bearing

which flies a u n 1 i
bearing 15 al’%%ﬁl veﬁg }rzg?gr Irsf'a[g&?g' %ﬁigﬁdg g%h gﬂ\f Z‘%%ﬁ% ol l er
is conventionally used for coM¥BfI|A MIMBEVAREBENGNTR based on conmands

received froma host system Theggp e ¢abt FRERrTegNtrols the disc drive
toretrieve information fromthe discS and to store 2C informati on on the

discs. In one conventi onl€PERSEREVERVERE LPR FGHHERP AR i SQGTIHST -
operates W t hiMobe r\p@ﬁtwaléeeg}ba@he Hreshird ogpvéﬁy@nsyéuamesm@ %ct uat or
noves the dat ead, radially. over.the |sc S rface f r t

oper ati ons anzdaﬂ:oef FEGHEDT 2l RS Tt F5‘\}‘”éarmatt é?%ﬁ cf%eecgﬁ

surface for trddiedtod | datng eoperded oamscoi"cﬂlimg mabi en ¢ade yphavahby tstmHed in
concentric trqghi t 5Of the discs by providing a unite 30
signal to the aﬂ#@ %S:?% vvgrl?{ie |nforrrat|on on the surface of the disc
representing the _data to be Zg¥stl at@¥fromthe disc, the

drive confroller controlg l@aq_ctagg@cla%qw%al l@@&@égr Cﬁrfé tagt n{d}% dat a
head flies above the disc an enerates a read s:}lg_’stial U G 200" -2

based on i nf orHetSON"SEBLE T h&CFPEdOnTHE r Ba gRal slps”i cal By
condi ti oned angygiherl diicodeltr bye tdlesdriineg ey mokkansidudeacevgpdhedat a. A

typi cal read channe |ncI udes .t he data head, 5.preco dltlon ng | oqi such
agppreanpl i fi g’é’tl%nhg Fggi rvlé:ndaﬂl 58???18% rgu t31) 2 aéf’g det%e%’t( and

recovery circulisc andllez r?oranledeceroandndheohyécodgnammcc giltr yeathaa ead
channel g ty%! 'claé( 1@@&?@?%%&&%@ L ¥e o %tcfaﬂlé ehe3S0Chaled W th the
di sc drive. I Isc drives; IS |rrportant hat the error rate per
nurmber of bi t§Crfé‘c¥93d3é€lr(%ﬁecﬁptve@rtrl@lnarléﬁ’e)us@éi NPt @PREFCAL 189r &hgt i vel y

low | evel . |nprger d&Q\ﬁeﬁpbaéédbiénercrda{marr@i"e peckarBanCcerbn di SG@L ves,
or in order to increase thg l.i near rec?&g densi ty |nci:|| sc 15 drives,

maxi mum | i kel iRGEESeqidfc 8rd&FeEPPERC o%’fﬂ At it ifsited e §ch’

met hods can berdtmileerentadf atshagidhe fwsdrh  kitewn Mistcer biarad gard t bvoxrkowever ,
a direct 24rrpl eTE Ia}&éé)l A)foffths SP. rTF%hod is very costly. Fog exanple, the
channel fesponse a= ten TorWard 20°1T ering is typically quite long, and
may contain ten. or norelRern8ReThusPneenrtendi dete&tor gV&¢ reg@re 2=-1

sates, Wwhich i ddmFaeddicahl ¥atogrkaXcoFheyRianes ofhefid eahni-gues veave

been investigated_which tend to. reduce conpl exit t still provide results
whi ch gzeedback, closaé— lcop ser«org§s @ny %%e actuaé%r noves

the data head radially over the disc surface for track

25 seek operations and holds the transducer directly over

,a track on the disc surface for track £ollowing
operations.

Information is typically stored in concentric

tracks on the surface of the discs by providing a write

30 signal to the data head to write information on the

surface of the disc representing the data to be stored.

In retrieving data from the disc, the drive controller

controls the electromechanical actuator so that the data

head flies above the disc and generates a read signal

R
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25 abproach those of direct MLSD nethods . One such technique is toﬂaBpIAUG 200
the Viterbi algorithmto a reduced nunber of terns by cancelling sone of

the terms with feedback. For exanple, by cancelling all but two terns (and
including the main 30 cursor) allows the Viterbi detector to have only four
states . Such detectors are referred to as reduced state sequence

estimators (RSSE). Anot her technique is to choose a channel response target
which is not a perfectly whitened 0O ~ au ~ zooz -3 target, but which has

a fewer nunber of terns. In such systens,.spartial response (PR) targets

have been devel oped. Anong those targets is one ref erred to as enhanced

ext ended parti aiasreesp@ﬁseirfmnmmdri ketbhead dn (EEERI&h)sct argenhe Atelfigh

recordi ng densit.e it has be observ d that f grta h,_or der
partial responsé gcf‘r?élnr‘}éql Yéaﬁ:cah é’s PREEZBR %anﬁ ?ﬁ% gb 'ﬁﬁ error

events (the di devenceiiatolder tvw Teqmne s dohe rdats) . encount er ed with
detectors used with such AleE)z_achtallageggs =1 &, Yy ghgeaﬁggl}llé(a&)f t he

form+/(2,-2,2). Such error$s aretyplca cause en a tri is shifted
by one sanPl e FHASOTSH BARIHNG quadSIIC | s FrP§PakeﬂSas RERAM k1 bkcatsenver sa.

The present i nvaMdOR 0GRS 83 tieiasry andchdteiher apaabh els: e abdr 0hher s
ot her advant ages over the, prior art.. SUMWARY Og‘ g(E | NVE IO\I Arelatively
new cl ass or codfESVare r‘éi‘,]gﬁ‘tlf ' pENTy §HVEst FGREEE CBucR co%?%%?%ﬁe a

maxi num 20 t r arSiddudn mun t‘héTR)ead(IdmrvmﬂchshaspbeeﬂllprnmbedeaSed inay of
removi ng dom nant, &rror. %V:ez@lsléh ci-'»ﬁeéﬂ tl,]q,&d aequence detectors
a

(M.SD) at high denS|t| es or er-or parti response channel s such
as enhanceé@ extended par tIiraIdllse?sBéﬁyéSnaw mﬁnlmpl@é’rtlaﬁléoéhég T PRMYT b?TR

codes act to inghease,t Hﬁw&@'&%@&'feﬁiﬁﬁf&é& qtt%ncgllee&mesﬂ g2t a) sgapl es
in a magnetic recording channel. nor exanp an, MTR=2 caode I|mts t he run

of consecutlve"@r%%qe@nsaFnathEeWF%‘ée%ﬁr ot 19V 1IP 36¥E€Lenc®, an

MIR=2 code remavgsld bpat kerss 9iater;¢@ﬂﬁdrrﬁlﬁwe dontidisai agivese dhaintwo
consecutive transjtions. Conse r}%lyl, the MIR= ﬁ\C)Ixioded{{al sa renpves. al |
e

patterns whi ch F&ide %9 dofiTA ARt FCOMISH dSTEctor s Rt H gh
recor di ngld@ensidxiessandnakghen driderl iPRochasmplsnce GeEeAUGofAOO(mAsm)m ng

MIR constrai nt g, Qn& degleect(% h@édbeegudﬁngQR‘éqﬁv‘Q LGN HJeS rrgj ?db ay tree

the 3D-110 detector ose ormance | s conparabl e o a fi
search with desissingn tﬂé@dw&&% dfneiept HiperrDTSAERE2) by -at - Bokiryk rsymbol

densities. The delRGt OkhyiTaeonsiriuct ed By QQBSIQ@‘FE@Q veetors sdhyee

recei ved sanpl es in a three di ngnm ogal ﬂp]a Three planar boundaries are
cal cul ated andfafe FWERIFR'E di vide t AB28NGhal T§5RERSFnt 6 %6 regé?ro’rﬁsr each
of which corregpanetinag idediygiiomldfy quite long, and may contain ten

or more terms. Thus, a Viterbi detector would reguire
2291 sates, which is impractically complex. Therefore,
other technigques have been investigated which tend to
reduce complexity yet still provide results which
25 approach those of direct MLSD methods
One such technique is to apply the Viterbi
algorithm to a reduced number of terms by cancelling
some of the terms with feedback. For example, by
cancelling all but two terms (and including the main
30 cursor) allows the Viterbi detector to have only four
states. Such detectors are referred to as reduced state
sequence estimators (RSSE) .
Another technigue 1is to choose a channel

response target which 1is not a perfectly whitened



I‘0 +1 or -1 fox the bit currently being processed. The 3D110 detect f?qAﬁﬁ;ZUUZ
includes a forward filter which renoves precursor intersynbol interference
(I'Sl) terns and forces the two post cursor ISl ternms to be 1 and O,
respectively, where the cursor is also nornmalized to 1. 15 R feedback

filter is inplenented which renoves all but the two post cursor ISl terns.
Therefore, .wth no error propagation through the detector, the equival ent

di screte-time channel pul se response car. _be denoted as 110. Such a

constraint or. the channel response is uséd 20 to sinplify the detector
structure. Wile th etlc hannel natural .res e is clase to,the

110 target at K i 3h S & Fever dQVPEFééggl AfScant™ 45 t he

110 target at Isyrsﬂ:remsa,cormhzrtglacﬂensm$mnsérhuSER)contsargen$ngh‘alwe pldesen 25
response to thi | ar Is egra ion
conpared to thd%%§%§§é§1 adfla! ??%g%lEg§pEE%wé% ?g%%gy.ng ﬁ%ﬁs?%]ggg Even

at hi gh denS|UQQbaﬁ4ﬁ§|%§F%ﬂ£ﬁ@aPP§ﬁ1§X FESPONEs ANt sLikedAdons ect or

car. al so causegdermayi Q&x@fett he ghapngh %cheaaagseiefrfﬁrﬂﬁé@ | 1@ mrsget
For exanple, the use f cons g}‘ned | en th f| n t.e mgul se resg
e

FIR filters c&fCaudes aFi ofer T e SE9RT0 PRAN

provi des si gni fna@dnmjvah'aagessl n{ perd OELB“B.rtﬁﬁe aHHHme)sl pldraidly, t(}he? AU G
2002 -5 over ot ectars. (3 he e G ed FIDS DB )
detector) it ddd}e1 E%lt er e é’%g)\l;es Eégrdg?%eﬁ?sa van %’ g? H?ﬁe (ugcent

invention is dlaeemeetbasn) aesg_@uehesedhaftltmm@m@x$egeeanD¢hesuch

probl ems, d 1S 10Lhal, ﬁQ{ tggﬁég ©f y t@p @ﬁgsggg-rqv ntion
is prOV|deSPto?%Etébt data val ues mnt |n a data 5?3 that is sgnp{g to
provi de tenpor dlAy edar at P Hht GTE8FHI re  LHPACRILLYt CRMBREo ¥Rt ifon i s
configured to detigyid ne e freeRblyoBnef sampilest isanpbe veehok yladbhiir st
signal space. A second . detector pqrtion is configured to determne the

| ocation of a S8 8HEHMI &% eLtTrin Tedoritf ng%aﬁ' space. The second
detector portion 15 deterfheneprebhenkocatvemnt hyn usaidmi;%sla&gi ¢chstsat et to
conbine a.plurality o catlon, indical \ch [ Lcat

provi des %%% IgﬁaE¥bngd%8f%%é3e§8ﬁdq§anple vVec ahQ% F@% tggngegpectlve
boundary surfageitte fwrm of the |l ogic Statenent 1S |ndependent the 2C

val ues of the I ocation i ndi catqQpsiddy afdiftgoniyvBactond ocation. indicator is
i ndependent o:: all other Iocatlon I ndi catqors. BRIEF DESCRI PTI ON OF THE
DRAWNGS FIG 1 is a t op vitn gt e g d i A Sitth JIE 2R Upperceasiig
renoved and enbﬁdykﬁg iteatsurieatel .t he pidserbdemvenhcanderl & @aksmachi gh

| evel bIo dIQ S ive shown in,FIG, 1. FlG a
schenatic i agr- mlﬁﬁ qreﬁﬁ%gﬁéqéo et netlc}éhéﬁne %ﬂupr%%%%?étea readlng
circuitry to beEBErqflIm@@par@gnoﬂamnon“useﬂ*h@rel@VGF¢€B ig- 1Mandmga
illustrate Symiq'keclth}%cf‘d |l £ A deapond ngildn)a detipedior abRs 2egridance

wi th one aspect of t resent i nventi on.
or in hlgher order partizl response channels such as

enhanced extended partial response maximum likelihood

25 (E?PRML) . MTR codes act to increase the wminimum

Euclidean distance between data samples in a magnetic
recording channel.

For example, an MTR=2 code limits the run of

consecutive transitions in the write current to two. In

30 essence, an MTR=2 code removes all patterns of encoded

data containing more than two consecutive transitions.

Consequently, the MTR=2 code also removes all patterns

which cause a dominant error event for MLSD detectors at

high recording densities and higher order PR channels.



