;edept**+d-d . 061Tplk -1 7 AUG 2002 FULL AND HALF- RATE SI GNAL SPACEN
DETECT | ON FOR WM@\\MW“\ Tl ME- VARYI NG MTR FI ELD OF THE | NVEN®~ AU&B ZDUL
present inventio disc drives. 5 Mire particularly, the present
invention relates to gy a detector in a disc drive wherein the data
detector detects data encoded according to a code having tinme varying
constraints. BACKGROUND OF THE I NVENTI ON 10 A typical disc drive includes
one or nore discs nounted for rotation on a hub or spindle. A typical disc
drive also includes a transducer support€d by a hydrodynam c air bearing
which flies above each disc. The transducer and the hydrodynamic air
bearing 15 ar eFébl:| 2WP| ALY -RALEr SEGNRE SPASEJREFERTION KOF iCHANIELS ol | er
is conventionally used for conrjfsdla nsrdderaseneime based on commands
received froma host system The drive controller controls the disc dri -~e
to retrieve information from t EEEGRQE ZRE LNVENLIONSG i nf or mati on on the
di scs. In one conventi onahedpﬁésdhtvenv@ﬂtﬁd:ﬁ%émmélam CHls actriatedy.

t t hi f I d-| T t uat
moves. the St FIRERISFRGT ARG EaTe: HHife RRE L PR 77t FALRCEE SoeR
oper ations anddavthddetéetoraisdacdisdideiotd whewerin theadlaten dete aficsc
surface for ”&ﬁgeé%' Q-39 efrpé‘éace Oc;oaﬁcokai&g%' an éédéyﬂh% yt-ﬁ red in

concentric tr on the sur e discs by providing a
signal to the VRAr¥iRgaBORSLRALRES-nf or mati on on the surface of the dISC

representing the data to be m@{@@buﬁm anetTHga\q_m__@mmca\:fromthe di sc, the
drive controller cont roI the ﬁCt romec ni cal . uator so that the data

head f11 650 above the di s GiES Aok Js Shufes’ ohe |S¥,meges 2002
-2 based on i nfibsont in@mrsie@i eflopn tawtdicsc. oThe rm&d srgrdiridld .ypi @al |y

condi ti oned anﬁ%}% dgfggggrg,gﬁtgfséj V&ngé%r oI I con c{ec% &)lotlh%ddata A

typical read c i NC e da 1 onin 0gic (such
as preanplificayien h}/idrmﬂ}trr%mmdairl beairnggcmm@ih r@@le%l dhrxedersdt or and

recovery circugfgcandrger Ekaﬁgh‘ﬁ@e&oQn@”@h@%ﬂr@%ﬂ?ﬂaﬁﬂﬂ:c Biit" YealRg g €ad
channel is typically_inplenmented in a drive contro | er associated wth the

disc drive® 103Ff dPsiegrivedy imeferrefpdid &% & Rt nBedfr or Ar §Ké Veer

nunber of bitscoreootedr(tike dbjﬁveﬁ{tl’l(ﬂnd’lallﬁ)usbﬁi rTﬁcbflt abnedoatiiagr ehati vel y
low level. In order 0. |rrpro er#mt error_ra g%r ormance in dis dr|ves
d

or in order tootREr 6HsE’ S hEASGeal™r SCOTRNG dERSTEY Sth aF Sl 15 §PfVes,
maxi mum | i kel | fpsteseqldne almate condmrolMeSDronerhbdstlae ed desideidie 8ach

methods can be Lppi gpENt 2d:Ushagibhe vebh kaann Il bio i 9Qd { it Ronever

a direct inplenentatio is very costly. For exanple, the
channel r®%ponsefarrekirdr qar §n20fEceering is typically quite long, and

may contain ten or nore tcgrrrsonfghusco@v}{ht;ebiahldet geker watliger equizhed
210-1 sates racti ref or ot her te(éhnl gues

have been |nve§¥?§ﬁf8ﬂegﬁf"8hcﬁ nc?‘%{%’ar%g%u éDecr SxT1Y et 2sPEPR A Svi de
resul ts whi ch 26edpprhachlohedelobpdsered dSimet Mids actuator moves

the data head radially over the disc surxrface for track
25 seek operations and holds the transducer directly over
~a track on the disc surface for track following

. 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

KRR
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One such rechnique is to apply the Viterbi algorithmto a reduced
terns by cancelling sone of the terns with feedback. For exanpl e-"bhvnRUGcﬂ]02

cancelling all but two ternms (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 technique is to choose
a channel response target which is not a perfectly whitened 7 AUG 2002
target, but which has a fewer nunber of terns. In such systens, partial
response (PR) targets have been devel oped. Anpong those targets is one
referred to as enhanced extended partial “Fesponse maxi mum |'i kel i hood 5

(E2PRML.) target . hi gh recordinhg densities, it has been observed that
for certain hi é%‘?stfﬁje?npdﬂ 'Oé?marte‘sogbn?éo’éﬁ niv& stlfesugﬁsﬁs thEgEZW‘ﬁ
channel, the donigmit ier tgpiewditys conidd tdohkdr andet beh vsrodad bhypikie
sequences) encoyn i i £ ch 10 partial response
targets are ger?%?"al %ﬁx{{leld%)% %%Zwédzt)vﬂe giua?%'errors are typically
caused when a tribit is dhittvpd¢alyrond champel tinsdudes wherdataumibit is
m staken asg a Cﬂxtééorﬁfiﬂ’ioi'ﬁiﬂﬁfrsqog-ﬁf&e present iayentdQnaddressas; dhese
and 15 ot her proplens, and offers qther advant ag;es over the prior art.
SUMVARY OF THE 93NGENHTON 3RS diiderding RARCELLEEY) of 2 (YR e Gy bei ng
i nvestigated. Stdowvadescinelitde andrérmor 28eteansoni andr WodMR)isode
whi ch has been proposed as f_renmowin om. n error events in
Vaxi rum Li kel | KOOt Sichenc 8 0g et a8 7 N Sy g@%?é}qiﬁeﬁ%@ e d; 4

hi gher - order par tdmivaespunsel bfraraes oo aled ast ténitdrec et sexidegrided parti al
response maxi mum |ikelihogd 2% E%E?MS), 1 MR Gadestaat tRat r@ﬂeeae%er%llt]ﬁg

m ni mum Eucl i dean di stance between data sanples in a_magnetic recor
channel . For ex&ahst ®STaRUMIPRE2CEEE $iTRTX Gtk (the BitconseEwatR) be

transitions in ddwneire CHEr ent rkDat We1y N 13 eBSRITE, am MbRadrcadse
renoves all patterns ofh.encoded data cont ai ni ng t wo_consecutive

nmore.t ha
transitions. i) SPRETMRES ROHOHIU T dib0es CaiT - Pat t erhet hihi ch
cause a dom nanrirdsy dro eventedr SO detaactmrcom@iiny glensdayr dimglidsnsi ti es
and hi gher, ord P ha ! : . 2 -4 Usj onst.raints,
one det ectlo5(r) hg%r]b\e%egn' d@ggbg“ﬁ‘é‘q 1\/%8(7}#%}%50% e%%ﬁ%%cef ohgge%/ggog[}@w&et ect or
whose perf or mameathagdsompar @ ered- a PrgBdmgehagst caa Headdp hinentgati si on

feedback of deptdy 2y (FRISLAG2) kndtn SvRLabrsyaQlordemsi ti efowdhedetect or

is constructed by considering vectors of three receiyed sanples in a three
di mensi onal sp&teecthridd s YsTh®dr pBsMErB %%T%%‘%!a“t%d’edn%d Sasiised to
di vide the signadr spacempé p twher eghansel eaghspbnwbi chfeetr esuanthid a
deci si on %o 10 +.’IjI or i'nl fosr hei bif current I yonbei régldorm%cescso%%ai‘l;)h 3nD110
detector also iﬁ% (edh Yorwdidd |]I\11 er i clh FEMVEs precursorin eersynbol
interference (18 )maxy neewwsl f dPloes, the/ thworpostetantsor Woslld erawmiine be 1