07 AU G 2002 -6 FIGS. 5-1 and 5-2 show waveforns illustrating dom rUUTt AUG
error events for M.SD of high densities. FIG 6 is a block diagram y 200
illustrating a detector architecture of a detector in accordance with 5 one
aspect of. the present invention. FIGS. 7-1 and 7-2 illustrate a FTDS/ DF

tree used to illustrate operation of a detector in accordance with one

aspect of the present invention. FIG 8 is a block diagram showi ng the - 10
architecture of an enbodi nent of a 3D/ aD signal space detector of the

present invention. FIG 9 is a block diagram show ng the architecture of

one enbodi nent of a half-rate 3D/ aD signal space detector of the present

i nvention. 15 DETAILED DES@HﬂgHMmR(Hbﬂ&ﬁi&&ﬁf&%&ﬁﬁbEﬂEEEtNENTSaE@&E%ﬁing

to FIG 1, a rmd%@él%@ G 4o Si’ét%kég&%éb't% A dﬂ‘&%?oii‘@ ad Lo ox

teachi ngs of the preés invention 1S°S i di agF anma orm an

referred to gen&hgisiey p@rfﬂmaqumacpmpa@ﬁbf_t@ |tr¢fc?rnfal>tféﬁ1 @@baﬁgér@l%cs

112 are journal %@amuwlehsaéeﬂgsofrof@édagéﬁr@fydé;%w t bmsq/ditq%nn&tlw
Each disc 1lc has ga Eﬁﬁ-k§§&¥ concentric-circular record 2 trac S,

i ndi cat ed s€hendtBCaSHF %ﬁlgﬁﬁxn?ﬁ%g@?ﬁ?%Fﬂﬁtf%nCOEEEHUF §6kP¥18 i s
subdi vi ded 25 i rbasddpirima) veytot-ssect ohseei necenved sofeined iiaall yhatel20.
Data can be stored _on retr ved fro di in
specific track ff@ an&%Bec oré " An ac%%%?orig%ﬁ%égse $§ﬁ§%ggg 3

rot atably nount edlpuébéesbland ar@nesedrmardoﬁlﬁﬁethéuénggallspa¢He13@0

act uat or arm assembl .y 22 LAl es o Rl iddr-ls g baheassephl bes 12a
that each carry a s 125 having a read/wite head, or transducer |26,
for readi ngOi nf oimBEi oh F@BrE MM IQUBRETHIRO RO RIORES S dTSes3P12. A

voi ce coil notor13283kscadapt edit® PIeci $@y a 0f2rAdr@ 2601ter, whiehate
t he actuator arm assenbl 122 back and forth such that the £§g§ducers 126

nove across t he*&MSYES1PIZN G art tIOT e T X ET y cbRtFSI s

t he position ofahﬁefbmaasdmberSWbZGQandcpﬁeeessss tetesnabi ba tozahe 5,
witten to or r d 2 (0] h quk

di agram of the %%%F%gl gl?@h P%%§f3%%e %%grd§FV§§§95 égﬂi%g%sg e
nlcrocontréﬁlerP13¢edp@9ﬁﬂﬁﬁhUﬂﬂ(yﬁﬂﬂﬂpkﬂm~mﬁ6drw$¥ﬂ¢rﬁﬁ®07@ﬁc@lénéuéf t he

disc drive SYSt%%ﬁlégo Aod0 sepdbwride Ssupport apdeisterfagercant Lolor
circuit, indicated generally at 136, and a nmptor and actuator controller

138 are connectédopégﬁhécﬁicﬁ8bdﬂ¥ﬂbl|EF913@eb?CacﬁéneﬁaV‘pu?%bé%adapa
address, and coatl@@Lrelaus 140, c®arrma it &B%QI%W@M&{ avé desrac bar dwar e
interface 15 bet, n%ﬂe disc_dr] s¥sn m 110 _and a,host computer sy ?tem
(not shown) via tifif'c &t F8HS Bﬁ%n 47" APSoT eiIPeui 151887 Pn genera

provi des a@gfi nt gp bamaTbeMNym¢1ﬂa£annqr gtindi@otxmt or controller 133 and a

read/wite channel 144. '7Thg readeWidd e channelJ4d eceives 2,20 <8l gnal
frompreanplifier 143 which, in turn,“recelves a signal fromtrfansducers

126. Read/writeCeR&MEP Th%att8 HRTERTI AtePtRer PEPIRERS t HRLRT EF BBontFol | er

134 and the tradgseucers 1§59@3/EIC411I1EIE§: ¥4%m Threr aad/ Wi t@e€hannel old44 al so
provi des signals _over..line. é% t he 2 not or and actuator %gntroller 138.

Control | er 138 F&RF&VTFFed? a?s leﬁterfa HYet WEER TRE W S oCont rBr&F 134
and the noér assepbingellfoovenisi mesridikdyland A | teegkacerbettheen tihe

m crocontroll.er ;134 an nthee QE%EQBQEl%m @érﬁﬁﬁgééf l%? 8%@ FhRgspR9Y,) , 30

FIG 3 is a schgﬁatlc ram a magnetic nnel and read channel
bl ocks 762 and |S§e§r1§w ¥ 8F bﬁ‘r"ﬁés@%c%?db@gt%?n%ﬂ‘f@e?%taﬁd’eﬁgalthélgh

rrotation used hergiit:dhangl 46 emsntd St KOOWYE prgdties) tdeenesesding

nmedi u such as disc. 112 and transducers 226.
m é% detector can also cause deviation of the channel

30 response from the 110 target. For example, the use of
constrained length finite impulse response (FIR) filters
can cause such deviation.

Thus, while the 3D-110 channel provides

significant advantages in performance and/or simplicity



.0 ? 'AUG 200; _8_ Read channel blocks 162 includes adder |64, frontQf]I1AEG 2002
166, sanpler 186, forward filter 168, adder 170, detector 172 and feedback
filter 174. Read channel blocks 162 are generally inplenmented in read/wite
5 channel 144 shown in FIG 2. The input 176 to nagnetic channel 166 is
preferably a sequence of data bits, the data bit for a current tinme period
k is represented by ak. The sequence of input bits is preferably encoded,
in accordance with one aspect of the prBsent invention, 10 according to a
code which enforces an MIR=2 code constraint, and the bits are provided in
a non-ret ur nP¥e¥eredrhawedesecirzls) flenmht &8 Whehmerenecpwsplépresent ed by
a transitionpepd/Brief QiéSet €O PSANRLE DY.cALRARN EhaNsbd o044 en t he
data bits arﬁ,re%d fromthe magnetic channel, they are provided as a
readback si gRaf2$y8"t38ESreadback signal 178 is typically corrupted by

noi se 180 which is repreeeptedehy nhtenbeébhgisddedetaetihecor aaghacknsi gnal
178 by der ) I ot ed 20 at_ noi n (t) _and adder 16a are
shoo; . : ags o%%ggrealgrfie%%%%as?igﬁgg%f atrhdg ﬁ%?‘?@ v%?%ﬁl%%%fuﬁtngdr%ggﬁﬁék si gnal
178 and are ¢ohbernadvaakages.the actual hardware inplenentation. In any
case, the noise n(t) ig paegentoand eor ypt s Jeadhack sianal 3,48 to form
corrupted read 25 _signal 182. Corrupted read”signal 182 is provided to
front fil terP{‘%?d?—ﬁlg?ﬂ 4599%r %@ V& lusE wayr el exdnpresionplerbated as an

?nal 0g Tow p%%afrﬂﬂdlteﬂi tmb@bgma@vef@_ﬁ%oglan%@i BQPQQQE__%E' a&ES %pb&?g(s

requency noj sg. an rovides a filtered output o_sanpl er :

Sanpl epquG éa TS $?Oq%)%5%ﬂ RSt ptie™ 182 Ca‘?ﬂigjc%%r 2 re?rb%ﬁ%ﬁrgg € anhe —
anal og-t o- di pptat iconwér teer fifhe sanmplled segnaks ipr calucedshy sagpher 186

are provide orwayd fi 7 G.20 -9 Forward filter 168
preferably gs %%%é's a‘zir&orf’eeclc?%l%lr n&gg%Fﬁgti (Q\}JEWJI'?% gfsnego?fﬁmgfﬁr?g T8 whiten
the noi se i rdatermieribbbk $PgR&Hcand frovsdecnd medinpiled vegadhackn sk gnal 188
(al so desi gnat &dhd K)s it adder, 2LE0. 5 »\ﬁﬁeexggp&gdofdg@é g filter 168 is a

finite inpulse response (FIR) filter Ich includes a pluraliity of taps.
Forwar d¥ i | t&FC2BBL%H0VES APFASLeBulsoris Her3yaBeLCi fE&teadhcet?1 SI)
terns. Post-gatiisDie | 9 peurslaty peEm 1bedrienassuidecihers . nat urals val ues,
because no 10 constrali nctis are_enf channel (;_oeéffi cients,

)

» orcgd OE thz K
Det ect or 172 Providest B EeuhcRT P68l §82dESFGhared Cak) Tt §8°VUt put .
The out put akenslarrsestdmmaee aofi visheoi aputspatal sedquencizaak . sukhs ot put  ak
is also prowded:t g feedbagk 1p :fd |t ‘ jch.i 1Q provide
f eedback_si \g;ltiéﬂ 1%2“;% adder qugo'. Ete_e(fb%%%%ﬁ%%athégggﬁg“%ddgd t“oLgT he
out put K of VFbisvarel f FReel Of88 1 OThe nebirfsi tfaits on 6F EBRESE isignaach s
provided  aloddelQUtipldi df oA als sodgsdgnated iy a1t of rrddarnkil 4:0
deci sion devjce 172. 1n 20 one enbodi nent of the present invention,
feedback filt&*9%47% intended to remove all but two host-cursor IS
terns. I n anot her enbo@RIEAL PESCRIPTIIMNeMHedrHD JRATMESRI | but three
post-cursor |81 terms For feedback Ji lhels Jhal diemye all ut, L, 25
post-cursor terms, assumng a t he "previ ous deci si ons by the_de‘m sion
devi ce 2572 aRPOr FESLNJant @Ry val étd degbosvdng néeahuigel ?espdise
i ncl udes t hrge-48{d1s: @nkhd Sodenoted as (1, f" fz) . Thus, at time k, the
noi sel ess input y , to 30 decision d%\éi ce 172 can be witten ‘ast‘fem | ows:

Equation 1 Yk = a; ~ + FIG. 2118 P~h& level block diagram of
disc drive shown in FIG. 1.

FIG. 3 1is a schematic diagram illustrating a

30 magnetic channel and associated reading circuitry to
better illustrate notation used herein.

FIGS. 4-1 and 4-2 illustrate symbol

constellaticns corresponding to a detector in accordance

with one aspect of the present invention.



where ak is the input data bit at time k. 0?2 AJ G-~ 00 -10 AQ7 AUG 2002
"t hree-di mensi onal signal space detector (3DSSD) can be inplemented by first
considering a synbol constellation in three-di nmensional space. As descri bed
in greater detail below, such a detector maps all 5 possible synbols which
could represent the input data sequence to the three-di nensional space. The
detector then obtains a sanple vector that includes contributions froma
plurality of input sanples that are each férnmed froma plurality of terns
indicative of input data 10 samples in the input sanple sequence . The
sanpl e vector is then mapfeddo-tHe28dne- ?hF’E@WdW?ﬁéﬁ PEREl 13pHEETRY it
coxt FI | ati Oln Jhﬁlﬁaheﬁteefro&hmeiﬁtserﬂammgﬂmwfl migi?]h@eﬂgslanbbe data

synbols is closest in the eedi nensi o space. to the evector at
each time 15 interval . Thiﬁ;&;lrs gnall oggugk’ai%cget%rarﬁﬁ%g 3%

correspondi ng adetactom BEgchidemturdl stfarceldetaemn fm @cbserdedcandrlttﬁle
desired sampl e gﬁéu% grt %ff'itg-éd ls e d61RG1Of o SUCh as an FDTS/ Di

detector, or for a ahead par al response_c arnel such as t hat
described by 20 Patel, RutFI I&8ge em'ld ESHil'F’l 2paiiypaRte BatBIRPD/DR Sresanpl e

gook- Ahead 1 Jsed“@o[Eifﬁétﬁ@téjﬁyHﬁﬂtﬁon df 2EBktbctars inMagBor¥ahce?9,
No. 6, pp. 4012 4% Novenber, 93 and that described by Yamasaki et al

, "'Al, 7 Ccdé Rﬂnﬁeé"&p@%mﬁ’ the BN N2 Y Not ¥ Whi t ened 25
Detector"”, PROC. of |SSCCFIfQ978 pps 3k6- IHlbck Eacdgpanr @onwposgl bk&e
synbols h p0| ferent_ detector decisions p red by
a boundary CSSI ane. %Egcgg%ar eé(;uanndaernl?%sgargei go%’gl %eéﬁt?o% og|§n$§I %égso t hat
t he signal spac@etscpatrt Pt ¢ied preisend0 imwentegitons, one corresponding to a

detector decision of 11 apgqthegother cor er%Q;QDd'dhgag}&r@ d&tig‘gh% degi.si on
of -1. Depending on where the sanple vector falls 1n the_three-dinensional

vector space retBERVESESUERe DouRBEr TR ERSNE Bifna yh&éél &i261¢ i 307 éPeased
by detector 172s8§nal0spaBdGa2RR2tom bite td@-_t q&ﬁéyermltme@zklop%s will also

be descr ad bel ow e dstselar stsgtuLerls SLERLRELEd B shimaRting

ar e reoufttattt,—afnc at el | 1
are nmuch further 5 apart Rhéarb:hegmmrrmmchch.l dean Id:lt&il@nCdlaSSOdrat’Ed
with the code. Fl - ILustrate a.ect etector
whi ch anal yzes %%Sl | utgéég(%%%%céola\}lnﬁor Orreae et ms Hle %Paéh ré? ??gt l;e:ﬁa
sanpl e vector, 9¥%©ERhOMV$®ta§ﬂanSob@@ﬂ%tmmmMWtaw eu%lﬁ@cqﬂfliicalsl Y,
FIGS. 4-1 and 4-2-illustrate gl i69nstall aiigns of pa @r@glzl'w channel
K

at synbol density of 2.2S. The constel’l ati ons have axes (aI so ‘desi gnat ed
by numer al>200 YLEAETGCIRT, IS §RAL ed by 2REMBIATT DD PHOUT &
const el l'ations di5i sDwnwbR ofrl @Sse‘-‘hbljaﬂdllll'\.ZLC&hS'O al mzﬂuwlzﬁlga ihird Bxes vy
"k-2 (which is al so gnat.ed_by the nunb

into and out oféﬁle elzine%%fs t%e*pa erp conjta‘l/nl ng C%exiric ]%éfglls
4T111 be descrnb@@oréém Sass aredieabedd sZhehedadaolrly t Ak BITER for

constraint, and-alb-@fnthe Rssidie S emaipni-ng SyuHol 81 whisch Gouh gy fgpresent
t he threed| mensj or.al oPbservation vector are mapped to the constell ations

il lustraté® i n PreR. 2R upnll iy »f Wr%oﬁfb%%?ae%e%r%cl?%t%%%%YuﬁFed to

divide those synbols RB5thncihebs hseer &t rmﬂ%pmaétxsmﬁ@dd@fmwh@ydmes
constel | ations. Tge%obsegvatl on_vector is n&gped to he constféhati on

and the detect ot ﬂ%éeﬁeﬂﬁépgl%rﬁ%%%éﬁlﬁp%ﬁ et 2% tHE o%%er?/zét
vector resides &n tdhetgansteldat i amsealkdtyi ve2Ro ihe phamarbbpundawnesd 30

The axes of thepfggékgkhﬁliﬁﬁso%%e gg}kggdc%§ the housing 116. The

30 actuator arm assembly 122 carries a plurality of head

gimbal assemblies 124 that each carry a slider 125
having a read/write head, or transducer 126, for reading
information from and writing information onto the discs

112. A voice coil motor 128 is adapted to precisely



folloms Equatlon 2 Yk =a,; +f 1ak 1 +f 2 ak_z 0 7 AU G 2002 .
Equation 3 y' x 1 =ax 1 +f 1 ax z Equation 4 5 Y ' x-z = ax-z mhljz fAUESQOO

Xx_1 and y' X_z generically denote the detector inputs at tinmes k-1 and
k-2 with the intersynbol interference due to the avail able past decisions (
i . a. , the decisions for ak_3 ar_d ax_5 at time 10 k) cancel l ed. The
detector nmust make a decision on the input bit ax 2 (i.e., the i nput bit
which was received two time intervals previously) “at each tine k in the
detection process because the detector is p?oceSS|ng t hree input sanples as
an observati or

to 1 Index ~ ,
Toyro(+l, +1, +1) & \i’%c & Ehfez ffetoﬁ)a%ﬁﬁ)é‘ﬂ Q’-ﬂblyl)l?g_éa# gn? fp?’—”zi% S%h Y
)2;(+1,-I,+1)(+thak,thﬁ'tfaﬂﬁduﬂ@ﬁﬁfM26 movel perbssf the~disds 112 along
Tf"+%ggg 16Z|1 %?F+1 C%EL+ % E&rc%&%r )ge% féﬁt%é§ Ehél?og%ﬁl%f of
-fl,-1) Table 1the ysTaasdycarss pb%@ lginel mlpe@egeqaeﬁée‘-@mtthoeomqj be

representedsby yﬂgigg§eny@tépnrggeyegaoErOEagh%Cg uagludes an i ndex which
refers to an index nuneral_0-7 corres 9@; b "F§Mh ere n=3) pOSSIb|e

synbols. Table 1 also |ncHﬁH%s 1 17 t2R28HE™ At ePfs of
ax_2, ax_1 and a:>o,ntzxm1 c;Dra'uAUrﬁ 20Q o’l£3 @ise dlrdlvedwmnevanmatl on pf

the axis yk, y' en.in t f e _chann I response.
FIGS. 5-1 and 5 Yeolide W44 nsrélfﬁé:t%?’osl%ﬁ’i R0 0 Sh LS

“Trepresent donlnaﬂUﬂenhorfemeﬁu9n5 obEered dDﬁCNEBDMUeteEsDﬁslallﬁmgh A
densities gpd highy/write support and interface control circuit,
indicated generally at 136, and a motor and actuator
controller 138 are connected to the microcontroller 134
by a general purpose data, address, and control bus 140.
Circuit 136 in general provides a hardware interface

15 between the disc drive system 110 and a host computer
system (not shcwn) via a communications bus 142. Also,
circuit 136 in general provides an interface between the
motor and actuator controller 138 and a read/write
channel 14¢. The read/write channel 144 receives a

20 signal from preamplifier 143 which, in turn, receives a
signal from transducers 126. Read/write channel 144
acts as an interface between the microcontrollex 134 and
the transducers 126 over lines 145. The read/write
channel 144 also provides signals over line 146 to the

25 motor and actuator controller 138. Controller 138 1is
provided as an interface between the microcontroller 134
and the motor assembly 114 over lines 148, and an
interface between the microcontroller 134 and the
actuator arm assembly 122 over lines 150.