and 0, respectiyehyq,Wher eyhNenCUL SOhpl-Sc@l SO NPTdmId1Z8d t @rbrelinA
feedback filter is inplemented which Fenoves all but the two post. cursor

he t
ISl terms . Thet'eteh et HaWe® ef7YF BRBPadBVEERiERFBAgHPLAE &E0ECLR, the
equi val ent di scredecd | mriannaly pylete sesponsgreaidde wendied amiZl). Such

a constraigy or, the hannsl, rEpRANSE] SntsethA%ddy STl fy the detector
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 technique is to choose a channel

response target which is not a perfectly whitened



Whi | e*the magnetic channel natural response is close to the 110 target aé
high recording densities, it deviates significantly fromthe 11 MB 002
| ower recording densities. Thus, constraining the pulse 25 response to this
particular 110 target results in performance degradati on conpared to the
FDTS/ DF(2), specifically at | ower recording densities. Even at high
densities, the inplenentation of practical elenents in the detector can

al so cause -devi ation of the channel 30 response fromthe 110 target. For
exanpl e, the use of constrained length finjite inpul se response (FIR)

filters can cause such deviation. Thus, while the 3D 110 channel provides

significant adveptgees b PR e Fodfed nSidRl St ¥erms 7 &'A G002 |
-5 over other detectors (such, the nore cogplicat ed FTDS/EF %}@&%
detector) it doB¥StYRtai rPRREIAhOoVESTRIRTFE bRl satREAEheseTRe nt
invention is dlaiee@ébdpé@ a Aymshgrrthoslaattaa@@tss&es drfes:eeﬂ@ﬂreaheb as

pr obl ens, and of he t A detector of the n tion
is provided to ¢ ri‘fe%a %tva %gs %'rt%ﬁla% gre(fﬁonse )fl“tnll"l |s t%alrl?p ed(; to
provi de tenpor alm@&@ﬁarmmwat aAtahphbés recmdArﬁgl rdﬁnszhelm or 1poﬂ1ta!son is
configured to dglef mMdiesd:Afd 0¢akionsgL acéfgéinsqmyrﬁ ‘6?51%?:; r%@[ne ﬁJqfst

signal space. A second detector port| on is confi

| ocation of a sERFPARSANHENRSIor (PRch &&core s%gﬁ%ml’!;péd’@nﬂ% s&dsnd

detector porti oabmﬂﬁaﬂet@ff@ﬁ@réﬂt% | @t idaf fRy euskenBedwkedi ¢ wet alh@arnt to
conbine a pluralit ndlc tor

catl on _i ndi at or ocation
provi des t he Io%?ﬂ‘l\’/% C%? tﬁélceélé‘&ﬁae %‘ ‘gaﬂf%?t?ﬁ?atuls t‘615 r 8858kt i ve
boundary suefaceartTak fesmnséethergegscasds agenendlly ohdependemtn of/-t he 20

val ues of the | pgatiox,indi r i IS
i ndependent of al1 %t %) I ogg{:ﬁo% |lJ | ca?%%s%%ﬁ%%‘éa&ség%%’%PWWThE
DRAW NGS FI G 1trsbattbfp yikbred hy dinge serple Wik .i PF FhedppeAuadsiing

renmoved and enbodyhnge frahULESa0fibhE or PYESENFtGyention. FI G 2is a high
I evel block diagramof the disc drive shown in FIG. 2 FIG is a

schematic diagramill ust r?ﬂl?n@%%%@;ﬁ@?%l%arﬁf@r%ﬁ?%%ﬁcﬁsﬁ ed"eadi ng
circuitry 19 bettieeri brudlieake neicatsdiettsedther erbvaht@ge A-dvand tée?
illustrate synbol c():onstgl | ations corresponding to a detector in accordance
wi th one aspect ]6% the" pf esent |nvent| on. - 7 AUG 2002 -6 FIGS. 5-1 and
5-2 show waveforns illustrati ' E WEREQNT or MLSD of hi gh

densities. FIG 6 is a b'ﬁ%eﬁé@%éﬂ}'ﬁéysﬂﬁé anF ac@&é@%?é %EEEh‘tﬁ%ft ure
of a detector |n accordance with 5 one asgect of present invention.

FIGS. 7-1 and 7°2iRg| Lﬂéi‘fea?tel%atlﬁFDS/ DFS¥FRe Q%%Gt(}“iqq‘“@ﬁré’teméﬁféfﬂé‘ﬁ on of
a detectorzpn agegndancenWwth OMERASPES: Whidhenps asent pA¥LBERANas a

way of removing dominant error events in Maximum

Likelihood Sequence detectors (MLSD) at high densities

or in higher-order partial response channels such as

enhanced extended partial response maximum likelihood

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

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.



FIG 8 is a block diagram showing the - 10 architecture of an enbooﬂzemfzooz
a 3D/ 4D si gnal space detector of the present invention. FIG 9 is a bl

di agram showi ng the architecture of one enbodinment of a half-rate 3D/ 4D
signal space detector of the present invention. 15 DETAI LED DESCRI PTI ON OF
THE PREFERRED EMBODI MENTS Referring to FIG 1, a rotary disc drive system
suitable for incorporating the teachings of the present invention is shown
in diagranmatic formand is referred to generally at 110. A plurality of 20
information storage discs 112 are journal ed about a spindle notor assenbly
114 within a housing 116. Each disc 112 ha$-a nultiplicity of concentric
circular recording tracks, _indicated schematical Ig at ./118 for recording

i nformati on. Each track 118¥¥ iSRRG 25T Rt °B° pferaFFey gf"ssé@?& s,

i ndi cat ed schenalavedldpedatwiiPéh Dat aefamrkbd stooraed e BD+E10i deedckoam t he
discs 112 by ref Ci frPfx? et n ctay 0 a tor
arm assenbl y 122&[0?% o‘%%‘t’g% y [rét:)%n?%dggﬁéﬁgr;%%%yqiozedon%)%éocfn%?f% E_%g%
housi ng 116. Theerdrwastodesimiansbapihackrot fentds 2a (BPESLPFt(2)df afead
gi nbal asserpl i esigk?4 1 Rk 0 dY. @ Bhé dgscdeBoPavs NGoAst eadE vl e
head, or transducer 126, for readin mLor mation, fromand witing

i nformati on ont F¥HE rs‘ﬁbgi’ff.toﬁs\/gifc‘é LRI THOELY Y AR &R A0t Agthyee
precisely - 7 Al iGhal ot epecd he actihateer arlmrasseridynd2?idackaasd
forth such that the transducers 126 nove acr.oss the discs_ 112 algn rc
130. Control_ci rccatr}icturlya%leig acnoc{ntarrc?l élst%%e%ﬁos%ltvil?ﬁ Sget ﬁ%%fﬁaéng %E%rgn%% and
processes i nfor md orediene, Fagh tarwhidchrcorcesnedd f fon disession. of| G .
2 shows a high |evel, bhogk di agram ofythe, Coptylngigreiidded32 ok gbsc
drive system 110. A microcontroller 134 directly inplenents_all of_the
primary functionst®f deh&<Edc aLFve Eyctedes10? ACryardadfwmited sHpp6bt and
interface contrﬁen@«e@i;ﬁredm@atﬁ%@e@ﬁﬁlﬁéiyizateﬂfi@reza@]d Ehg (0] OEeaﬁ\a
actuator controlle 38 are .connected to the m.crocontroller 134

general purpose ad“é{aﬁorfc?cﬁ:t&se, Y00 PO FE S5Fs I%szogeémrsc%?t L’?Bg ?ﬂ&ggner al
provi des a har dwarspdattierd lace wie drettbee tudsdiisc adsoveosysieredil@oand a
host conput syst 0 Vi I cat o]