30 FIG. 3 1is a schematic diagram of a magnetic
channel 160 and read channel blocks 162 and is provided
for purposes of better understanding the notation used
herein. Channel 160, as is known, includes the

recording medium, such as disc 112 and transducers 126.



order partial response targets. In FIG 5-1, the error event is gen@%tAcUG 200:
when a tribit waveform 206 is shifted one tinme interval to produce a

shifted tribit 208. In FIG 5-2, the error event is generated when a

quadbit 10 waveform 210 is detected as a dibit waveform 212 or vice versa.

In order to elimnate such dom nant error events, the input data is

preferably encoded according to an i~1'""R=2 constrai nt which disallows

tribits. Thus, 15 in Table 1, either synbol 2 or synmbol 5 nust be

di sal | oned dependi ng upon the val ue of aK_ 3;_since arose synbols represent

the presence of a tribit. For exanple ~, with a~ ,_+~, synbol 5 corresponds

to a sequerce OkeladPkhabibs Blothe 16EMA*luded adder-1da Wi Ldne 20 nopt ai ns

t hree consecutive transitions arz% nmust be e ir’g, ated. By the %qure t oken,
where a;~ 3 = - L86gynSEMPISTust 8Fe el SHHIRER. Tonst® | & shold i n
FIG ~-1 has al Hepestidd e13ynlaolds fapabdckherigiter as3um ngrakd3z=Haniot e 25
that synmbol 2 is.naL m d the constellati shown,. in ElG, A-1.
Simlarly, the %%r?ftt]{esl I g??onég‘ﬁo el%rﬁ‘ér 4= %ns‘gréiidoflrf hé:epao N6t
symbol s mapped thenated Wiér @W_IBiﬂ.F%t & t hdthesyimpolt 5 Mtas dbemgnetic

el | mi nat ed. ' Thehumiehs 160 LESROALE DEb ey Vo " kedyalcante 830 @i flengied by
x's and 0's, respectively. The i ndex nunber iIs denoted bel ow the synbo
marker x's and 69§2 PIESIoF P FHEVRBE aF &Be| PRHsPHale 18f rEBrescates HY B, C

and D which areapsedrhe deyudadehevammus syrdols peppedabot keicodeq,
constellations., 0 ? AHa%E Zo%i't 4 Tnitlial I%, it t%xsé not ed t hat Vfo r slicer
pl anes are used"HORETVEFITES W™ FEUWESES Vel A PSP TS SIS T he
detector stpuct eceortdiamgnuiber 2aof cpianeghish| ienfedoes taw ed!(R=q. cquanes
C and D are compined,t.q formpa nayw 505%9”%15 g&&&yaéﬂdiRef'aOWEn-'r%thr%ef to
further sinplify the detector structure, e directions of the planes are
al so constrai ne8o-Reave Anversovi @EE ko Jepaadt e 9yntdlislo @nd qreaand @l so
symbol s 1 and 5,kB ElEnte® byla)traf@f r8Bnlin@pd i/@to def eeiiiesddie: dgs) sion
boundari es are planes which %TI sect a line which connects the hairs of
synmbol s bei ng sep&fatédSdvwedt:, for sinplicity) the systemis constrained
to |l ocate 1he plane not tohzepamat eahe Hiwe syrbelesd i xthr ee=dnagneicanral
space, but to separate 15 .thei roj ections on a surface, This constraint
is inplenented Sgaﬁ‘i‘“@%’n%%@e %\7\0 éJg(?rvcﬁér)lea es° whi ir%ac%natcrkl but nﬁgstﬁ%ﬁe'avi |y
to the di stanceTbet weedbeké swgnginBgie $s. tiypt c@dn vbeoseeptelayt ned se
~_-, COOT coordhRat g, shaul dsbe-Jetained i B?er.tgﬂttﬂgiﬁéf”%@&d’mté}ht%%

it a

correspond to different decisions on the input ' Tare_easily

separat ed on t hF€280Ps<. séranale ¥ thaPYg2ER6Ycdbridi natesShantd eReeprtEst
very |ow sypbol cdensi hbese, hhe)y' snd cooqinate: cotd i kes: merse beavi |y
to the distance_between S)éqbolﬂs O,an(gx 4 thanath,e,.é ~ coordi nate . %5 ‘e[(hus,
the synbols ar e PPSFEGIEF 8 ey FEe1 3152 | WO IEH 158 URYY caF 2FPANE A i s
t hus constrai negigmadnly 8r englt erpecpesdnotl aerrtoothehy' aktta¥ harkware
Surface . The pri%ﬁ%trﬁe\%ﬁ_a‘%fio%.an%rﬁa%@; aihe ehesanisur tqq?z?; IR galmé%en_c

represented as a fine ose direction 3% changes as the slicer plane iIs
al | owed to rotaB8S APFYPBILSt FLEAPERE Sig@aHaved %t ke SQKB GPIEAREET KA he
projected pair efigeibalgs.. From Table 1, it can be seen that the
coordinates of the project]ons, of $YHO) $,9,29% £, N8 vided to front
filter 156. Front filter 156 is, by way of example,
implemented as an analog low-pass filter which prevents
aliasing and filters out high £frequency noise and
30 provides a filtered output 184 to sampler 186. Sampler
186 samples filtered output 184 and can be embodied as
an analog-to-digital converter. The sampled signals
produced by sampler 186 are provided to forward filter

168.



07 AU G 20C -15 Y k-~ Y 'x-2 surface are given by (1+f1, +1) and Q]?waSG 2007
1), respectively. Thus, the equation of plane A can be obtained as foll'o
Equation 5 S (y'k k - (-1 +fl) )YZ + (y"k 2 - (y'k1-(1-fl))2 +

(y"k_Z + 1)2 This expression can be sinplified to yield: Equation 6 vy, ,

k ~+ fl y'" k1 - f: - a 10 Using a simlar procedure) the equation for

sficer, plane B which separates synbols 3 and 7 (and al so synbols 2 and 6 in
FIG 4-2) can be vrri tten as follocas: Eauation 7 1Sy, ' k 2 +f: y',~_:

+ fl =0 :9hen a;~_3=-1, plane C separates‘%‘ynbols 3and S. ?1 ar.e Ci s

trained t | t ~ f
const Al ned Lo onl ¥ L0t T ReL SR FEL. 1 ROLLURCKoBYy, chstenl dSrmce
: cat ~. ~een t he synhiol scambeithéeicoomditiat esheor fédpemrdhngg o vhetgn a:rrda ~'

saet e the profoRERL e RINA Wl dnfek! UM Tadd "GR! 0O mos Bk

bi sects the proj &ctions O '~ 7 surt ace .
2S The oper at i olergbagk mmp%htb%ﬁféalgqbadesmmteﬁ §e%a¢<at addeynmisnos. 2

and 4 when gK_3g#l.ex PE8C SRS d eﬁdéef nikhe;kold %@ﬂtéoqﬁxgu%aé' on
identifier equatl ons: Eauation 8 O

Equation 9 B : ¥§fPEpse LFHRir fﬂl%foerﬁ ‘:zhnrch J)Hycltbiel% Ay GLTAling of
Equation 10 C ag@s( Y' '‘Pordard fiiTtdz)1 e rerﬁiﬁres 4x) ﬁwr%ﬁf@o&xl&ter—l
Equation ~_ \:1L 'x_e-(cfél C Ié) + L] t 3’?’52? \égi ax 3 =
o1 Locati on i deR¥YTERd: TRYEAEFEREE 418D EXT 050 BR CONBFREd Tto, bFOTTe:
are permitted to assume their natural values, because no
10 constraints are enforced on the channel coefficients.
Detector 172 provides a sequence 190 (also designated
d,) at its output.
The output &, is an estimate of the input data
seguence a,. The output &, is also provided to feedback
15 filter 174 which is used to provide feedback signal 152
to adder 170. Feedback signal 192 is added to the
output r, of forward filter 168. The combination of
these signals is provided at the output 194 (also
designated v.) of adder 170 to decision device 172. 1In
20 one embodiment of the present invention, feedback filtex
174 is intended to remove all but two post-cursor IST
terms. In another embodiment, it is intended to removs
all but three post-cursor ISI terms
For feedback filters that remove all but two
25 post-cursor terms, assuming all the previous decisions
by the decision device 172 are correct, an equivalent
discrete-time channel response includes three terms and
is denoted as (1, f,, £f,).
Thus, at time k, the noiseless input vy,, to
30 decision device 172 can be written as follows:
Equation 1

Ye = 3 + £, a3, + £, a,

where a, 1s the input data bit at time k.



Equation 12 10 E: sgn (y"4_z _ (f~ - fz) Yx + (fl - f2) ax_3) Equati[gr? &6 200

can be further sinplified by setting (fl-f~)=1. This sinplification
negligible effect on the detector performance since at | ower 15 channel
densities oT interest, the two synbols to be separated by this plane are
further apart than those separated by planes A and B. Therefore, a sl fight
change in the plane or e:~tatio:~ and position does not i~noact a relative
| ocaticn of the received sanples ~:~ith respect 20 to this plane. Thus,
Equaticn 12 can b2 sinplified as fol |ows-Eausation 13 sgn (~Wy_2 - yy. +
ctx_3) 25 By substituting for y'x 1 and y' 'x_2 from Equations 3 and 4, the
follow ng rel ations are obRaimsse{din¢heidhatesigeal isgracaderttidfdterns (3D-

pid s 08) Equation 160 et oY) BleE e i ) d¥Afen’!
val ues GA, dB a@prw-glbaéwée%nvtahm% @1m@ﬂswnaéqa§ﬁp@n 1xs@hescriped-

flf2) ak_3 - fz ﬁlf @reafﬂeé E‘élt‘_étl'lonbéﬁo@ steh! a fdéct@ctf%!ﬁ;3mapsz §Kl—4 -
fl Equatlon Z9 ak 410 The of f set val ues,

general , are | rrrR%?ﬁﬁfFE’Jeﬂ ﬁé”“)é’ﬁélst ""Ibllqi? fCiCH_:‘eCi‘1 STRPERSEMatyns Nt @%a

i nput nultlplexegéqu@mcéoe& tihet 8hk@8-dimensional space. The detector
then obtains a sample vector that includes contributions
from a plurality of input samples that are each formed

— from a plurality of terms_indicative of input data
10 samples in the input sample sequence. The sample vector
is then mapped to the same three-dimensional space in

the constellation. The detector then determines which

of the possible data symbols is closest in the three-
dimensional space to the sample vector at each time

15 interval. This is analogous to determining a path
corresponding a minimum Euclidean distance between an
observed and the desired sample values for a fixed-delay
dstector, such as an FDTS/DF detector, or for a look-
anead partial response channel such as that describsd by

20 Patel, Rutledge and Sc in "Performance Data For A S

iz
Sample Look-Ahead 1, 7 ML Detection Channel®, IEEE

Trans. Magn. Vol. 29, No. 6, pp. 4012-4014, tilovember,

13893 and that described by Yamaszki et al., "A 1, 7 Cods
EEPR4 Read Channel IC With Analog Noise Whitened
25 Detectoxr®, PROC. of ISSCC, 1997, pp. 316-317.

Each pair of possible symbols which point to

different detector decisions should be separated by a
boundary plane. The planar boundaries are combined by
logic rules so that the signal space is partitioned into

30 two regions, one corresponding tc a detector decision of
+1 and the other corresponding to a detector decision of

-1. Depending on where thes sample vector falls in the
three-dimensional vector space relative to the boundary

planes, a binary decision is released by detector 172 as



Deci s‘i on logic can be inplenented by noving a test point through tﬁg
t hr ee-di nensi onal signal space 15 and recording the relative posit¥dn AUG 2002

the point ~~~ith respect to the planes. The correspondi ng detector output
zs obtained by finding the closest synbol in the constellation to the test
point. ?=_logic rule or statenent is then obtained by conmbi ning the eases

~~~hich 20 result in the sanme output decisio:~ fromthe deeector. However,
for the three-di nensional case discussed herein, the logic rule can sinply
be obtai ned by inspection. Mpping the boundary decisions -1 to 0, the
logic rule can be witten as follows: 25 Equation 20 ak_2 = BE + A where ""
denot es a | ogi caheAND=bpetati amugnd +adenotds aviloi edboOPe@paeatirdbe B0
FIG 6 is an arghitectur bl agl gran, | ti a ec 214
i n accordance V\ngtghtog’?ie agirl)%ct o% (Hhe pr %%%%H?%\%gm F%n %%@'Spfggél tb(g)r

i ncl udes del ay epérdteysingm erannesigihigh t rpei eredondaruming cdle@i by 222,

224, and 226, Ste'l(ﬁh%aa;zﬁxg ZggparaQe7 % 30%115]}8 are23thcH\NBugichey t
236 and OR circuit 238. lustrated 1 n g (% Eﬁfgr ovi ded t o de] ay
operator 218 whPERYpr ot%]i’%lrest gt THSBR phite &éeaﬁ‘k 18 e BPRPFdaLesh
provided to del aytopetal afoddl8 which pr OVI des at its 5 output 242, y;~_2.
Mil tiplier 220 receives at.its ippyt % m"gtrn Lircuit, 222 receives
at one input 246 thereof the offse 33 ué E and“ e Ot het "Two Pnf):uts

t hereof yk and fkrza dSumubtmr ofhioth tar2dly zeseanesnptit oaeqgiiapate 2&8lmer eof
of fset val ue OBtﬂgg R—_e&ne 9&9%& L8059 L, ppuL ssgrg?{e%ctézﬁ OUhRY 1cAS00

mul tiplier 220 and al so umm ng clrcuit ecel ves fiIrst —
i nput 252 tReredf ?ﬁeoé’ﬁ?%’tat\}ajlnuéfecﬁxoa”nd NOTRt SPECRER SRRt s Ftlﬁ§ -0t put

250 from nul ti ltolahgrzf%ng %D?s&ka@eféfs P& h OpeT e aéeioxchl&)F E@;@ehag%gw .
suming circuits are prov ivers an
234, respecti veFPanfsd Gt Mvgacglzg; erpt ‘érﬂigzélSng Tﬁ@ngnﬁ‘igf%Eéogﬁd 234
are to circui tshaae andesZBﬁ A lsowe s ligrea ol ploty ﬁﬁrﬁeﬁalcaooozuahdZ&Bk‘
provi des a; det ect.or . 214 uses_one TB%HIpo t he e Eers
pI 62 . 1

three 20 adders (ﬁndot e 913797 | Rpub RGF £ sFRitS 70°
det ect or cah beshmprlnermmtEdC85| Ag 1t lmee 512 velsd tllmrc:éeld@ddzertshand &%esi nput
mul ti pl exers. 2 t,he a q}/l_eddl §%u i ggggﬁtﬁ\g%dmb eras qqﬂr%gycggg)by

at

t aki ng advantagé of *the fact f i ne 1 nterval, onl y one of
the two synbol sAZigr &’ fwon?*aﬁﬂ@slll“é"—opr%%%nfmltn qthetBpgRARNSpAe the

constel lation. Fhbsex &cbacaauslewg hrer dMTR=2- cagled r enpyves one of the tcao
synbol s at all tines. ver t&hgfjdom nar&éﬁgrror even mentioned 30 with

respect to FIGS. 5-1 and Svda ST B R0V UsiS ]’[ ESVAFTBRE
transition2pun bassty amrmtthSUtth"Ra worstradint, abhdws lir |dii tshe bptsenbye

allows themto sLALL AL Pregebenll o LAl Qe s . db AR agLMent,  Lhe

tinme-variant transition constrai nt its to al ~ 700z
-19 start only étl“@\?’ér*)PF@t—herOh(ﬁ%Te{E}tléven 07 C el ﬂ{l%beff‘eﬂb?ﬁrret?nt ePgal s.

This type of reb%eqeqqr&tlr&igﬂtllaluls@@eJeraeldevebgpneni £fd eodes witAzki gher
rates. Thus, vmth time variant MIR code, it is to have oth 5

0ssi bl
symbol s 2 and 5 BP ’”l'as‘n e LGN PP S bASFER%GT oﬁgé{t"égvégﬁs& REVCPL fe
interval. ba order tohéenpltemsd-diverdidetect epsden adedidadce by t hthhke

present i nventi R, Judi {16l O FRSTo e SRLe1 LA PLIEE: ! 9o AEROATRIAEES! he

change in the code cons '
to the constellation and the detector provides a

decision based upon where the observation vector resides

in the constellation relative to the planar boundaries.

30 The axes of the constellations are defined as
follows:

Equation 2

Y = 8, + £, aen + £y oa,



10 In order to better understand the nodifications required to detﬁFV g&ye.zggz
encoded according to a code having the tine-variant code constrain

signal space detector in accordance with the present invention can be
understood with reference to an FDTS/DF 15 tree of depth 2. FIG 7-1
illustrates such a tree 280 v:har2 the tree has a root beginning at an odd

time inte~~~ral ~:-3 (also designated by nuneral 262i . FIG 7-2
illustrates such a tree 28"~ _ ha;,ing a root ~:.:~:ich bagir.s at a:~ even
time interval k-3 (also designated 285?. 2Q2rees 280 and 284 both
ass~.::~e that a,~_3=+1. ~~ithout any loss o~ gnerality, the prese: t

di scussi on proceeds under the assunption that tribits are onlBgweddiswed3to
start at even tinme intervals. ~~7hk »a the_root @f trees 280 and 284
illustrate the value of 25 a, _s e*dubséltent “hranthes which proceed from
left to right along the tree illustrate the val ue of sanpl es Emuatdom}d 1,

aK and ar,|. The corresponding Linme imneryvals ggg illustrated along the
bottom of each tree and are designated, in FIG 1, by nunerals 288, 29G
292 and 30 294 and in FIG 7-2 by numeral s 296, 298, 300 and 302. By

exam ning trees 280 and 284héret ycan kemdseen’ fhageretrhesl pat Hedode patdh 5
wll be disallo nce o t he V|0Iates th code constrai.n Far
exanple, in FTG.é} étog Qgpggﬁ beq%runeéﬁ?ron1fh 2 gee%s?nce |% éb au
~ zoa~ -20 revealrs:earﬂfmboi!- phtter fefence - Huerl to 1fhahiaestapls atassn odd
time interval . Herelpogs yheee thge a%tclc‘sqran%s&%wSatoa@»ra odd Gimg oo
interval, that S|tuat|on is identical to N the préV|oust
described 30det ddt GARERL L#@- ot Her %ﬁﬂct% r@%wcﬂfﬁﬁwm@owm & hehe

r oot CorreSpondiﬂ;Ql@nb@vea Li rr& Ient ert\t@ 1ragmdt wher ewhi BRI t:asarz%c@lllv@@ed to
start at even tine 'Q er val §) ﬁ¥§ gF ar.e ernltted-

order to realiz&he tBai fﬁvr?]L%-pﬁ?V”i‘és SPEFES - dé Jé%‘t of Wit trrhf
time-vari ant Nwaannhx1@@epmnddsyn%e@am@¢hthandMIa&Hmmedsapr@dés&um@s and
restored at even Ll des  bOWeYe ) LhE B £5eN8e 0L, ath Rathe, 2 and 5

i ncreases the chan Brieous “sect Ion or 284 to be

sel ected. BA fact, as 15 user dansi ti es |ncrease these errors beginto
beconmes s~ | arge t hat they elimnate thé&apde-Yate ~~:1'~1" O th
tim-:arlGIlt ~"v he[efg Le, ir. acccrdance ~~rith ore aspect of the
prese.~t i nver _{i g heS 2 anda are e: rtfnded ,one 20 st?t furthar
in time (beyondHife—ihtle r—“ﬂ‘2411‘.c‘“z""‘“"ext Asi-onsardFaseled 2 2Bl 5A
an.™ . SBi n FIGS o0 7-1 and+7;2+amd+ane a selimdmgate@,by¢desmgnatnon
numeral s 304, 306, 308, {310, 312, 31~, 316{ and 318. Extension of paths| 2

and 5 does BOt nfTegﬁ priuni ng. of {he ?’anc s.as 25 Illustrate |n*f$ '
7-1. Path 3°i %444_44LgmeéléndigaLﬁ_é_Ls ' ¥: S i n

FIG '7-2, exte]S|og'of the(pathslone1¢xtr (thme &ntervgl_aIMOW§,th@)
pruni ng of brangh 2B 1 orner Wor ds, Dran h2A TS stitl altowed Tn FIG
7-2 because it (oes3not lviolate 38.thdltine{variaht MR cade *cémst F Al nt .
However, branchj2B does V|0Ia§e Lme g@ﬁe consirai gt begause it grepresents a
tribit beginni ng—at—anm—qdd—tinme—Tntervat—{Srmtarty; 'UI anch—SB—+mFG 7-2
is allowed, whille bpPanch SA(can bé,etiLii nat édl + &, ~ M.~ +2002%, 21-Thdg
remai ni ng nbolls, after} pryning,_,in 7 - (2 whi ¢h arge represented, byl path
2A and pat %SB Cre-rr%sps. \l(lj Eur CTTU?ELVC.. uf-L L..g o1 %’HH %“2 lE 2}
Thus, the distafce betm@gn these-ttwo-synbol §-sheutd 5 be can3|d¢rab1y
greater than the mnrmum Eacl 1 dean df stance ror tne code.

Table 1 illustrates all ©possible input

sequences which could be represented by the observation
30 vector. Table 1 includes an index which refers to an
index numeral 0-7 corresponding to the 2" (where n=3)
possible symbols. Table 1 also includes the possible

symbols written out in terms of a,.,, &c.; and a,, and



In oné aspect of the present invention, a ,
t hr ee- di nensi onal / f our - di nensi onal si gnal space detector (3D/ 4D SSD} 0 ? AUG 200’*

i npl enented that accepts sanples having 1Q three post-cursor 1Sl terms. The
detector provides three-dinensional detection and four-dinensional
detection. In three-dinensional detection, the detector selects a data

val ue by determning the | ocation of a sanple vector in a three-coordinate

signal space. |.”. 15 four-dinensional detection, the detector uses tha
| cca~.i on cf a sanpla vector ir~ a Lour-coedBdir..ate si gnal space to
determ ne a data val ~:C. The D/~D SSD ~~; orks ~; e? 1 ~. ;ith data ;-hat has

been encoded usi RSP t PFEVidesy-an geva¥patsge OfwHate ua¥i90Yeri Yhvanakd TR

cods t~.at has aRs~ TRM@Eé:@'ﬂE ebrhdsfOF PH4 Ehﬂﬁné[‘t §é¥§b§sénd an |~ TR
constraint of 3 for e~ ren tine intervals, the, three-di nensi onal detection

systemis used at odd tine FhE8rvard awf the s’o]cpru%l’?%%%l\ﬁﬁ‘ée- orgat é8firon
systemis used atos/er1d nandin2ezvahichZEeEheseaﬁpaemmahararw&edevantbe
3D/ 4D SSD are . ref y c c iQn s, t hat
are defined %y b e ‘?%\ihfcﬁgnlg{é%gr ?ggggwg]s ggﬁi&?g%ng Rgd %IFI Oh?ﬂﬁ
+f, ak 1 + fz aordzepr H3rtala B mmmlmﬁts& L= FFG. 15+1f,l tae~ezrearfz
ar-~ + f~ ak_, Equaljo risgg;e\ﬁiéx%t‘e@%v‘h%n alt ﬁ%iewavéfgrr@tzods T of sﬁlEE g O
7 AlJ G 2002 -22 Equatjon-33 Yk CFF 5
Wiere yk is the émeré‘nltm%awm%rb%vFaeHr%Ut:ﬁeadéhééf—@iﬂ tﬁ_blSi ?§8the1(1k X?
-th detected datarpuad Ues- ﬁﬂdtﬁl§ eSror evdit (i X9ddetagud wiadhlea Wyhhdbhe
current |np val ue that el n det ected bei n%?; he ak i nput. val ue .
Thus, in th thré?’c!;l VH ﬁe(frlfsedo? St fe? %ﬂ%@%oﬁ%@Qa%l 81GEct or
i s based on the cz@n:tsaﬂatlon of Yk 1~ Yx-2, and yk 3 and-- in the

four-di nensional 10 portio t vegt.ar, (o] |on
of yk, Yk-, , YK-~ ~ and nﬁé %%g%ﬁéspurg'ltm reegg:éﬁe%”%nman% g%

the | ocation o~ tem?:rttfﬂ/ee‘-m memlllbné&tsanplBr@‘é@r@bl}fsenl@@%m ﬁ@@lorqﬁllag

t hree-di mensi 0”a|t05%9‘?4'{1@i1 ”@Qn@tré*ﬂﬁt 1onieh! @fééll@gstbfﬁﬁl@%" S ﬁ%ét' ch
34 y'k 1- a4 ~+f )é + fz Eq;:ation 3J Y~ ~~, f. ax_~
20 Equationl36 Ylr1~ Tablg 13 hlé%gh?ﬁatsbéﬁéq’ll 02 tR& t%f@é?h_xés 5}I=1§v~0]i9% ed
by cancel Iing the ieentTdpse ] Qlef¥n@ind @a%n ehzevhDpdtof 4 ;] Yenthatnose

contributes to a re%P%Ftlve %ﬂ%&&? 3 gp'%relehge of a tribit. For
example, with &, ,=+1, symbol 5 corresponds to a ssguence

of input bits of the form (+1, -1, +1, -1) which

20 contains three consecutive transitions and must be
eliminated. By the same token, where a,,; = -1, symbol

2 must be eliminated.
The constellation shown in FIG. 4-1 has all
possible symbols mapped thereto, assuming &,.;=-1. Note
25 that symbol 2 is not mapped to the constellation shown
in FIG. 4-1. Similarly, the constellation shown in FIG.
4-2 has all of the possible symbols mapped thereto where
&,.,=+1. Note that symbol 5 has been eliminated.
The symbols corresponding to y’’,.=+1 and -1
30 are denoted by x's and 0's, respectively. The index
number is denoted below the symbol marker x’s and 0’s.
FIGS. 4-1 and 4-2 also illustrate slicer
planes A, B, C and D which are used to divide the

various symbols mapped to the constellations.



25 can be seen by defining the axes in terns of the sanples using g [
sanpl e equations 30 - 33 above. i~he definitions of the axes then bgigﬁdﬁgéizﬂﬂ
follows: Equation 37 Y ~r.-i = Yx-i - f 3 ar,-s 30 Equation 38 Y~ ' k-z =

Yk-z - =z ak-a ' f 3 af-s Equation 39 i ~ k-3 ~Y4 3 f 1ak 9 f ~ ak-5
_f ~ak o p ? AUG'LUJ -23 As in other enbodi nents of the invention,
the 3D/ 4D SSD determ nes an odd tinme interval data val ue using boundary

pl anes in the three di nensional signal space.- The boundary pl anes are
determined in a manner 5 simlar to that d&deri bed above in connection with
equations 5 - 19 yielding the follow ng four location identifiers: Equation
40 A: sgn-(yk_3 Inirigkly,+igAs rommfuadtiasniqur BBl igpr (Blee s e ueed + NB)

Equal ion ~ 2 ¢ gonfPetYKas wi)T-be tadsar fBEL 110D AJfekd td SHPIMK, IFhe'~- 2
- ~D)t~Jhere sgn éexgre55|oné grOV|de§the %Lgn of. thees: pressior_ "and

val ues0A, dB, GICHESHOEDSLFBCGHFEet VAPUBEMREY-PLIPLERE ot Foh M TEDFDA =
(-i: - f=fz) a; fhree~(¢.y.f. pi3hea~C, and b &3Eadvaibdined5€eoBforim fd e : f 2)

2s - Taai b - AHPAT ot teE bele T i Baates pllper Wl T
1G-l here pl anesCGhadidrerrontsdiuadiner ide dyrdactzonsantl Sile plegpectanel y.
Mapping -1 to0 if; -Eaquahkeps4feqa.43, the detectoroutput provides adetector
val ue30 a, ~_3, according to_thefollow ng: Equation 48 ak_3 = A _+ BC when
ak_4 = -1 Equation 49 aK 3FPiape+ABDs etV gled to peparate symbols 0 and
4 (and also symbols 1 and 5 in FIG. 4-1). For an
10 optimal detector, the decision boundaries are planes
which bisect a line which connects the pairs of symbols
being separated. However, for simplicity, the system is
constrained to locate the plane not to separate the two
symbols in three-dimensional space, but to separate
15 their projections on a surface. This constraint is
implemented by picking the two coordinates which