circuit ZSbﬁrn é‘%n%ga%ghp‘}r}%\s/%&g\é@%nlS?nfme‘??%qg&ew%%?mvé@gé?E%émn%?%? g\ﬁﬁg ggfuator
control | er 138 dmte &viceRE@AS¥r Fresernahfel tayms - THhared@rari Wé teharnerrea4
receives a 20 signaladdomPreanpbhidher ti43 Witdbedrd) t WHh re§eiv8seat
signal fromtransducers 126. R ad/wrjtte channel 144 acts as an mtgrface
bet ween the ni crOcHMT 1S FRAME T HRUE FANEUTRLTES 128" NVerIFPREs 138, The
read/ wite channelo |l 44ualis@ poagicded nsi gralksieoebanheher@sgbnte theu2ddnot or
and act uat cont ral. Z38. ~ 138,18 vided as an interface

bet ween thcegon‘i cp'%)C(E:oénltrr&r%(')lllefér8 tl%@a%]%étﬁ%' no %?éalgéghbl y 114 over |ines 148,
and an interface between t'Hellf ¢hecBABREELEr cl1BANgh@ A 2de FGRPEN S&r AT

assenbly 122 ovesidddes 1k 130 EhGged ¢ AisehenBbigidhageantof<a, magnetic
channel Z60 and [ead channel bl ocks igz Qnd i's pravi ded for purposes of

better understarffififtHe POPBLFOA2N5EY HerdM ntlehdrifel T3885Cad s RGN,
i ncl udes the recoschmyimedidemsisuels .as dilses 112 and taianisgucehe 126lse - ~

Sarpl of 188 forABHIETY ¢ 6 268 Sadde CT ot et eat of F 75 tand CPUAdSacK™
filter 174. Readetfammmednds odegrigatdion genmpakkyd itml ehent BATEADFéAd/ Wit e

5 channel 144 shown i &Gy at IB@eirnPHEo%aﬁn%ngﬁgﬂ@ié& chianeb180ghs
preferably a sequence of data bits, the data bit far a current tinme period

k is represent ed®ys HkieThet Rt @R RRbER Bf RTRGEhF ot e LBFSERCHBed,

in accordance Wi tie operaspeet cah tdiesPpresest deveation, ok0 @iecocHhAgello a

code whi ch §|forces an MIR=2 Kﬁ%e f? straint, algd t he nt?ifé a{;_ﬁeprts)vi dgd in

a non-returft o- ZeT P T hver 5&°T )" tor Mt9Fh- whi?h &R’ Ts repregentdd by

a transition andcangerained rleprdefited thyinpnbae treamindeod FIRG Phéhetise

data bits are re f h i nnel, they are provided as a
%_ééﬁﬂ%é §ug§a9<ﬁ‘§\90 1 & €8

r eadback si gnal e rea signal "Z78 is typically corrupted by
noi se 180 which is represefies, bywhils behag 3BddH0t och@@nebadBaeN18Egnal

178 by adder 164g;df;sheshe Doyt Lbs in performance and/or simplicity



20 that noise n(t) and adder 164 are shown as only representati ons-af AlﬂB 2002
noi se whi ch corrupts readback signal 178 and are thus not part of the
Actual hardware i npl enentation. In any case, the noise n(t) is present and
corrupts readback signal 178 to formcorrupted read 25 signal 182. .
Corrupted read signal 1s2 is provided to front filter 156. Front filter 156
is, by way of exanple, inplenented as an anal og | owpass filter which
prevents aliasing and filters out high frequency noise and 30 provides a
filtered output 184 to sanpler |86. Samprer 186 sanples filtered output 184
and can be enbodi ed_.as ag¥9nalggito-di ital caonverter. The anpled signal s
produced by S¥FHI ?EHBE S5 S5ERAHed SLE o Siard ' | PSR 18@WPL1igateds AuG
2002 - 9For waFdDSi/DFdR ) 168t pecedel abt ieeperanes ial bhe a@vover-desbribedon W th
other filteri L the noise in the readback signal and provide a
nodi fi ed reagg%géggﬁgﬁgggi88 (al so designated rk) to adder 170_ 5 An
exanpl e of forward fil T&f PE8SPRtainventdonnpgl sérpespense RFSRSLEM ter

whi ch ingl udesag2 Padddes Obnkaps.ak@r wahdf i htep1dHS, r epvessabl s

precur sor |nteb§%nbgl |Qterference (I'SI'} ternms. Post-cursor ISl ternms axe
permtted t o 588dmBWRBFAIGStural val ues, because no ZO constraints are
enforced on the channek cdetkictioent ©.f Datlect gsrdséhtpr avekaist boseqience 190
(al so designa . I t ...Fhe out.pyt. ak i n_est | mat f the

i nput data s %%g’rl@gbag& %%eggt%ul{%a avlérll%esalwslo%plrno% Q%&gt sélggéggtécﬁgﬁ
filter 174 whischanpled ddd royicls dempesdBdok sspgrakediodata samieles?0.
Feedback oS gRak; 192 &Sradded LOrt B6nOUL UL Kobbohotyaagt Libige df8. The

conmbi nation of these signals is provided at the output 194 (al so designated
yk) of adder 1P?BLEENd&d st ok lg6F cRMTRe VRCEGTord efrbddinFeEnt S IR he
present inveephes,. fegdhasiodd!| detektbdd spbptepded d ocbammyarald byt two
post - cur sor ISk tenns.té% qp%%ggr enbodi nent, it is Entend d to renove all
but three poSELEEPLBF PSP &R 10t FeedbSEROPH FEFELENE TS HoVE: af | but
two 25 post-eesrsaod teigsal asmagaelg alThehesprendoudedectstonsobyidhe
deci si opdevj e rr : [ t _dihsgr.et 't\ﬂﬁ:%h?” I
responsgsincpgggi%gﬁgéet%%r%gﬁ%%ﬁﬂggq%gn%?gggag 6%%1%'%Ff§. us,ggt tinme
k, the noiseresbipapur Wwluraloitao ddci doontdevi cendigacanshe whackn as

foll ows EquatbeBtioXkinda¥atol! pakvlaed 2k 12 here ake ithd he-dopgt data
bit at tine k q% 2002 -10 A three-di mensional _si I ace

. ~. ~ A na
det ector (3D83BPLEaR® HECT it ¥ed Dby FEFEECEORS: P THya B F<
const el | at i omhen folmeefdittensianat spactemeAs desdnidepenidergr eaf erhelet ai |
bel ow, ch ctQr |. 5 possibl ol [ d I esent
t he inpép da??qgégu%ﬁgéﬂgg%fﬁ%“i(?gefﬁég%%%§%%gl §ng€£ﬂfﬁ§H%et%§ or then
obt ai ns a sadpréetiest shdiAatornes ubedepondenbuef onkl fatdma Inaatal eny of
i nput sanpl esnishataxg each forned froma plurality of ternms indicative of

i nput data 10 sanples in tﬁg i nput _sanpl e sequence. The sanple vector is
t hen mapped to the sanéﬂﬁﬁieé2§£%%¥%¥gﬁﬁﬂggﬁg@%—?ﬁéﬂﬁﬁgéonsteIIation. The
detector then determ nescuwhichsod tbp poHssi bE ea diisc smbed svitshclwosest in
t he threedi i.gn e_t S | e t i 15 interval.
This i sagnarggﬁﬁg ?éoa,sget r rﬁeﬁllo%%a %ggh %ﬁ%&%ﬁdif%%%ggr%%%ﬁm uécl i dean
di st ance het B@eseaf obyentednand the desired sanple values for a

fixed-del ay detector, sugh 3s jan FOIR4DF) d6LeCHObckOGibQrat |POkahead
partial respaonse channel such as that™ described by 20 Patel Rutl edge and So

i n "Perfor maRd&DITAVEoFPRYE] 8afffe Fook- Ahead 1, 7 M. Detection Channel ")
| EEE Trans. Magn. Vol . r28,. N0oisba RRhefRi3-40kbg ey dmarst d3893and t hat
describ by Yamagaki er'g napleI 3 ("jA 1, 7 .C(?__ded EEPA?élinReagigé%qré%l ItCthh
Anal og NOi se "#fFénsq <hant nd assoclated re e Y
better illustrate notation used herein.
FIGS. 4-1 and 4-2 illustrate symbol
constellations corresponding to a detector in accordance

with one aspect of the present invention.



25 Detector", PROC. of |SSCC, 27997, pp. 316-317. . Each pair of po's'gi IAUG 2002
synbol s which point to different detector decisions should be separated by
& boundary plane. The pl anar boundaries are conbined by logic rules so that
the signal space is partitioned into 30 two regi ons, one corresponding to a
detector decision of +1 and the other corresponding to a detector decision
of -1. Depending on where the sanple vector falls in the three-di nensional
vect or space relative to the boundary plangs, a binary decision is rel eased
by detector 172 as =~ AUG 2002 -z1 the detector output ak. As will also
be described bel ow, the detrgsors-sit awet 'ESV—Q shoW WBbiefEb%%sbil%Emrﬁ%tﬂr%

pl anes which are redundant, and also b i m nat epar at e synbol s i ch
are much furtheEQ?ﬁﬁiﬂﬁ FHERE tREH S %ﬁ%?l8%2&1%Ps$§ﬁ€été§§00|ated
with the code. FIGS. 4-1 HIGA-B iisustrbleca vétigraspdda f«orrat ded eet or

whi ch anal yzes qggggﬂg thr u
sanpl e vector, %I Q% as an 6%2%$J£I§§né§% 0¥H %g?éggéég%fpgtﬁ
FIGS. 4-1 aRd 4026IﬂﬂEﬁQQﬂQﬁsﬁhﬁxﬁrQﬁﬁmﬁeim%@m©h@nof a Lorentzian channm

at synbol density of 2.25.pide, cpnstghfayieons haie raxes ykpfﬁé;@pd%sae@at ed
by nuneral 200) and (al so desi nated gg%nuneral 202)

ThA
constel | ations ﬁ@ng%liﬁuﬁfzégt%oﬂ Ghlovis Iastﬁlqtﬁ(ﬂt&}élél f"ﬁFP’ddé%C@
Y~~k-z (whi ch i s/idlis ordesagpedte bbby Hdeprandet 20d¥ent AshsS Y~~X-z extends
into and out of the plane the paper co GS. 4-1 and _4-2. . As
wi |l be described, sone sﬁﬁ%%]s ar e reﬁ%vgﬁfﬁgkbas%%gﬁﬁmthghﬁwgngongpfhlnt
ard al | of 10he posdiifiertrwrmi of ngnsymbotidmehicciviceulIPf4Epresegnelt hpace
t hr eedi mensi onalde&té%qa@t rhl,y@?log ﬂ%p ped; £ the constellations

i anar bo

illustrated in Fl -1 and 4 undaries are then constructed to
di vi de those synbols 25 i Fthe threes digrenRlional Shageadef FReHiBY t kde
constel | ations. gk iahserwad | 8A \&s‘etOémbgdm@ﬁcrr&moea i tthe-panstel/bat i on
and the detector .provi des a deci sion géeq% wher e, t he observatlon
vect or reS|deS|%+qqﬁ}c§9%ﬁ%l QTP Fhariie EBefﬂ%tp+%ﬁﬁ? bBlindaries. 30
The axes ofist he conEWAELaoloﬂscaaereNioedTmm'ERMFHRREQ EED IMENTSK = ak
*11akl+T z ak. Z FZefAL{)% 200%0- 1}215(.1”8},' on 3r<¥ta1):<y-1dzls@(—ér-{vfe 1
ax_2 Equation 4 5 Y X, Z

system sultable for incorporating the teachings of the

present invention is shown in diagrammatic form and is
referred to generally at 110. A  plurality of
20 information storage discs 112 are Jjournaled about a
spindle motor assembly 114 within a housing 116. Each
disc 112 has a multiplicity of concentric circular
recording tracks, indicated schematically at 118 for
recording information. Each track 118 is subdivided
25 into a plurality of sectors, indicated schematically at
120. Data can be stored on or retrieved from the discs
112 by referencing a specific track 118 and sector 120.
An actuator arm assembly 122 1is rotatably mounted
preferably in one corner of 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



where y' x 1 and y' ' x_z generically denote the detector inputs at tine

k-1 and k-2 mnth t he |ntersynbol interference due to the avallabL gh §D02
decisions (i . a . , the decisions for ax_3 and ax_4 at tinme 10 k)
cancel | ed. The detector nust make a decision on the input bit ax Z (i . a

, the input bit which was received two tine intervals previously) at each
ime k in the detection process because the detector is processing three

put sanples as an observation vector. 15 Table 1
dex(ax_z,ax_z,ax) (Yx~Y" k-nm¥Y" ' x-z)O(+1,4l)+1)(+1+ fl+ fz, +1+

+1)202(+1 +H,-1)(-1+ fl+ fz,+1+ fl,+1)2" (+1,-1, +1)(+1- fl+ fz, -1+

+1) 3(+1, - 1, - Brdre fehe fantukit &4 arh) dscbmblyr 1bb+bick! andiZeddeh such

5

15 1, +1 fl- fz +1- fl 25: 6
?-1%7((1 1, )1")]"34"1]t trjigdicqys ]19718 (af&:olsls é%‘% %é%cﬁlilﬁo%t?%g e
put sequences asdw I8 CoulConlieolepriesaitey nth henbbsésvahe opo3Dt Vet of .

Tabl e 1 include r 7o
correspondi ng tztt elt%g%?\ﬂgeyre?}'n %gposasrg?b?gogeg 5 %ﬁ%m%l II‘lso |nc?udes
t he possi bl & syryol LR | £® ePX oLECRAVEEr dEopf dd vsczs 1&>@ -1 and ax, and -13

al so provides an eval uati oprgf 1%&x¢samgw1e>@—e1 BDEcX' aXagrihi bEenén
terns of the channel response, dllustrate waveforns 206,

208, 210 and 21FSMFEN r bF&EéﬁFYd&ﬁ% 9.#1 g%?ﬁr dnjys SHStESetv8d for M.SD
detectors at hi gﬁndﬂﬁ&zﬁtf@lhﬁﬂ high QTﬁ&l’ctpE}Ftllaipll‘eﬁ&pm’ASEaﬂar geEs tha
FIG 5-1, the error event ener at ed a_tribit wavef rm2

shifted one ti &% n’f‘er%alfuto %ro uc%ga s efffieact rC? Thes 28§S il 5 ZA t he
error eventlds gesmdareiite@heauppquadbiandl0 1M\¢eff@|qa 2];@>ntyqilet eciecuds, a

dibit wave form 2] Ofc¥§C er%rr%ﬁlyj rh@rgga L@ i1 AetEr Suehy dam pant,
error events, the input_dafa is préferab é/gencode according to_an MIR=2

constraint whi ctF?ﬁl"slécP]r%% %?@bﬁ*’f% COpRRCted § ¢y thh W croGs el s§FHbb34 2 or

synbol 5 nust bQD)dlaﬁ@lér@m pilepRd g tpoadihe syal aﬁdoéoﬁis;al sisces d hose
synbol s represent,

nce of bi t Wi
synbol 5 corresp g gggeddbngﬁnSFa ﬁﬁpﬁﬁdé? nBﬁ§6V8Fﬁn(ﬁFer§?é?l
-1? which 206 corbatiweseh htbe disseduive s$ys<insntlbhsanddamiststbhecahput amt ed.
By the sane toke r o) i T,
constell ation sh in ET%?ﬁ%h3W%} V§ %?ﬁggé? éaéﬁ%ﬁ%éﬁﬁgﬁ%gg tﬁgﬁé o,
assuni ng ak_3=- Icinoe et 2534 Hat QW@H Prioy ides ﬁapqa@*@eréa@ﬁéo@w%@@wmu on
shown in FIG 4-doc NidRt | ¥echiBeosonsbelbation shownaina FiGrdudy hascal |
of the possible synbols mapped thereto where ak g +1. Note that synbol 5
has been ellmruﬁQEPHQ%el§fnboI§ (N?%%Q%WEH%% Foapned JL4d xRFeIVesy Are
denoted by x0s asilgias, frespecdanel y£idhel s ndexichynhertusn denotetdel aw
t he synbol narke a 4- S fi
planes A, B, C a oéf)gmh?%ﬁ%a%er%lsﬁi%%r%l §Bge tﬁ%%%&%%‘légstﬂ%ﬂ%eﬁ fﬂ
the constell ati onets as an AuGezd@cel betpieeinathg, nigrogonbre 1?P1a13’&o®rr1d

sliver planes arenslsedandRMRETs @§6vv'ddexbem§§§rub@d I@herclzeéaamlsw@llfy
the detector structure, the nunber of planes is_limted _to three (e

pl anes C and D af@2epfbi ?‘léﬁ PE)SPOPFFPé(lﬁé\ﬁ signals over line 146 to the

25 motor and actuator controller 138. Controller 138 is

t
in
In
fl
fl
fl
fl
in

ed to

provided as an interface between the microcontroller 134
and the motor assembly 114 over lines 148, and an
interface between the wicrocontroller 134 and the
actuator arm assembly 122 over lines 150.