contribute most heavily to the distance between the two
symbols. It can be seen that the v’’.  , coordinate
should be retained since the two symbols which
20 correspond to different decisions on the input bit a,_.
are easily separated on this axis. Of the remaining two
coordinates (and except for very low symbol densities)
the vy’,., coordinate contributes more heavily to ths
distance between symbols 0 and 4 than the y, coordinate.
25 Thus, the symbols are projected to the y’'.., V' '«
surface. Slicer plane A isg thus constrained to only
rotate perpendicular to the y’,., ¥’ ', surface.
The projection of plane A onto the chosen
surface is thus represented as a line whose direction
30 changes as the slicer plane is allowed to rotate. All
points on the line have the same distance from the
projected pair of symbols.
From Table 1, it can be seen that the

coordinates of the projections of symbols 0 and 4 on the



Ol AU ~ ~u~l -24 where "" represents a |ogical AND operation and "+0.KUAUE520C
represents a logical OR operation. Wen attenpting to detect a data Val ue

at an even tine interval, the 3D/4D SSD determ nes the 5 |ocation of a

four-di mensi onal sanple vector in a four coordinate signal space. As noted
above, the fourdinensional sanple vector used during four-dinensional

detection is based on the conbination of y;~, yx 1, Yx-z~ and yx_3, which

are descrifred by equations 30 - 33 above. 10 During four-di nensional

detection, the location of this four-di nensiSonal sanple vector is

determ ned in a fourcoordi nate space defined by the foll ow ng four axes:

Ectuat ion S 0 YX'mia¥X 4xf, suzface+atg ghven+bly, (3xf3, iHl) &nd {lak,,= -+ f:

a,~_2+f, a,_, 1¥K_§6§P€Et-fv~el-yh,3TﬁQs-,_-tKe3e5u§Ki§nEélf'agl§i%§¢c%W%é on
52 Equation 53 In thi,s our-co%:dlnate signal Space, the Tocation of the

f our - di mensi onal O85RPFEN &R dPHIO%SS conpared to the |ocation of a boundary
pl ane that separates two synbols correspondi ng to paths 2A amdnfBieh F G
7-2. In the our-coordinategﬁigngl(§Ra ef(yiz' '( sy Y >2x-2 ~Y X-~ ~
Yx) of the 30V 4D SSD, sanplds*2A and 5B ate 30 |I'dcatdd af (1, -1+ fl, 1-
fl +fz, 1+ fl - f2 + £3) @nd 'Gal; £3- -FE) 1+ M xof 2, 11 - 21 + 2 -
13) , respectively. O theTM%ﬁ'é%%%%@%&%%@%anCQ%rQﬁﬂ%ﬁ%&i!h X8 Aard yx
contribute the nost to the distance between sanples 2A and 5B. Using the
proj ection Equation 6

- Y %2 * £ ¥ - £ =0
10
Using a similar procedure, the equation for
slicer plane B which separates symbols 3 and 7 (and also
symbols 2 and 6 in FIG. 4-2) can be written as follows:
Equation 7

15 V' i2 * £y ¥y + £, =0

Yhen &,.,=-1, plane C ssparates symbols 3 and
5. DPlane C is constrainsd to only rotate perpendicular
to the vy.v'’'., surface since the coordinates which
20 contribute most heavily to the distance betwesen the
symbols are the coordinates corresponding to the y, and
v’ ’,., @axes. The plane equation is derived by finding a
line which bisects the projections of the two symbcls
onto the y,y’'’,., surface.
25 The operation is again repeated for plane D
which separates symbols 2 and 4 when &..,=+1.
These procedures result in the following four
location identifier equations:
Equation 8
30 A: sgn (y’' "y, + £, ¥ - ;)
BEquation §

B: sgn {y'"yo + £; ¥'ea + £))



0 7 AU G 20C -25 techni ques descri bed above, e plane P be tween 2 a}'}d

is described by the follow ng: Equation 54(y -3_1)2+( AO AWZUUZ
f2 +f3) )2 (y, . ,k3 +1)~+ (yk - (-1 - fl +f2 - f3) )2 T hIS equatlon
simplifies to: Equation 55y.. ~k ~+ (12 +fl - fz +f,) yk = 0 Subst~ting

for y'''"k_3 using equation 39 |0 above, equation 55 becones: Equation 56
Yk-3 + (1 + fl - fz + f3) yk - fl ak_,; - f~ ak.s - f3 ak_a= 0 Using the
not ati on devel oped above, locatier. identifier Pis then defined as: 7.S
Eauation 57 P. sgn(yk_i + (1 T f, f2 + f1%y;~ + DP) ~.vher~ DP is d~=~
ned by Equatior_ 50 20 ~P = -fl a~ ~-fz a, _5- f, ak_o Since the two
synbol s 2A and 5B correspond to error events of the form +/ ECXU?CWZ‘ 0 2)
, thQ distance between thectwosgynbpt s, _shoul £ be r5png der ap) y- of gater than
t he m ni num Eucl i dean di st nce for t he code. 25 Therefore, equation S7 can
be further sinplif ied wi t ottt € 4 ‘Si’gnl'f]icant i npact on the detector
performance, resulting in: Equati on 59 P : sgn (yk 3 + Yx +Eq|9)at3@ml 1t he
f our-di mensional detectiony, | og ldentl fiers ﬁ (gnd. B )
equations 40-43 that were used n the 'threetdi mengdi oRal” detlectl dn"éonti nue
to be valid. Using these |'¥e2¥¢on-identifiers and | ocation 07 AlJ a 2002

-26 identifier P of equatI@ébé@mﬁmeié‘r&qrfﬁfr@wam@na eghfadetest Qo
equation at evenbé frrlégdtsobglgg\rfrfse Equat i on 60
Equation 12

10 E: sgn (y'’,, - (£, - £} v + (£, - £} &..5)

Equation 12 can be further simplified by
setting (f,-f,)=1. This simplification has a negligible
effect on the detector performance since at Ilower

15 channel densities of interest, the two symbols to be
separated by this plane are further apart than those
separated by planes A and B. Therefore, a slight change
in the plans orientation and position does not impact a
relative location of the received samples with respect

2C to this plane. Thus, Equatiocn 12 can bes simplified as
follows:
BEguation 13

E: sgn (y' ', - Vi + &c3)

25 By substituting for y’,, and y'’',, from
Equations 3 and 4, the following relations are obtained
for the three location identifiers:

Equation 14
A: sgn (y,, + £, y., + DA)
30 Eguation 15
B: sgn Yy, + £, vy, + OB)
Equation 16
E: sgn (Y., - vy + AE)



ak_3 = A+ BC + BDF 5 Were "" represents a [ ogical AND operation, [J+7 AUG ?002
represents a |l ogical OR operation, and A, B, C, D, and P include th -
mappi ng of O for -1 where necessary. Note that none of the |ocatior_
identifiers __ depend another |ocation identifier. In other words, 10 each
can be determned wi thout reference to another |ocation identifier. Al so
note that the format of the four-dinensional |ogic statenent of Equation 60
does not depend on the value of a location_identifier. In one enbodi nent of
the present invention, 15 the 3D/ 4D SSD is‘1i7r‘rpl enented using a full-rate
detector 400 of FIG 8. De tar 4 i ngl ud del.ay . operatg 402, 404, and
406, multiplier 408, summ 51”31%5% (\:733315854%6,’ i%zanﬁllﬁﬂ Frs OA‘{%%ES\?E‘]S‘F?%HS
420, 422, c24, 4@5veandy428, AND circuits 452, 454, ar.d 450, O. circuits
458 and 2C 460, and ;r,ulipl~xers 402 and 454. Del ay oper at £02) ,
and 405 are connected together in series and provi de_out put ?%3 4%3?4and
407, respectively. Delay opePatof-802 rfefel tdes y-Faafixists Emput, so the
series of debay operators 402, 25 404, and 406 provide yk-| pQiaziomndsyk_3
at their respective outputs, 403, 405, g 407 f~ful tiplier. 408 receives fl
and yX z at its inputs and 'ﬁ)r odubes* the:prlodtict off2t Rbge t o val ues at its
out put, cahich is connected to sutming circuits 416 30 and &kfiadion 19
addition to receiving the outp of mdtiplies 408,-suymring circuit 418

al so recei ves yk_~ and ~A Suml*él%ng_ c(imrféu’lLtUAfl%"éddsfzi ;éé"‘i nputs together to
produce an output that is provided to slices 428, which 0 ~ ~u ~ zoo; -27

produces a 4gif the sumistQ-06fgEgater1and Onidetibeasumis ihgsieddang.
Toget her, summ ng circuit ,418 and sficer 428 performthe function

described by equafi ST 518y 5 r VaFe A3 BCer 7B Mhe bEPpUtNRIFE

mul tiplier 40B ahabgimltkeyk, 3ocandooB. ubuaabbgscircuit 4Z6 provi des the sum
of its input values to sficger.42 iLch operates in a manner simlar to
sficer 428. Toget-~rer, sum%%ﬁgségpcmg?lﬁl%g%nbcﬁ s%fpcleerm%n%%gk?*on}oﬁ]t% A0
function descri bedsbyreduat itdywrottah Surar tiyr @ r@imess YdBahngdignz leagnce
recei ve yk ygandayq-sdcokiadliddeOne RUTMNGAGHI So AL0nand A2 acal ve
~C and CD, respectively. Su ng circurt 410 subtracts yk 1 fromyk 3 plus
DC to produce anr®8Ppat tHat ths BlpRewi dedTh® FAIEESRITILIRG F LGFErHt es
in a simlar manpgeph:e ski 68f5i428 BPdr AZBingl AdR! Rl sSHHME RGN rGHidhe! 0
and sficer 420 performthe functions oz equatior 42 . Sg~: mng ci rcuit
412 subtracts yrS3"PFem§E2C8 pius “BB t'0°pr o8F¢ETan odt puPItfat* Vs previ ded
to sficer 20 422s:ahechnopesatesn isbiga imearhéry siomiilrdmd als icearss 420 ctand
428. Togethegr, s 1R Lreyjt al ) ~. ~1 Cex_ oLt he functions
of equati on§§13. g%rgn}ln'ggql& r'git]i tsaajﬁ@%%tve%%%ﬁ_?ggﬁd%%, Q%ﬁ(flgp}g%fvi des
their sumto sfilderedga, whpP&h &peratBsefniPB2ASHARASr . C3ERI | &l vissfaker
426. Toget her, sHawkhng,Citgsi tidhlid andisfieen 424mpeyf wan tdhe fimed | ans of
equaticn 59. The,detection of ta .val &ﬁsa g%rg! ng odd.bit tines is,__

det er ni ned by ANDPEPFEGFER452, B e & R f t PP exés 467

whi ch toget her i npkeieptict taleogee bk Equateonss48cahdwdd. Ml ti pl exes 462
passes eithg t he out put of sficer 420, representing |ocati r&rda%%tgi fier C
or the outpuf of sficer 422, representing location identif ie . based on
the val ue of ra;~ 4 . dc.; = B*E + A

where "e" denotes a logical AND operation and

+ denotes a logical OR operation.
30 FIG. 6 1s an architectural block diagram
illustrating a 3D-SSD detector 214 in accordance with
one aspect of the present invention. Detector 214
includes delay operators 216 and 218, multiplier 220,

summing circuits 222, 224, and 226, slicers 228, 230,



0 7 AU G 2002 -28 Specifically, when ak_ 9 is 0 the output of slice 201 i
passed and when ak 4 is 1 the output of slices 422 i~ passed. The gd?d%LHEQUDZ
mul ti pl exes 462 is provided to 5 AND circuit 452 along with the out put of
slices 426) representing location identifier B. AND circuit 452 perfornms a

| ogi cal AND operation on these input values and provides an output to OR
circuit 458, which also receives the output of slices 428, representing

| ocation 10 identifier AL ORcircuit 458 perfornms a | ogical OR operation on
its two input values and provides its outtht- to nul ti pl exes 464, which

passes the output value if the current_value being detected is at a tine

i nterval that-  db¥s D SERYLE (33f @nd OR pigowditr édfts A541hhHSEEELECR
circuit 460 andigukiépl exes, 454 P@w 4 heo dakeali epehedicy neededndut ng

rime interval s when, ribit% are allowed. Speci fic~l ¥ Lhase cpmpopents

i mpl ement the fRECOEIERR 02CEqUR | SHEBBE 261 IBci r LRt 45E TR CEF vBLSthe

out put of sl | gessvi@?d 434 dedraly 42bernepreard iwigidlocptrooidedenst f iewss D,

P, and E, respecgtively d provid . i_cal, b~ t_ba ose
npat's. AND ol iR atRit el ves TRECSBAAGE G sl oSy Sor gt 426 Pbe
representing | %k oh -25 SUFEHIT itk ECD kR D, reesiiedd i vkl 9reahdPpFovitdes a

| ogi c AND out puthbasetl ofle thesset NPHi S ANCa LAt PUTELOToAND-CL{BUL hputad and
456 are received by OR circuit 460 along with the output fromslices 428

representing | oy Nt ide Yer - A SERVEPEchi FCUsD %%Ef bFREL¥S03 oGPl 'R

operation on itispuputss t ehpreddce fEsedUtpaiuet A arsl passste byt vkt Epkexes
464 as the detected val,ue if_tr.ibi-~s arezg | O\ged. gn ?not hgr enbadi Eent of
¢ 55 WOhGE -SO

the 3D/ 4D 85D, YHIUHR{EETTOT D5 &Nt Lr5fe *4ét BEFOF
capabl e 0 ? AY G 2602mi2e ofi raperatlizeg ratetiwese theaf fegaendyppot £he

i nput synbol s. e [ ifeciu 0 e .S, shown
as detector 49§1?¥%§%§¥%§ %gﬁgg%g?ggg%.géa%E?W%:?ﬁ%%fgtgg% %%gﬁggztﬁﬁat 5
recei ve yk and qkcpug et ifveny. miwt igdlgy cRR@uiand 504-.an§r506 delay t he
signals on inpuyis.,200;ansdh §02 TRE bW phitM® tPefiRd o @SWdi Ngs | Mayk_32and
yk , on lines 508 and 510) respectivef&. Li nes 508 and 5Z0 are connected to
even-time 10 peridd 2¢ifr cafe SEOVIREEh GhcPLdesTRuI44 Pl i e G468 % unmt ng
circuits Sl4, S5p&dBivelP, amHe522cpskiscens 5241 226 H28,053811iesds532,
lu~ID circuits 534 536 D OR ci_rcui.t 53%. g%n-ti ;riod circuit
512 operates i %%ﬂ%ragﬁn? ?a?rFotPhglﬁgPﬁigng ofaﬁgyg%foraESSaﬁﬁnOf

FIG 8 associ atsck wotthpulie 226 ectfi on1ofuévere 14 rprevpdeisodidat a vahues.

Thus, A1~?D cirguils, 53" and, 238 gﬂ%&ﬁﬁ%ﬁiﬁ&%}%,Sg%&g%%m&?@, SAfPe o

| ogi cal operat; *~ as AND circuit _ ( circuit’ 45 of
detector A0. HikEwputpid Girevrertirpuc pekibelereeai t 5i2inslag Yetect ed
value a;_,; . DRet®cagted¥98:0fcdilGoe9 idlnerditladdassing 0 togdld Nl pesiod
circuits S50 and 52 ~:¥Vlch grfornlthehfunﬁ%Logs of  Equatio.”.s ~9 and
48, reso—tivoiy T SheRITTEA FIC baa- {7 e SpaFLSACeRFERY 550 i nci udes 25
summing circuits 554, 556Inarnthe58pogki ot scbes Don 56 Ae tamt 64 2 LAND 88T cui t
566, and OR circult. i i I Lreuit 2eLpel udes. sugmi ng
circuits 570, §§§?§3ﬁ3§g%@,h§|3gg§%ﬂ§7§§0§§g?ggngg 5% i%?% CIféUitQQEZ,
and OR cirduit &84 BonsSuimiagvelr corly 57@, o572he58540 HEBBES atldeyk5z to

the product .of yrod ardphle produged by &adtipligr 23 and G170, sEBee O0AL,
and ~B,, respectively._ Supmng circuiits 574 and 558 gybtract k fromthe
sum of yk_z and Rt &htPbEPD - r e<pdét iFePPCauRs, th8oMIETE & GreSBYYar

one of the two symbols at all times.
However, the dominant error events mentioned
30 with respect to FIGS. 5-1 and 5-2 can also be removed
using a time-variant transition run constraint. Such a
constraint allows tribits, but only allows them to start