30 FIG. 3 is 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 1s known, includes the

recording medium, such as disc 112 and transducers 126.



5 plane E discussed below). In order to further sinplify the dete

{ Qr
structure, the directions of the planes are also constrai ned. P|-a§e%dj(352002
*orovi ded to separate synbols 0 and 4 (and al so synbols 1 and 5 in FIG

4-1). For an 10 optimal detector, the decision boundaries are planes which
bi sect a Iine which connects the pairs of synbols being separated. However,
for sinplicity, the systemis constrained to |locate the plane not to
separate the two synbols in three-di nensional space, but to separate 15
their projections on a surface. This constraint is inplenented by picking
the two coordinates which contribute nDstBheavin to the distance between
the two synbols. It can be seen that the ~ z coordi u g

ret ai ned si ncerthd thansyhﬁbl@chh|¥ﬁﬂ:Kﬁ?i%é FES &°© |ff5?§ﬁtk &t ons

on the input bgte ak_zafb8egashky , separaiaed Oﬂluhlers agBs .adferhelf@nmmi ni ng
two coordinate Ea

nd “ex tfor | ow s d tie hen¥nnai1l
coor di nat e contietiewtes n9f) % ﬁé‘é/lffe‘?/g%am{ﬁ %g::igt angi;%%et w?ee'na&syﬁbolng1 0 and 4
than the yk cogpdjdiat 916225aiféu&‘gerténea]swrb@lr®1aiﬂéarfﬁf€tﬁ edPed B HELF S 1

Y~~X-2Z surface SI Y pI an i S t st rI@llenggL tu@_ anky tbotabaetic
per pendi cubar CHaHEly T4 ?\?W n

K-z sur ace . The' p g{mﬁ %I ogl%f plane A
onto the ChOSe%}&ﬂrféﬂCelGGS I$L§r¢§@r@hbﬁtédsﬁguﬁnFFn8 858 & FSc¢tion 30
changes as thedfl i ver. bl ane ésc@{-fgﬁedtg_@erpéa&ed Rlispoeptrssemtelde 4y ne

have the sane Ance fromthe prol ected Qu-LRRle 1, it
can be seen that,. t h@heosregiurnes of %IP\EU f“ %tl on§¥g?8 ]r%g,rs 6: and 4 on

the 7 AUG 2002, WsdSrdance With Xorze Swﬁeaccte el & hyi \perﬁaswt( 1PMentif gngd

(1-f1, 1), respectlv y. Thus, the equa 0 Ag@n pbmgi)t adged as
fol | ows: Ecﬁjatlwpgr@l’(‘? XA = T”%‘ll%ﬂ E?EEE\E@S 1- (1

- 1) )z + (¥"Xe@ndtihzndhi, Snéxphesbﬂ-@ﬁ exe @é‘oérlr‘?ﬁlq_ ﬁ“e& tn&”y I(Eivtdlrn’

Equation 6 y''x z + fl mgr@130 ngmgta §mmdz}aic1p)r0@edmee :t$1e
equation for sfF@e?eﬁPan%nﬁémﬁl (separ at es rrbol ) 3 a

n
synbol s 2 and 6reprEls@nt4d21)>YC%1rF1t?é1%tr3t‘f%r? 2 GFFEwa % t| on- 7 25 y'x_Z
+f, y,~_1 a {—1 \{\Pgﬂsglg;%n 1, plane C separates synbol s 3 and 5. Pl ane
0 on

C |s constral ne y rotate perpendj ¢ Iar 0.L08 ¥rdm *knZ rﬁélgljrfl@@f,cSI nce
t he coordihates which 20 WBRFY FHGt gg gavi %y %% thlé di st.anc be{zjl

the synbols are hheneaqr dimat eareoplresrp@mﬁl RF td FRadpacknFign

The pl ane equation is rived.b i ndigngsaclHneatr htghr@psedtbytﬂnelse
proj ections of The F\?ng ¥lafl 2en s H) z?surface

oF%gonto t he 5 T €t he
operation is agaism r‘.ekp):e@lﬁ edsf megﬁaﬁfé?@%h%bfh “s(éaar]%ﬁjeré saﬁlgo ng
when ak_3=+1. Theseﬁp QE g{ rﬁylgyl patke fiakl. OV\/lIrtg sﬂrcmrld d@%tﬂ@ﬁea
.identifier equat |on aggn (V& Ze Fznbwh las bidy

20 that n01se n{
tions of the noise which corrupts readback

representa

signal 178 and are thus not part of the actual hardware

implementation. In any case, the noise n(t) is present

and corrupts readback signal 178 to form corrupted read
25 signal 182.

Corrupted read signal 182 is provided 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. S?mpler
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.



Equati'on 9 B: sgn (y"k_z + f, y'x_ 1 + fl) ='~ AU G 2002 -16 Equat q&gﬁ?Zﬂoz
Cesgn (y, ,xz _( fl - fz) Yk - (fl - fz) ) , where ak_3 = -1 Equat’i

1' 5D sgn(y, ,xz - (fl - fz) Yx + (fl - fz) ) , where ax_ 3 = +1
Location identifier equations C and D can al so be conbined to provide:
Equation 12 10 E: sgn (y, ,y_z _ ( f~- fz) Yx + (fi - fz) ax-a) Equation

12 can be further sinplified by setting (fl-fz)=1. This sinplification has

a negligible effect on the detector performance since at |ower 15 channel
densities of interest, the two synbols to g separated by this plane are
further apart than those separated by planes A and B. Therefore, a slight

change in the plane orientRdivirdngi POSEt 168 goeseRabl{MBBEkaekealdne
| ocati on of the recegi ved@angltes W t o t.hi s plane, Thus,
18 2,

Equation 12 can%e ¥t nff &S d’fiu"lklr)\ié C%a géﬁeﬁn@: nWpyteny the y;
+ ax_3) 25 By suleside utnngHeorrgadikackamdgral and browibguadi eoelid it 4,
Equat i on 14 A : Tensilts Yfaiel UOET (5he BESiBRERDEN (€0 AHRRY W RS
fl Yk 1 + ~B) Edwmatexampbe Eof fgrwapd A£iltwgr+16F) is - AUG OO implidsghere
val ues oA, 0B andsperide oFTRet MaltddS which includes a plurality of
taps. Forward filter 168 removes all precursor inter-
symbol interference (ISI) terms. Post-cursor ISI terms
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 &4, is an estimate of the input data
sequence a,. The output §, is also provided to feedback
15 filter 174 which is used to provide feedback signal 192
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 vy,) of adder 170 to decision device 172. In
20 one embodiment of the present invention, feedback filter
174 is intended to remove all but two post-cursor ISI
terms. In another embodiment, it is intended to remove
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,).
Thus, at time k, the noiseless input vy,, to
30 decision device 172 can be written as follows:
Equation 1

Vi = & + L, a, + £y ag,

where a, is the input data bit at time k.



gi ven'by: Equation 17 DA = (-fl - fIf2) ak_ 3 - f2 ak_ 9 - fl 5 Equatjon 18
~B = (-fl - fIf2) ak 3 - f2 ak 4 - fl Equation 19 ~E = (-fl + 1) § 13AU622002
ak 4 10 The offset values, in general, are inplenmented as short FIRfilters
with binary inputs, two input nultiplexers, or |ook up tables. Decision

| ogic can be inplenented by noving a test point through the

t hr ee-di nensi onal signal space 15 and recording the relative position of
the point with respect to the planes. The correspondi ng detector output is
obtained by finding the closest synbol in the constellation to the test
point. Alogic rule or statenent is then ott%ined by combining the cases
which 20 result in the samiﬁogtgut deci si,on t_Lromth det ect.or. However, for
the three-di mensi onal case’dr8EGEsBAMRBFEPRAL ALITEGi I SLEF O MbEY be
obt ai ned by i nsp86&DioranVippi itge 1dreemoed dayy fdewitsiamsideting, at bgmboli C
rule can be wit Il v 2 akl Z. = +
denotes a | ogi calt_:g,%ﬁ §%fp])'<%rt zi'(t% ;P{Z%naggf-%ﬂdg%g\t@ é%qé% ogisggl%lém @S‘Q’?g% ?grl]?efs}o
FTG 6 is an archPft eg¥erberbldrtiatdl apedow:| | §8chat @ nfet SESSDMg@secadl 2| 4
in accordance W HhsendlaspRaibdifs tWiei i es6nldi Repdsemt Ralecifpurlbata

i ncl udes del ay operators %16 nd %18, | tiplier ﬁzo, sunm ng ci.rcuits 222,
224, and 226, sl PEGPENSEREREGE threp mersja 85133 - ANEFEi fREPEC2%6
and OR circuit 288enAsbtaliusta ateagplien vielcGox6thyx iacpndesdedntoidet dyns

operator 216 whi rQvi j t t hat t is als
provi ded to del a%ggﬁe%abgﬁ%ffgtt%ioc%hq‘g&gj\% d%%?pa]té%t_%h%gou %u?gghz, OWfQ.
Mul tiplier 220 résemves ailurediitypuet244rnfd . igdiwiang vei relii tim2e réseaves
at one lnpua02465m§&(%%g ihhenot {38t c vsaslnkzt%l@%&ﬂfé@ée.th%%t Qgﬁmpﬁ\épv%%'@g{“s

t hereof y;~ and yx_ umm ng_ circujt receives_at one input 2 ,
thereof offset vaFudhd® dPREC tHe bPRefalfo LT SSistimen e $PREQUEPuL
250 of multiplieeh22@oanrdedlls®i¥ir.z THUMEH: O Ctlhdn 226t $LAEHY¥ESwhatha
first input 252 t ert%of thse Qf f se é/al ue QO and atcliotss ({:her ingu‘%_ﬁ t he

out put 250 from ful t7pl it QNP VX _SYTP3hT défay [GF&cat or” 218° ThESDut put
of summing circuBtiged2ion2d4 dpaendtR26 e espmpledetcatos| brersn@284 1880
and 234, respectiyel he o S; 229, 5 I 228, and
234 are to %?rcu?%ége%ggieinq %]gtgas,l%h%&mﬁ%@%u?%ut?%%%d&%/ﬁ%f?cé tp%gg
provi des ax_2. TRGE¥regerscio” A MIREEUBNEURLLErER Sl stame®e R3EWRRT, @B hr ee

20 adders and thpggebwed ARUthaldd Pl exersampf) Sivllhars $0%10 dekegt @1 4an be
i npl ement ed usi ng three slivers, three a,gg%éﬁ gnd t Wo- i nput k%m' ti pi/%ﬁ?rs.
In the above di sEGE§CERT d&t st Gt° A TdS® €BhsFPGEFER by Faki iy Ad age
of the fact that ahabd2baetchltresponsersiadnnohlsudneasothbliederorspatiadbg 2
or 5 from Taghle .S pr i j | .sRace I I This. LS
because theaﬁﬂTR:%a'g%&é %Zl(r%g%éi otr?gl%OEthﬁgl t wo syo 0 _sée:t$%+o$?ﬂe€.§l;{
However, the donSREREcerkefkededdd rent Poldd IFHAIH Gresplennesd "Fl GEEB- 1

and 5-2 can al soth@nkempiesh USidld, 2§ ] NBoVakl, apks .t ragisi 14 i | UWio¢QRse ¥ ai nt .
Such a constraint allows tribits, but I | lows themto start at
predet ermi ned i nngrg\?aF\é\‘,é T‘%aBn e%%g]a?m,yaaﬂ?esm%s}ﬁmeﬁﬁjiant A tandi £P9R run
constraint all owgEPRKYbI Reatio Channel IC With Analog Noise Whitened
25 Detectox", 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 to a detector decision of
+1 and the other corresponding to a detector decision of
-1. Depending on where the sample vector falls in the
three-dimensional vector space relative to the boundary

planes, a binary decision is released by detector 172 as



- 7 AU G 2002 -19 start only at every other (i.e., even or odd) mg
time intervals. This type of relaxed constraint allows the devel op%%ﬁgf 2002

‘codes with higher rates. Thus, with the tine variant MR code, it is

possi ble to have both 5 synbols 2 and 5 present in the signal constellation
at every other tinme interval. In order to inplenent the 3D detectors in
accordance with the present invention, nodifications nust be nmade in order
to accommpdat e the change in the code constraint. 10 In order to better
understand tre nodifications required to detect data encoded according to a
code having the tine-variant code constraint, a si gnhal space detector in
accordance with the present inventiop can pe rs Il hges&grgrge to
an FDTS/DF 15 thee ¢taepth SUHAYS Fx1 | %st"“’rl‘;i?eé%’%‘?h“aé t?ééﬁ 80, 4~here
the tree has abléqg,twébegtm@i ngegkecaproddstiwet ine e~1¢al SArPYif deg’?’gnat ed
by nuneral 282). FI, 7-2 illu ates. suc t aghthaveng alsmot bwhi ch
begi ns at an e et MR 1 epéﬁﬁgé- Waﬁogﬁgsifﬁgl ed 285). %10 %’{lggie%SO and
284 bot h assun@ltjjireilnaedd_rs_:ﬁsepmh@utSﬂmo}%sé”q't?fcgbeﬁgFalrﬁcy, rTe present
di scussi on proceeds upgder the asSaWEhORULNAWEEN hiistames oREFOGRRSRED t O
start at even tiRfe intervals. Wile the root of trees 280 and 284
illustrate thewidlhueckg 2@~ 3 the subsequent branches which proceed from
left to right along the treesi|hust natle 4 Vel wetBAtSafpleSTRK SPA°4Kk 1,
ak and a,~,|. The correspondi ng, Li i | s akeoulkl dekfaheed &aatigd he
bottom of each f9%e® afdt ‘F‘éoﬁe‘g]iqﬁﬁg?%la,gi?%% %n %%flu b E\Iurrer al s 288, 290,
292 and 30 264 gged ndH WhizTbyonerEEate 2OBATDYE. VIR ANG L) KT

exam ning trees 280 and o _Sefird hajeciealipat FIBDr 4path 5
will be disall o%\%oa%i%%ség%ﬁaetjb ﬁt‘ﬁ%r%%?ol at es ?ti[% code constrainte, FH
exanpl e, in Fl Gnd-4;2 patiwB- & lé"éf“‘ﬁro&ngan?rt& & fPed s nce it - 7 AU
G 2002 -20 reve%gnﬁ §ripi \%,\K%bheaan(sily ofF, 225 - 1)Thehiasmsfedritss @ %n odd
tinme interval. efefore, ere the root ordr%ﬁp A0 ap@dddtd e, |
interval, that baveagre® i¥s i gefbi g&fsl?Bat e MFR=2 i n the prevj.ous %n
described 5 detegtgh dQnildiataichary handerad 8RaW | FHE GOTEE L et ¥ he
root corresponds to an ev inmg in val_ epeltaebit stamel adxdsed to
start at e¥en t?ﬁ‘@wpntléﬁrvfgf%%' Bgt?i %?‘éinc‘h‘ez(sa%ﬁ%&ﬂ 5 are pe%%é&’t%ﬁﬂ I n
order to realizerthe codiingh gakn Hlso a@eIDIEBFS DEY2) L8 r 6 Wi a’
time-variant M C%?réé' the prpbhegatiingPaihd cantbefr evioweplanco®f tFhgs and
restored at eve i . ‘However, the presence. o _both paths 2 and 5