at predetermined intervals. In one embodiment, the

time-variant transition run constraint allows tribits to



.0 ? AU G 2002 -30 to the value of equations 44, 45) and 46, respectQJelAyUG 2002
with ak 4 equal to 0. ~Al, ~Bl, and ~D1 are equal to the value of equations

44, 45, and 47, respectively, with ak 4 equal to 1. 5 The output of summ ng
circuits 570, 572, 574, 5S4, 556, and 558 are provided to slicers 576, 578,

580, 560, 562 and 564, respectively. Each of the slicers produces a +1 if

the value at their respective input is 0_9%_ greater, and O if the val ue at
their respective 10 input is |ess than O he out put of slicers 578 and 580

are provided t [ ggﬂ[}\;\h ey s giy Jp on

the two mputsgtégelg ?ﬁ{l utétof A C{;?}E%?t ‘285 |sg|?)’rg§w %ag to OIQM(%% cucl{]t 584
along with thetéfepdntewls| Tdds S¥pe of relpxgcd co@StEEiTdr @8 1@Ygi cal

OR operation oehrehaeb\éqdmrmﬁts dfo JYRAUGR to PO e-delect iTpiOutayty
corresponding to e The out put of s| |cers %2 and 554 %)e pr ovi

yat 48.

ded to PS~D ci FE&IE VEW’I?‘"E}] NER f %% at F 0P cBPSANDL20 tPUREY RS t he
t~~: oI i npuss. h'sﬂ;rﬁbou@pm afd A ];Idﬂa@d:ﬂitcuiﬁ 6 BSgﬁéCDVt:dﬁth?l@RJ_C)Inri}w t |
568 along with_the c u Lcer 5 C|rU|t568 er i ca
OR operation ofi"the #\‘f\g‘el&ng& % OESFgauCe%np%{él "qucefleg{nﬂg:u 39'9
correspondi ng detequatisoning.axEridarsce owdthi n‘eh@erprcr:dsfmtr cmnwgn!sa@nand 550
assune that a,5581k$ceqUaind Gudk@ndk Lo dESPeCchi ety oand bakheuhake td e
possi bl e detected val ue based on that assunption. This assunption is
necessary in defBBEsr ModNfecnfise rstraidithei ng cal cul ated before ak_n has
been 30 degermi ned. Once @ _4 dagebeer todet Q)I’efﬂtﬁi&d byuesenstane petined
circuit 512, thedvﬁl ue of ak 4 is used t sel tt e ak val ué that was

{ 5 e

cal cul at ed usi Agath&SESHAER T&@?&rﬁﬁq Cfﬁ §F =& ThPE RS AFERY P41
performed by nubt iaplexdés H82inwhittle passesvéheéaar codd ueofisonmaond, a0 7
AUG ?. 00~ -31 2 0 3
val ue from Oddé%?ﬁﬁﬁﬁ@ﬁ%ﬁg?%%ﬁﬁ& ‘P{”ea(‘cé‘gnéaﬁée ﬁ%ﬁpﬁéeérggﬁngé seen
that the pr esehlthEﬁvéFm eAni hp| whder st e d it rsfEeenet dot 6n FBESKPRS

coded channel s, SLnge BRI I aigis | s; anforged on-dbesghanpel cpespense,
t he detectors can be useg over a w de user density range. Also, signal

space det ect or"I2TEmRGrehtER NP ACRoMPACePREERTERE prles@ht G4 eRtMEn with

an MIR=2 constiatatvas webl ( aSSbldi@si/@;ﬁéa@@& MR £oTless 2 -~ Tl .t he 2MITR=2
code, the det eciﬁﬂaggo? des a (S gr}rT %al n, over the 3[1;11 get ect or at
I

| ower user dend CETHE ﬁerforana FHEFY | pr oved W tH 8 FiRE
variant MIR codle efa h&égher tiatwe, lBSpecahl IkyBat mgherdmatl%h 285)The

present | ent,fpgegrg\élodgsldaz et eo%tt(y 48;%0 A @, disg drive 110 that includes
a first detector portier. f confi gur ed to deternmine the locatio

of a sanple vectoY) Yx5‘3th%k*~t2 aIW ~loss  of nGgnEnEd idignat "} pREBSHE T
' y' o~ 244 ¥cm5€1oﬁh®rdﬁe@i§rux4@r atge %@slurftrduj_dﬁs whsecendbdesect or
portl on 454) 456 "69 4€ ‘cog gured to determ ne the Iocat1| on PL a_second
sanpl e vect or LE-2ykowsd O SOALE 85 ENETSiFgRe ~Sp8dd > XY ~

r.-~~ .~ X- :t~hé(xroi|5r¢e czfettetremma%@nané pade ld&uﬁg:laatl&)gﬂ@ stval eaent,
equation £0, to ¢o Qesé‘bBé ﬁéh ¥ Qn€§els°&ﬁ3!:8”p%9'e%@it ?&EH\Ale%c D and

P. Each | ocati Oh |n | cat or OVI es a | ocat |on e secon
sanpl e vect or %glah%on@ 5 ﬁe§5@@tMbu%ﬁﬁaaryhguw&éé Op s@rPESSDRx-or P.

The logic statement and dhe 4,0cat tpR Ldepbisbbers nef € imedependeal sokrkhe
val ues of ot her %(5 |'ocat i.on H_dentlfl er The present nvent| on IC}S al so

i mpl ement ed as™RIHBEREEEIThB L RBEN WS nOPEFEE dEfer iffillng 2T | &4S
| ocation i dentdésibgrafedB, i@ Fa@l D-tihatoy ndlmeaatel@@%ocaﬂﬁonwﬂ ansiarrpl e

vect or a.g@catﬁgg diai%a@&kﬁ 7-2 by numerals 296, 298, 300 and 302.
By examining trees 280 and 284, it can be ssen

that either path 2 or path 5 will be disallowed since
one of them violates the code constraint. For example,

in FIG. 7-1, path 5 can be pruned from the tree since it



. . ~2 vector yx_3, Yx-z~ Yx--- relative to a respective boundary(a AUG 2007
C, and D, in a first signal spacey" ' ' x 3, ' . Yr-zY k1. Afirst

data value ak_3 is then determ ned based on the location identifiers. At

| east two additional 5 location identifiers A, B, C, D, and P are

determ ned where each additional |ocation identifier indicates the |ocation

of a second sanple vector yx-3. Yx-z~ Yx-~~ Yx relative to respective
boundary -surfaces A, B, C, D, and P, in a second signal space y'" ' ' x-3 Y~
' X-Z ~ Y~ X-~ ~ YX ~ A 10 second data value a~_, is then determ ned by

conb_ning the additional l[ocation identifiers using a decision equation,
Equati on 60. The format oz decision equati of960 is i ndependent of the

val ues of the additional |ocation identifiers. 1S The pre en%l.i nventi on can
al so be i npl ementEVeAl R &ilghdt: s Rt eER PLtt or ~tonfitguréd FEHGEY FHr3T the
above-enti oned sftepsn bidd < ie béntadensdt oodrhdacfeven tirugE ~shrunssous
characteristics and advant ages of various 20. enbodi fren Ot resen
invntl.On :lave tfé?i‘"@estpojtﬁ?g:tg i tcﬁé‘%l r%}‘gﬁo}%@eﬁ‘éggﬁ Eﬁfbn,s'&{ggﬁgtlh%? %let h
details of the stirdettureslandof uricd i OITRe2 vani ause erbediimmly odagrribed

invention, ths dd'%fé&%&f.e | $pl 'é&éfstégﬁéyeh%‘al,-yas atndwehangesaay pe; made
in detail, eSpecially in matters o structure and arrangenent of parts
within the princivilesse 'thef rPRE PPESRAPONAVERPi ¥R T Het TNt et (and

i ndicated by the jypad geneials megl ngiafouddie ey metiartvhiach thermppenced
clainms are expressed. rr”or exanple, the parti u%ar el enents. may vary
dependi ng on t he PEAT @A 2S5 hH4GF NGO T af Bt PErE MR Code whil e
mai nt ai ni ng substantially the sad®rfubsctdicialid ycmbt kodtindepsxinngokr oamt he
scope and spirit of esent_invention. It .is t e, Undefrst t hat, even
t hough numerdus gﬁ)é‘ur%epeﬁ)stﬁ?%se T a‘ﬁﬁ?glﬁt Sg% 5 V\%a%aoﬁg lef% g}Eggt(Ja'c(fj]éz}E)i-z

- 33 enbodi nent s qfrdiilenEteisentpaitiveptnonbhaveeheeadsert f orddh itinge and

foregoi ng descr i pld A, d PRI Nefe M Lk Lt Al L her ALT Pekea cand 4 unsti on
S O

of various enbodinen the invention, this disclosure_is illustrative
only, ana 5 changesimay2benfade iimcd@agids ebBpeGHNGE | A-met eSS GFREOUS

structure and arrangemeni; ot pakt ssw £hi Pl he, pBd NP @sedf  tihe fueEsenis
invention to the full extent indicated by the broad eral meaning of_the

n I 0
terms in whitéh th’ege&"pﬁéﬁl&é&1@Isai‘-ﬁ§r§f3§eexﬁ?%§‘§e%?r‘%ge%?(%lﬂl“e? THe” 10
particul ar el ementss gy st e raepesdintion0ne tftee pasdéecuhae appkifdat iadn flor
the detection sy t.enghql,:hjjq.lzemrranrg a{jOnCiPng substantially the sane
functionality :withbut departing fromthe scope ar_d spirit of the present
invention. In addition, althergfate, pief epcedﬂénﬁ@di"ﬁeﬁrh @fe%cﬁﬁ@é‘d:tlﬁf
h.er einisdir ect Q:qiet Oar%s%'ng;”%véR@%nQ‘%?QBQBeEOE Andi $Gdr I8 SYSE€mnst
will be appreci ated by those skilled in the art that the gz achl ngs é)LflC;’[‘ he
present inveémti ot BerBppri e8 £4™6t hePe Xt ed ™| il€§etra“pa§s At i ve,Such
optical drive, ole:mgheicnopicalapkivye aust eds, Se throditsSRC depads ng7 fro-
the scope and Sméﬂé %ﬁztéﬁ%‘%§§“¥¥sérgﬁgch§gd-by dQsZgéggi%%ZHumerals
304, 306, 308, 310, 312, 314, 316 and 318. Extension of
paths 2 and 5 deoes not affect pruning of the branches as
25 illustrated in FIG. 7-1. Path 2 is still allowed and
path 5 is still disallowed. However, in FIG. 7-2,
extension of the paths one extra time interval allows
the pruning of branch 2B. In other words, branch 2A is
still allowed in FIG. 7-2 because it does not violate
30 the time-variant MTR code constraint. However, branch
2B does violate the code constraint because it
represents a tribit beginning at an odd time interval.
Similarly, branch 5B in FIG. 7-2 1is allowed, while

branch SA can be eliminated.



-34 WHAT IS CLAIMED IS: 1. A detector in a disc drive for detectind)dat®)G 2002
val ues by using sanple vectors that are forned fromrespective pluralities
of tenporally separated data sanples, the detector conprising: a first
detector portion configured to detect a first data value by determ ning the
| ocation of a first sanple vector in a - first signal space; and a second
detector portion cor_figured to detect a second data val ue b~. determ ning
the location of a second sanple vector in a second signal space, the
determ nati on nade by using a logic statenent to conbine a plurality of

| ocation indicators, each location indicator providing a |location of the
second sanpl e vector relative ~0 a respeei+ve boundary surface, the logic
statenent and the val ues of l|ocation indicators being i ndependent cf the
val ues of other |ocatioThe ndimedroimey @mb'ﬁies detfdctropmmicia mn BO@L ei n.
the first signal s h N- g5, @ he,gec I I ace
has N coordi ngt gs ngghrhgéﬁéét e%ét IC@Q% al m 1 \%ﬁgtrhel %ﬁt h%ﬂ atsggggrrp%gs are
based on i npuEo¥AES§ESNCH&L \R@r@ré’mo@éf@nim% thet ifeamy arAi n@ me@ mu2n

transition rupyconshidi Nind hefsvaméephalvgent e dd o @chaé Hh&taa
second constrgl nt over aﬁggl‘rjr ality of t| mgtgval S. . G 2~~ -35 4.
The detecPor BF cFaRFTde ¥ nITRRERYT st( or "‘&W"H‘h a:éltcé’r,lt%e%l%ta
val ues corresgosdianget @ornpiie \t&idms t hat were encoded under the first

constraint and the secorigjlI def ect.ql e'% rtlogn tq.l ects ggg @vggglan a
va

correspondi ng to input ues t fat’ Sver e“encoded” Uhder. t h
constraint. 5th¥he-détrensdorefl /dcaimdindres bbmal Béghiadsipales dettercpor t i on

determ nes theshogat sgmoflst Neydildmin 1 VeLL oLy Y UshBgea @J&Uﬂ#éty of

| ocation indicators, each location indicator providing a focation t he
first sahpl e vbeEesr Bt F YRS 0B dSlesperffve bOURJAS) &P ace®roy idere

detector of clgim5Sgwhenaiidmall | east: Qe dpundaty Suféﬁeedhﬁze%%ﬁ%'% bot h
the first detecto. Y portion and the second detector, portion. The

d~~e~tor of cPaFRFBEIRAer ith SaHe SorrHE Bisitta AF teaistbs 5§e81815IECt9Te first
detector portsebeate useththy tdiPusepbpndedetedhangpartid O]Ibcaaﬂdloﬁh@’fﬂa’l t he

second det ect %)gmggrt 'v%'&t%szesztrﬂn aggr%w@%hrg%%%f X lacfe%CW th %[ he

detector of cTalm 7 wherein e | 6cation icator ocCi a
addi ti onk$ bolipdarginsngérasd negtiartcant, basel d}ﬁt‘ae@@@rdu HEees i rkhtshe

second signal;spacechhat LSsRQL1Rrsephyi Dntherdif StosteRnakcePagend. The
detector o~~ claim1l wherein the | ocation indicators are one of & first

val ue and a seBdffl v3l G8FetAe S Psidakd d@kyrdi cating that the sanple vector

is on a first side of theer espestise Qo@ﬂxdgryesmrfage afwk & heharp naAU G
2002 -36 second val ue i.ndi Cat'rrgg t hat the EQ"{P _vpecto S Qn_a seco d side
of the respecPT%8 BoGRdary “Surfale. - ¢ Akt Fod ot RTBcti HycdatET Sl ues

based on2@a sawptedan ddiR scgmal creacthds am arth so“lsm“aimtscndra Ver tduel
sanpl ed read §h9@a%ntﬂ§l 4dngndatg ﬁ%ﬁ%?ﬁ;?&&l%@egdﬂ aop! Wral tyof time

intervals, the net conpri sing st determ ning at | east twe-~
| ocation i dentPEREFSL Seachs oéé‘t’fieéndllﬁ@ﬁtsllﬁné‘r* ifRFeaEitRg theStokation of a

sanpl e vect orygehatdveotia respect hverhauadaiyd sukbacesut ndambhestorsignal

space, detection system is used at even time intervals.

25 The sample vectors used in the 3D/4D SSD are
preferably constructed from combinations of samples that
are defined by the following generic sample equations:

Equation 30
Yo = 3¢ + £y &g, + £, & + £ g
30 Equation 31
Yier = & + £y g, + 2 @ v Ly 8x

Equation 32

Yk-2 = ak-Z + fl ak-3 + fz ak_q + f3 ak-S



.(b) determining a first data value based or_ the location identifi '?dA;HBZUOZ
determ ning at |least two additional location identifiers, each addFMt

| c~ation identifier indicating the |ocation of a second sanple vector
relative to respecti ve b~:.undary surfaces in a second signal space; and
(d) determning a second data ,,-al oe by conbining the additional |ocation:
identifiers using a decision equation, the format of the decision equation.
bei ng i ndependent of the value or the additional location identifiers. 11.
The met hod of claim 10 wherein the val ues-8R2-each of the additi onal

| ocation identifiers are independent of each other. 0 7 AU G 2002 -37 12.
The nethod of claim 10 wherein the second signal space conprideatigmr33
coordi nates and the first §kﬂnala§papefcqngrnsq§ ﬁpree gpoadgnates 13 The
nmet hod of claim12 mherelnw e sanpleté g ree tegp %X
separated data sanples and tHeS scditd ﬁnﬁFﬁrﬁgétSFmE ﬁp?F?gédF 0%
tenmporal | y separdsttexttdat 2 Hanpleshelqk-Ehehndehedtel dhaanvaIBu\aAneamﬂ eyt he

f di f 1
our, coor 8 % o, DhgS o6 ) O 0oy ST g Bl gl
where a~ is the Vtetlhlﬂ nqdmt Vi e g d¢t8¢tzedahdlfls ahe @)r@pmm‘ubn\aﬁllmg

constants. 15. The method ’F’tﬁu§| fi'r{nt%% pheeel 'alltrrlé%st,ﬂ&fr?aﬂ %‘%rtﬂ'd?ﬁ;t 8% ofethe
first signal space cog{lse + flaj~z + fz )

and (aK_3) . 163Drid thoGr6, SEMRLS VSCAPRensl RECRE QB %%m%}réaéﬁéé@or
conpri ses four sfﬂrplygsl comgrl,mangdr egpectdrve! ynﬁ afthe f Izaduﬁ—dflrﬂe?imldnél .
f3ak_3) , X - flax z fza + fza~ ~
raak ) Band B (T ST koSt 25, hg T B e SrOlTOR o4 &l m
10 wherein therefars.fiyve. bgu@daaydsu;taces |n t he second S|gnal space. 18.
The method of claim 10 whesgl i, d beraaf: fl-gaaly i lased 108- L BRUL oval Lies
t hat have been encoded using a rying maxi MM transition Fun
constraint that Wfdteometdteehha fFhseecohveprgilifnadndsam®éondeebast ras nt
periodically ovefor@Rhiiahi{y Hfchioe-4nhehvabsal sfdce Ad G20y 38,49.
The net hod _of cIa|n110 wherein steps (a) and (c) occur at the sane tinme.
20. A detedfor fiortifHteed ity at®@ +8ad froma disc in a disc drive and
provided as a sanpled read signal including data sanples inmypltiral i1y of
time intervals, conprising: a recelvgf con&;ggred tQ receive the data
sanpl es; and detection neans, cduble *t'0 't he récelve? “for detecting the
data encoded according to a code havi ng a time-varyi ng maxi MERaTiansit? on
run constraint. .A .ANe. AN ANYy. A§.A0 ANY. AYN% AFNE A@bBe A. AyF. AN
CACCACY. A( A(3 A3Y. A(
Equation 36
Y ' ks = @
Note that each of the three axes are formed by

cancelling the contribution of at least cne input value

that contributes to a respective generic sample. This
25 can be seen by defining the axes in terms of the samples
using generic sample equations 30 - 33 above. “he

definitions of the axes then become as follows:

Bquation 37

30 Equation 38

Equation 39

~ ~

V' s = Yees - £1 &y - £, & - By &



VA (AN A32 A A(e. A(. A~y. A(3. A(. AL. A. A3(. AY. AS(F. A F?.A(l.AH Al D?A AUG '[_UU'/.
[y&d{ UzMNgky}h i |} %* 4 6

{vqgl ga\ V] c”*a] caV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]c(a] cRa]ca]ca]ca]ca
] ca] ca] ca] ca] ca] cal] cfa]caU]c<alca]calc(al6 Z a b

sBEP*by/ J| vgl fa\ W] ca] ca] ca] c*a] ca] ca] c”a] ca] ca] ca] c”a] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] c6a] ca] ca] ca] ca]ca] ca] ca]calca!JQ vw pBATy{| bc| wmhc”Y]]]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
calc&a]ca]calcalc™alca]jcalc $ -23-
rrrerfrrrrrrrrrrrrriririityxsnid_2Z]]]]calcal cal cal cal cal calcalca) calcalcalc
a] ca] ca] ca] ca] ca] ca] ca] ca] &s] ¢a] chher] empodivahta] cf] tlag cRafeatLion, "ghd" """
" CBNSRS| SNBS& Y an e \ C c calc
~a] ca] ca] ca] ca] ca (c%?a] csgf'(ﬂ(a ect%%d; ca?c% ca! cgll:fcrg% cgléf.%gfglé] giaa]p%a]cglé!f?%) ) ] *
(*g*h*+++++,,,,vuﬁ}@g;boun ary planes in the three dimensional signa

--------- I'1al bl | §yg&8b] Xrhkcabualeal ahedlegalar] crltealntial«d] bal £ ahsahea] ca]
cal] ca] ca] ca] ca] ca c&g%c&a c%gl] a] a%ca% a}?ca%kga cal.c™al ////xg 0002* 2, §g222
445595555555555Ta§ié’6 &7158ni _a%] ] jclf aF ﬁf a]THca] ¢4 cE7RETE %85] c4tt48] ca]
ca] ca] ca] ca] ca] cedeat tahsapcal cda] gRaldmpgatba] Caldawiapc dloed &ITE888HA"999
| ; <<<<<c=i 7 =>> 277 Lg A §:,B;

BCCf Dt D] wr mhb] Xﬁ%ecr%)%a?g\%a]'ca] cal ca] ca] ca] ca] ca] c&a] ca] ca] ca] ca] c”a] ca] ca]

ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c&a] ca] ca] ca! t DDDFFF@HEHHHH#IE4 34 1P | 407

JI J%IKK] KLLLLLLLM wr mhe™Y] L. ] cabgal(gal c&akca%ca]&a,j;ga] ca] cal ca] ca] ca] ca] ca]

ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca (’ﬁ'zi] c$a] C {ﬁ ca] ca] cra-vMvV MVRNAN] Nb NNNOCO
O OnOyPzPP Rs RRRASe Sk S| SSSS{ vql gb] X] 1] ca] ca] ca] ca] ca] ca] e ¢t chicalc
&a] ca] ca] ca] ca] c*a] ca] c*a] ea] capgal(gal.ca] €algal calam) ca) ca] ca] ca] ca! SSS*T1T
UT[ TTTTTTUVWWV<VBVSWWWNKXXXXXYZZZ} [ [{vql gb] X] ] ] ca] ca] ca] ca] ca calcalcalcalc
&a] caV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caV] ca] ca L%:aa‘] l(:%!}ca%ca! [

[\TTTI]] 1™t ny { T sygn (yaaalwglfatrWgb] X] ] ca] ca] cal] ca] cal] ca] c
al] ca] cal] ca] ca] cal] ca] caU] ca] ca] ca] ca] ca] c$a] ca] ca] ca] ca] caﬁ]@pa\g £l cglchal

ca] cal ca

aaLQo]Sbbc@ﬂI«fduddddddeeef f hPggg§§whHivkhhhi Bi->yt ofB) [ V] ca] c&a] ca] ca] ca] ca] ca]

ca] ca] caV] ca] ca] ca] ca] c"a] qakeal sah ¢cakpal 63 s&plwal eal£alar] eaheabeadwéal ca

JcaljcralOi:iFiR Xi _ibiliziiiiiilnmnEnJnnu| uyubwdwXxuyy.Dz Z}ézf]é | }eytnid_ZU ca

] ca] c4a] ca] ca] c &Fafearea] é‘é?}lc"fé‘]-b‘g]scé]l‘mé%%ca ga] é‘%i] é‘% fca]TaiTa] cal ca

] ca] ca] cal] ca] cathrateaycakeakle~tv /, !z~an

H wgl gb] Xi d_ZU] c] ca] ca] ca] c&a] ca] c”a] caV] ca] ca] c”a] ca] ca] ca]éé\hag]kcﬁlrga,]g"a] o

a] ca] ca] ca] c6a] ca] ca] cal] ca] ca] ca] ca] c*a] cal]ca H OH"" T o

'+ 359>yt 0j20 [ Vi d_2¥ Jca]¢a] caffed] cdcal-cdllca] E&al)] é&a) cabl cadcal]ka] cal] ¢

a] cal] ca] ca] ca] ca] c*a] ca] ca] ca] c*a] ca] c”a] ca] ca] ca] ca Equation 45

0{ p}{ vql gb\ W1]] ca] c~a] ca] c&a] ca] ca] ¢a] ca] ca] ca] ca].ca] cal] ca] ca] ca] cg] ca] ca]

ca] ca] caU] ca] ca] ca}é&a] ¢afea] cg*-]‘ g] ta} ca] g’*écl P0G T Ty & I

<@ | vJVOETY| wr mhc”YTI gb\ ] ca] c(a] ca] ca] ca] ca] ca] ca] ca] c*a] calaedcajcal€al ca
ca]cal] caU ca U c”alcalca]c ca calca caU«cakca

gZZ&LTY%’I% >L<J]s ni d’L‘J]YI gb\U% cg% cé} _cfg’} c_a}fgg%ﬁ]“]c&aﬁgﬁ?‘]ésa] E:J]’ég] %’é[]"’ca] %a] c(a]cal cha

] ca] c*a] ca]2%] ca] c8a] ca] ca] ca] ca] ca] cal] ca] cal] ca] ca] ca ¥BARFHuation 47

.3/ 38DHI Q' M ,zuoj e [V]] ca}cda]l ¢a] calcal gl a] cajca cal- ad)cﬂ_ga}ci‘a] ca] ca] caV]

ca) ca)] c”a] ca] ca] ca] ca] c&a] ca] ca] cal ca ca]"éa] c(alcalcal JK A .

: >Bk@3uV5} xsni d_ZU] ] ca] ca}”é@é]ecé’]lé‘é*]e@a]:cé]léaﬁc&’é?c‘é‘fE}‘éf‘ﬁg] ¥BfBafea] t%a] ca
] ca] ca] ca] c&a] cal ¢akga] ga],caleprleahedsl)] céarlppdles ajic ald’o>Bk(EBu\oG Xsng d_ZU
ca) ca] c&a] ca] cal.ca calc al c”a] cal] ca] ca] cal.ch al cal cal c ajc
4] o] el ca] o( b] £B] Gafiaal CEFc SEREEE O itvg (o ToreE (oL TA0% ()

- &&10%6E ()301096K,( ) abbol0%G8' €p- EhewX6l3Wvinu33& () -
“110%0& ()-"17110%=& ()-"!110%=& ()-"! Equation 48

~

8., = A + BeC when &,, = -1
Equation 49

4., = A + BeD when &, , = +1
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where "e" represents a logical AND operation

and "+" represents a logical OR operation.

When attempting to detect a data value at an
even time interval, the 3D/4D SSD determines the
5 location of a four-dimensional sample vector in a four-
coordinate signal space. As noted above, the four-
dimensional sample vector used during four-dimensional
detection is based on the combination of vy, Vi1, Yieas
and yy.,, which are described by equations 30 - 33 above.
10 During four-dimensional detection, the location of this
four-dimensional sample vector is determined in a four-

coordinate space defined by the following four axes:

Equation S50

Ye = & + £, ac; + £ awn + £y 3,
15 Equation 51
Y = &y + £oag, + £ ag,
Equation 52
V' 'h2 = &, + B2,
20 Egquation 53
Y ks = B
In this four-coordinate signal space, ths
location of the four-dimensional sample vector 1is
25 compared to the location of a boundary plane that

separates two symbols corresponding to paths 2A and 5B

cf FIG. 7-2.
In the four-coordinate signal space (y’''',_;,
V' 2 ¥'k1r Yx) ©f the 3D/4D SSD, samples 2A and 5B are
30 located at (1, -1 + £,, 1 - £, + £,, 1 + £, - £, + £;) and
(-, v - %, -1 =+ £ - £, -1 - £, + £, - £;),
respectively. Of the four coordinates, coordinates
v''’'v.; and vy, contribute the most to the distance

between samples 2A and 5B. Using the projection
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"10%/AhVh& ()--!'. "10% h h& ()--11. '10%heR&-()--1@ '10%h& ()--!@

'10% & ()--UL0% h& ()-& () ***+wi [MLI 6. ' 10%hV 10°h"h 10°h"h 10 h h! @.

'10% h* h& () --! echniques described above, the plane P between 2A and

5B is described by the following:
Equation 5¢
(Y’ "% - L)% & (ye - (1L + £, - £, + £))7
5 = (y'""'wsy + L)% + (y, - (-1 - £, + £, - £5))°2
This equation simplifies to:
Equation 55
Y' ' 'k v (L o+ £, - £, + £5) v =0
Substituting for vy’’’,; using equation 39
10 above, equation 55 becomes: -
Equation 56
Yies + (L+ £ - £+ £3) vy - £, & -y & - £ &= 0
Using the notation developed above, locaticen
identifier P is then defined as:
15 Equation 57

P: sgniy,, + (1 + £, - £, + £}y, + AP)

where AP is deZined by:

Equation 58
20 AP = -f, &,., - £, &, - £, &

Since the two symbols 2A and 5B correspond to
error events of the form +/- (2, -2, 2, 2), the distance
between the two symbols should be considerably greatexr
than the minimum Euclidean distance for the code.

25 Therefore, equation 57 can be further simplified without
a significant impact on the detector performance,
resulting in:

Equation 59

P: sgniy,.; + Yy + AP)

30 In the four-dimensional detection, location
identifiers A, B, C, and D of equations 40-43 that were
used in the three-dimensional detection continue to be

valid. Using these location identifiers and location
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s$10%44& ()-@'\U@ s$10%& ()-@! ~@ s$10%>& ()-@!'N'@ Equation 60
dc.; = A + BeC + BeDeP
5 Where "e" represents a logical AND operation,

"+" represents a logical OR operation, and A, B, C, D,
and P include the mapping of 0 for -1 where necessary.
Note that none of the location identifiers
— depend aTmiother location identifier. In other words,
10 each can be determined without reference to another
location identifier. Also note that the format of the
four-dimensional logic statement of Equation 60 does not
depend on the value of a location identifier.
In one embodiment of the present invention,
15 the 3D/4D SSD is implemented using a full-rate detector
400 of FIG. 8. Detector 400 includes delay operators
402, 404, and 406, multiplier 408, summing circuits 410,
412, 414, 416, and 418, slicexrs 420, 422, 424, 426, and
428, BAND circuits 452, 454, and 456, OR circuits 458 and
20 460, and muliplsaxers 462 and 464.
Delay operators 402, 404, and 405 are
connected together in series and provide cutputs 403
405, and 407, respectively. Delay operator 402 receives
y. at its input, so the series of delay operators 402,
25 404, and 406 provide VYy.i+ Yx.2» and vy,, at their
respective outputs 403, 405, and 407.
Multiplier 408 receives f, and vy,., at 1its
inputs and produces the product of those two values at
its output, which is connected to summing circuilts 416
30 and 418.
In addition to <xreceiving the output of
multiplier 408, summing circuit 418 also receives vy, .,
and AA. Summing circuit 418 adds its inputs together to

produce an output that is provided to slicer 428, which
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426 and 428,

circuit 410 and slicer 420 perform the functions or

manner to slicers Together, summing

equation 42. Summing circuit 412 subtracts y,, from vy, ,
plus AD to produce an cutput that is provided tc slicexr
422, which operates in a manney similar to slicers 426
and 428.

perform the functions of eguation 43.

Together, summing circuit 412 and slicex 422

414

Summing circuit 414 receives Y., Y., and AP,

and provides their sum to sliicer 424,
426.

which operates in

a mannex similar to slicer Together, summing

circuit 414 and slicer 424 perform the functions of
equaticn 59.

The detection of data values during odd bit

times is determined by AND circuit 452, OR cixcuit 458,

30 and multiplexer 462, which together implement the logic

of Egquations 48 and 49.

the of

identifier C, or the output of slicer 422,

Multiplexer 462 passes either

output slicer 420, representing lccation

representing

~

location identifier D, based on the wvalue of &

k-4
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#110%& () - passed and when &, , is 1 the output of slicer 422 ie
passed.

The output of multiplexer 462 is provided to

5 AND circuit 452 along with the output of slicer 426,
representing location identifier B. AND circuit 452
performs a logical AND operation on these input values
and provides an output to OR circuit 458, which also

— receives the output of slicer 428, representing location

10 identi%ier A. OR circuit 458 performs a logical OR
operation on 1its two input values and provides its
output to multiplexer 464, which passes the output value
if the current value being detected is at a time
interval that does not permit tribits.

15 AND circuits 454 and 456, OR circuit 460 and
multiplexer 464 provide the derection 1logic needed
during time 1intervals when tribits are allowed.
Specifically, these components implement the funcrtion of
Equation 60.

20 AND circuit 454 receives the output of slicers
422, 424, and 426, representing location identifiers D,
P, and B, respectively and provides a logical AND output
based on those inputs. AND circuit 456 receives the
output of slicers 420 and 426, representing location

25 identifiers C and D, respectively, and provides a logic
AND output based on those inputs. The outputs of AND
circuits 454 and 456 are received by OR circuit 460
along with the output from slicer 428, representing
location identifiexr A. OR circuit 460 performs a

30 logical OR operation on its inputs to produce an output
that is passed by multiplexer 464 as the detected value
if tribits are allowed.

In another embodiment of the 3D/4D SSD, the

detector is implemented as a half-rate detector, capable
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"3"10%N A& ()- Detector 498. has two inputs 500 and 502 that