i ncreases the clhapes EOHREHBhOUE sttt ol of " t7ees 280 or 284 to b
selected. In fact, as 15 usekidenbetdescboed@aseons FesPods 8ES B‘é‘QPﬁego
beconme so large that_they elimnate t -r gnefdad e théssible
tinme-variaft | ~PPREDIR". tgﬁe?@%orce?nglkﬁra;%gg'r dgﬁgegw' th one t@lspe\g{,l af. _the
prese: ~t i nvent ixefa i pngheyndcdnd Shack es@ehfed BHE R st &pf urthier in
tinme (beyond ti r% | nterval, K)o, SUeha exbensiessorr eakabeherdp2d, 28, 5A”eand
5Bin FIGS. 7-1 ey and are al so indicate l&)é desh gnagi o husekalks 30~,
306, 308, 310, ms@amam@naﬂd‘-]ﬁ%‘?rﬁﬁgﬁé} oot paghs 2 and 5 d%%s_L not
af fect pruning quoﬁggapgggcggé @se?drdtustcmedad timide thPSepSYRCL4Ss
still allowed and path 5 is_still.disal d. However geifAnEdG Wy 2, the

ext ensi on 035t helpat Wg‘eonetg’x”’??aédﬂnﬁ%g#%ﬁé?val. al Tows the pruning of hranch
2B. In other.worgdsnsbeanabidasis $hel bbabrgaédIn VECECT7+F FECAUSERR" does
not violate 30 the tjpe-varj . codes £oNst hai et ddavey emprdrisgesh 2B
does violate thet‘aodtﬂgoncs ?%?%%{%g%gﬁsealﬁh represents a \Féét_tgzlt AEGi Hd ng
at an odd tine idteiwvdbn Shapfatpgn Whedifc hRSEPPREEY S92 75 al lowed, whil e
b][ anch 5A can be,gl F%nggﬁggﬁllﬁtZoA%@aﬂﬂﬁe-Qéh e p@mmi?&%ﬁ@ 3,
after pruning, inF -2 ich are_represen Paéd o8
correspond 86 an error evedSofXEReCfof +?9n%g,gl?é?ﬁgflgz§fé Thus, the

di stance between¢ihask,d:wo synbol s shoul d

Equation 2

Y = & + £, @pa £, 2.



5 be considerably greater than the m ni num Euclidean distance for t
I n one aspect of the present invention, a Tm%ezooz
t hr ee- di nensi onal / f our - di mensi onal si gnal space detector (3D/4D SSD) is

i npl enented that accepts sanples having 10 three post-cursor ISl terns. 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. In 15 four-dinensional detection, the detector uses the

| ocation of a sanple vector in a =our-coordi4iate signal space to deternine

a data valt.,~ . The 3D)~D SSD viO'iCS ~:~ell v;ith data thaLEﬂhas been

encoded using a tinme-varying MIR code. Wen used 20 with an EHYPRIGBHS t hat
has an | ~1TR constraint of 2 for oddyii reaint erfals.and an | f TR constrai nt

of 3 for even tine intervals, the three-dimensional detectionsyst.eni,s

used at odd tine intervals and the four-dinensional detection Systemi’s

used at even tinme intervals. 25 The saWplezvec®ers used in the 3D/ 4D SSD

are preferaldy constructed from conbi nati ons of sarrpl es that are defined by
the follown eneric sanpl euatlons ion ax 1 + fz
ax_z + f3 axg3g30 Equat i (r)nr:: g‘f k=2 ‘Fq¥a1£klz gﬁner-lrc?l%yaﬁle§°§=ef Whegy
Equati on 32 Yx-zdetaztor+ flnpaJ{SS atf z @imds + k31a and 7kAD Gw20B2 +22

Equation 33 Yk-3; ak,o yﬁ? 3, t he
current sanple pr owg %m%occ)’&t heﬂ% Fé% S%Céak X |§:OI hgh?k % é(tgle%/e(?t 5‘ dat a
val ue, and ak_ 53d«cisiphe ((l--®)-t:h tlhr@plﬂe%wm £or the: and énts iatpdtimeal ue

that is being detpctedcbenng .t henakadrbbpyt MabbemakdWSded 51 on the
t hr ee- di nensi onal porti ons of the 3D/ 4D SSD, the sangl e vector is based on
f

the combination bFPYk PItyide- Gnd vk Bant PRt t REEf YIS HeRsF6& VES
portions the sanpke waaicorintsebasks ppetheusdybi pat icminftithe Mkin thék-z ~
and yk 3 . Duri n(? g gl. threeC dsqsma mgplgle g;tecélon tthe | ocation aof the

t hr ee- di nensi ona Srcrprl Ay detor® PEFRT NS n T hE Fe- dr nERSCONA "Space
defined by the 18htek| anprug tslatm@ée@mass. afqudtseorva34on wettorak_1 + fl ak_z
+ f2 ak.3 Egyation 35 Y ~ ~ k_z =ak_z + f i ak320Equat|on36y~, :
k-3 _ ak-3 Note that each of the three axgsiare forned by cancelling the
contribution of at least or_e input value that contributes to a respective

generic sanpl e. [FS=25—&am be—See Dy def {1 gt 16 axes 1 ter b0t e
sanpl es usi ng génehil@e:sarrpl &egua,lons, 30 1 33 ahwe viahe }de'fkigmi tionsj of
t he axes then becomaO as Fol |(‘1%3 Equqtli)on +\{~+ el : ]_sz 1, %1?k+5)
20 1 (+1, +1, -1) (-1 + £, + £,, +1 + £,, +1)
2 (+1, -1, +1) (#1 - £, + £,, -1 + £,, +1)
3 (+1, -1, -1) (-1 - £, + £,, -1 + £,, +1)
4 (-1, +1, +1) (+1 + £, - £,, +1 - £,, -1)
5 (-1, +1, -1) (-1 + £, - £,, +1 - £,, -1)
25 |6 (-1, -1, +1) (+1 - £, - £,, -2 - £,, -1)
7 (-1, -1, -1) (-1 - £, - £f,, -1 - f,, -1)
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



30 Equation 38 Y~ ~ k-2 - Yk-2 " =2 ak-4 f 3 ak-5 Equation 39 y ~i_k-3 =

- f 2ak-S _f 3 ak-6 - 7 AU G 2002 -23 As in e{ e [JG
he invention, the 30D/4D SSD deternmi nes an odd tine |nterva
boundary planes in the three dinensional signal space.-

yk-3 - f 1 ak-4
enbodi nents of t
dat a val ue using

2002

The boundary planes are determined in a manner 5 simlar to that described

above i n connect
| ocation identif
41 B: sgri (yx_3

ion with equations 5 - 19 yielding the follow ng four

iers: Equation 40 A sgrt-(yx-s + fi Yx-z + DA) 10 Equation

+ fl yx-a + OB) Equatlon 42.C sgn (yx_3 - Yx-1 + DC)

Equation 43 15 D : sgn (yx_3 - Yx-z ~- ere sgn (expression) provides

S B %”gé?ﬂf%s% 9f BB MBI 0 Ne e

ax_6 - fl Equatiof’4S WBliq?ﬁlln fermy ek he qifanne) rdgomse 5 - f3 ax_b

the sign of the
gi ven by: Equati

+ f1 Equat ior.