5 receive y, and y,., respectively. Two delay circuits 504
and 506 delay the signals on inputs 500 and 502 for two
time periods resulting in y,., and yx., on lines 508 and

510, respectively.
— Lines 508 and 510 are connected to even-time
10 period circuit 512, which includes muttiplier 540,
summing circuits 514, 516, 518, 520, and 522, slicers
524, 526, 528, 530, and 532, AND circuits 534 and 536,
and OR circuit 538. Even-time period circuit 512
operates in a manner similar to the portions of detector
15 400 of FIG. 8 associated with the detection of even time
period data values. Thus, AND circuits 534 and 536 and

OR circuit 538 perxform the same logical operaticn as AND

circuits 454 and 456, and OR circuit 460 of detector
400. The output of ewven-time period circult 512 1is
20 detected value §,.

Detector 498 of FIG. 9 alsc includes two odd-
time period circuits 550 and 552, which perform the
functions of Equations ¢9 and 48, respectivaly.
Specifically, odd-time period circuit 550 includes

25 summing circuits 554, 556, and 558, slicers 560, 562,
and 564, AND circuit 566, and OR circuit 568 while odd-
time period circuit 552 includes summing circuits 570,
572, and 574, slicers 576, 578, and 580, AND circuit
582, and OR circuit 584,

30 Summing circuits 570, 572, 554%, and 556 add
Y.., to the product of y,, and £, produced by multiplier
590 and to B8A,, A&By,ARA,, and AB,, respectively. Summing
circuits 574 and 558 subtract y, from the sum of y,, and

AC, and AD,, respectively. 8R,, AB,, and AC, are equal
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vUu4l10 | 109R& ()witEﬁ&QW@@Q@?lY;OSO AAI, ABI, and AD, are equal to the
value of equations 44, 45, and 47, respectively, with
d,., equal to 1.

5 The output of summing circuits 570, 572, 574,

554, 556, and 558 are provided to slicers 576, 578, 580,
560, 562 and 564, respectively. Each of the slicers
produces a +1 if the value at theilr respective input is
0 or greater, and 0 1f the value at their respective

10 input is less than 0.

The output of slicers 578 and 580 are provided
to AND circuit 582, which performs a 1logical AND
function on the two inputs. The output of AND cirxcuit
582 is provided to OR circuit 584 along with the output

15 of slicer 576. Or circuit 584 performs a logical OR
operation on the two inputs to produce a possible
detection output corresponding to equation 48,

The ocutput of slicers 562 and 564 are provided
to AND circuit 566, which performs a logical AND

20 function on the two inputs. The output of AND circuit
566 is provided to OR circuit 568 along with the output
of slicer 560. Or circuit 568 performs a logical OR
operation on the two inputs to produce a possible
detection output corresponding to equation 49.

25 Thus, odd-time period circuits 552 and 550
assume that &,., is equal to 0 and 1, respectively, and
calculate a possible detected value based on that
assumption. This assumption is necessary in detector
498 because &,., is being calculated before &, , has been

30 determined. Once §,, has been determined by even-time
period circuit 512, the value of §,, is used to select
the &, value that was calculated using the correct
assumption for §,,. This selection is performed by

multiplexer 592, which passes the &, ; value from odd-
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time period circuit 552 when &, , is 0 and passes the §,,
value from odd-time period circuit 550 when &,, is 1.

Thus, it can be seen that the present

invention implements a signal space detector for MTR-

5 coded channels. Since no constraint is enforced on the

channel response, the detectors can be used over a wide

usex density range. Also, signal space detector is

implemented in accordance with the present invention

— with an MTR=2 constraint as well as time-variant MTR

10 codes. With the MTR=2 code, the detector proviaés a

significant gain over the 3D-110 detector at lower user

densities. The performance is further improved with a

time wvariant MTR code of higher rate, especially at

higher densities.
15 The present invention provides a detector 400
in a disc drive 110 that includes a first detector

porticn 462, 452, 458 configured to determine the

locaticn of a sample vector, VYi.ss Ye.sr VYe.:, in a first
signal space ¥'’'',.5, ¥ '4.2r ¥Y'x.i- The detector 400 also
20 includes a second detector portion 454, 456, 460, 464

configured to determine the location of a second sample
vector Yi.i, Yr-2: Ykir Yk, 1N @ second signal space y’ ' ', .
3, V' %2 ¥Y'kers Yx- The determination is made using a
logic statement, equation 60, to combine a plurality of
25 location indicators A, B, C, D and P. Bach location
indicator precvides a location, 0 or 1, of the second
sample vector relative to a respective boundary surface,
A, B, C, D, or P. The logic statement and the location
identifiers are independent of the wvalues of other

30 location identifiers.
The present invention is also implemented as
a method. The method includes determining at least two
location identifiers A, B, C, and D that indicate the

location of a sample vector a location of a sample
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60 1is independent of the wvalues of the additional

location identifiers.

15 The present invention can also be implemented
as a signal space dete~-or configured to perform the
above-mentionsd steps.

It is to Dbe understood that even though
numerous characteristics and advantages of wvarious

20 embodiments of the present invention have been set forth
in the foregoing description, together with detzails of

the structure and function of various embodiments of the
invention, this disclosure 1is illustrative only, arnd
changes may be made in detail, especially in matters of

25 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 elements may vary depending on the particular

30 partial response target and MTR code while maintaining
substantially the same functionality without departing
from the scope and spirit of the present invention.

It 1is to be wunderstood that even though

numerous characteristics and advantages of various
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in the foregoing description, together with details of
the structure and function of various embodiments of the
invention, this disclosure is illustrative only, ana
S changes may be made in detail, especially in matters of
structure and arrangement of parts within the principles
of the present invention to the full extent indicated by
the broad general meaning of the terms in which the
appended claims are expressed. For example, the
10 particular elements may vary depending on the particular
application for the detection system while maintaining
substantially the same functionality without departing
from the scope and spirit of the present invention. In
addition, although the preferred embodiment described
15 herein is directed to a signal space detector for a disc
drive system, it will be appreciated bv those skilled in
the art that the teachings of the present invention can
be applied to other systems, like tape drive, optical
drive, or magneto-optical drive systems, without
26 departing from the scope and spirit of the present

invention.
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A detector in a disc drive for detecting data

values by using sample vectors that are formed from

respective pluralities of temporally separated data
samples, the detector comprising:

a first detector portion configured to detect

a first data wvalue by determining the

location of a first sample vector in a

— first signal space; and N

a second detector portion configured to

detect a second data value by

determining the location of a second

sample vector in a second signal space,

the determination made by using a logic

statement to combins a plurality of

location indicators, each location

indicator providing a location of the

second sample vector ralative to a

respective boundary surface, the logic

statement and the values of location

indicators being independent of the

values of other location indicators.

2. The detector of claim 1 wherein ths first
signal space has (N-1) coordinates and the second signal

space has N coordinates.

3. The detector of claim 1 wherein the data
samples are based on input values that were encoded
using a time-varying maximum transition run constraint
that varies between a first constraint and a second

constraint over a plurality of time intervals.
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4. The detector of claim 3 wherein the first
detector portion detects data values corresponding to
input values that were encoded under the first
constraint and the second detector portion detects data
values corresponding to input values that were encoded

under the second constraint.

5. The detector of claim 1 wherein the first
detector portion determines the location of the first
sample vector by wusing a plurality of location
indicators, each location indicator providing a location
of the first sample vector relative to a respective

boundary surface.

6. The detector of claim 5 wherein at least one
boundary surface is used by both the first detector

portion and the second detector portion.

7. The dstector of claim 6 wherein all of the
boundary surifaces used by the first detector portion arxe
used by the second detector portion and wherein the
second detector portion uses an additional boundary

surface.

8. The detector of c¢laim 7 wherein the location
indicator associated with the additional boundary is
determined in part based on a coordinate in the second
signal space that is not present in the first signal

space.

9. The detector of claim 1 wherein the location
indicators are one of a first value and a second value,
the first value indicating that the sample vector is on

a first side of the respective boundary surface and the
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second value indicating that the sample vector is on a

second side of the respective boundary surface.

10. A method of detecting data values based on a
sampled read signal read from a disc in a disc drive,
the sampled read signal including data samples provided
in a plurality of time intervals, the method comprising
steps of:

(a) determining at 1least two location
identifiers, each location identifier
indicating the 1location o©f a sample
vector relative to respective boundary
surfaces in a first signal space;

(b) determining a first data value based on
the location identifiers;

(c}) determining at least two additional
location identifiers, each additional
lccation identifier indicating the
location of a second sample vector
relative to respective boundary surfaces
in a second signal space; and

(d) determining a second data wvalue by
combining the additional location
identifiers using a decision eqguation,
the format of the decision equation
being independent of the wvalue or the

additional location identifiers.

11. The method of claim 10 wherein the values of
each of the additional location identifiers are

independent of each other.
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13. The method of claim 12 wherein the sample
vector comprises three temporally separated data samples
and the second sample vector comprises four temporally

separated data samples.

14. The method of c¢laim 13 wherein the four
coordinates of the second signal space comprise (a, +
fiap, + £y, + £33c,), (g + £i3, + Eaa,), (B + fiaws),
and (a,.,) where a, is the kth input value and £,, f,, and

f, are proportionality constants.

15. The method of claim 14 wherein the three
coordinates of the first signal space comprise (a,, +

fiae., + £a,.5), (ay, + fia,,), and (a.;)

16. The method of claim 15 wherein the second
sample vector comprises four samples comprising
respectively (a, + f,a,., + £,a,, + £33,3), (&, + f1a., +
£ra,., + £38,.), (2, + fac, + £8 + fa0), and (ag; +

£i8,. + 28¢5 + £38,.6) -

17. The method of claim 10 wherein there are five

boundary surfaces in the second signal space.

18. The method of claim 10 wherein the read signal
is based on input values that have been encoded using a
time-varying maximum transition run constraint that
varies between a first constraint and a second
constraint periodically over a plurality of time

intervals.
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19. The method of claim 10 wherein steps (a) and

(c) occur at the same time.

20. A detector for detecting data read from a disc
in a disc drive and provided as a sampled read signal
including data samples in a plurality of time intexvals,
comprising:
a receiver configured to receive the data
samples; and __
detection means, coupled to the receiver, for
detecting the data encoded according to
a code having a time-varying maximum

transition run constraint.