Equation 47 . pD = -

and D are utiliz

Equations 405 43bddreratet®st amsmt@exte@t@moms laiglet @et o1 t Vead ua@OnfghB

according to the
Equation 49 ax_3

10

15

20

25

30

4 6 DC = - gigs: §3i sl 5—2f21181|ﬁs‘:tfatfe3 W orns 2906

+ 1 Where pl anes C

20 Coan | 15 TR Ee BT GRSV AN ARG, SYRER G i

_%EIO\%Q:V%aggur};slp%}nég taaxrget,;q ﬁU gagheg ?X—the error
event is generated when a tribit waveform 206 is shifted
one time interval to produce a shifted tribit 208. 1In
FIG. 5-2, the error event is generated when a quadbit
waveform 210 is detected as a dibit waveform 212 or vice
versa.

In order to eliminate such dominant error
events, the input data is preferably encoded according
to an MTR=2 constraint which disallows tribits. Thus,
in Table 1, either symbol 2 or symbol 5 must be
disallowed, depending upon the value of §,_;, since those
symbols represent the presence of a tribit. For
example, with &, ;=+1, symbol 5 corresponds to a sequence
of input bits of the form (+1, -1, +1, -1) which
contains three consecutive transitions and must be
eliminated. By the same token, where &,,; = -1, symbol
2 must be eliminated.

The constellation shown in FIG. 4-1 has all
possible symbols mapped thereto, assuming &, ,=-1. Note
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
8y.,=+1. Note that symbol 5 has been eliminated.

The symbols corresponding to y'’,,=+1 and -1
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.



-24 whHere "" represents a |ogical AND operation and "+" represents a
| ogi cal OR operation. Wen attenpting to detect a data val ue at an eVLrAUG 2002
time interval, the 3D/4D SSD determines the 5 | ocation of a

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

detection is based on the conbination of yx, yx 1. Yx-z~ and yx 3, which

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

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

determ ned in a four coordi nate space defi ndd- by t he foI | owi ng four axes
Equation 50 Yx 1 ax, 1.

1 ax z +f Z ax t ai;(yz lta’S(g ?Oﬁeé %ﬁgfl %O% SYhIgear pﬁ‘i‘%‘ef E&&an’Sﬁ 51
Equati on 52 Equalﬂqmavés | ast Wi}l flourdessoridiedat énsiogdalr spasémpllhéyl obat i on

of e four- di regst gpeby SaRPLECKEE! OEnkondibePBATSHA0s he | 2hsthan of 2

boundary pl ane that separates correspondi ng to pat and 5B
of FIG 7-2. |n theeeole- Eoorﬁﬂﬁa?é Si 9nd| DspeR eCoPoineg Lo form - pewy'

]>c<|-~ 2 YX]Z | 0f5]§ hepﬁﬂzé%%cns@g@a%e%)and I%Boaaeﬁeol Qﬁﬁﬁﬁgraélfnﬂallf'}' +
- z

fz
f2 - £3) , respeE}f‘?\f?e?"—g/ec?frtsf{er? ec'ogirhﬁl ﬁhlf%‘étl%%%rﬁ rrrgﬁeeg’l?“e'sxa§eand
yXx contribute thelsostohetirhéndidst ance bet ween sanpl es 2A and 5B. Using the

DEOLSE 90 o e o PRaie P fisartbed aougy s Bl ang ©
D~ + (Yx - (1 #fl(an&zalsm)swéqlﬁ 3 pRd35+ M) PIE. (VA1) (-1 Eof|an f2 -
f3) )2 Thisygquatyeingh MAddd®Sxt,0'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 vy’’,., cooxrdinate
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 y’,., coordinate contributes more heavily to the

distance between symbols 0 and 4 than the y, coordinate.

o
wn

Thus, the symbols are projected to the y',, ¥Y' 'y,
surface. Slicer plane A is thus constrained to only
rotate perpendicular to the y',., ¥' '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. Aall
points on the line have the same distance from the
projected pair of symbols.

From Table 1, it can Dbe seen that the

coordinates of the projections of symbols 0 and 4 on the



Equation 55 10 15 ~,, . ~x_ 3 .~ (1 + fl Substituting for above, equation

55 becomes: - f2 + f3) yx = a Y ' ~k_3 using equation 39 Equatiog GAUGEQOOZ
+ (1 +fl - f2 +f3) yx -. fl ax 4 - fz ak 5 - f3 ak_ 6= 0 Using the notatton
devel oped above, location identifier P is then defined as: Equation 57 P:

Sgn (yx 3 '~ (1 +fz - f2 + f3) yx + ~P) ~~ahere DP is defined by: Equation
58 20 25 aP = -fl ak 4 - fz ak 5 - f3 ax-s Since the two synbols 2A and 5B
correspond to error events of the form+/- (2, -2, 2, 2) , the distance

bet ween the two synbol s shoul d be consi der_ggl_y greater than the m ni num

Eucl i dean di stance for the code. Therefore; equation 57 can be further

sinplified withoyt a signifj i, npAact d t or,sper. nge, _
resulting in: Egga'f'ilo% 5’§2P%§§££g(r:1é( x_Sg%peYéhgy DE%Q%O 'IJ'rr:llgt ﬁféj(ar fheat

f our - di mensi onal 1Het BBEPERLIVEEXNt | o'FY‘:h‘P%en‘FP# iauataop ofcplang P gan be
equations 40-43 ¢habinerne adsedlirBwkhe t hree-di mensi onal detection continue
to be valid. Using these location identifiers and | ocation ~- 7.AU 9 2002
-26 identifier P of equation 59, the four-dinensional |ogic G8P8E+PBN
equation at ®ven tine peridgs,heeofes: + EGUat’i en(g0'ak 3 ©°A + BC + BDF 5

Wiere "" represents a |ogical ,AND opeg{atipn, 2"1" ([ epresge a logical OR
operation, and A, B, C, D, ar](XAP"i ncﬁjde tg‘rr'}e) mapp()?ng""bf. Sifor -1 where
necessary. Note that none Ghishexpseacien FaenPefpérBliépeddtansifasd:
location identifier. In other words, 10 each can be determ nggu¥ft8auk

ref erence to anot her ) ,
V' '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' + £, v+ £, =0

When &,.,=-1, plane C separates symbols 3 and
5. Plane C is constrained to only rotate perpendicular
to the vy,y’'’y., surface since the coordinates which
20 contribute most heavily to the distance between the
symbols are the coordinates corresponding to the y, and
¥y’ 'y., axes. The plane equation is derived by finding a
line which bisects the projections of the two symbols
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 + £, Y%y - £))
Equation 9

B: sgn (y''y, + £, ¥y, + £))



| ocation identifier. Also note that the format of the four-dinenshngpl 2002
l.ogi c statenment of Equation 60 does not depend on the value of a I® atAUrB
identifier. In one enbodi nent of the present invention, 15 the 3D)4D SSD i s
i npl emented using a full-rate detector 400 of FIG 8) Detector 400 includes
del ay operators 402, 404, and 406, nultiplier 408, summng circuits 410,
41 2, 414, 416, and 418, slicers 420, 422, 424, 426, and 428, AND circuits
452, 454, .and 456, OR circuits 458 and 20 460, and muli pl exers 462 and 464.
Del ay operators 402, 404, and 406 are connggted together in series and
provi de outputs 403, 405, and 407, respectively. Delay operator 402
receives yk at its input, so the series of delay operators #Q2.+23,494. and
406 provide yk 1~ Yx-z~ and yk 3 at their respective outputs 403, 405, and
407. Multiplier 408 receives fF9aniyile-z at Fit s fabuws antprodabis the
product of those two val uesh&teid,s, autqaut, which is connected to summ ng
circuits 416 30 and 418 . In addition to receiving the outpﬂt of .multiplier
408, summing circuit 4Z8 also receives yk 3 and ~A. Sunmi ng“@PFEaPt 418
adds its inputs together tb: progucéyah.put plf, thdt) i g« pr oMd,ded fb) sfi cer
428, which - 7 AU G 200252/ ps0duces; a 1 if the sumis O or greater and
0 if the sumis less than 0. Together, sunming circuit ,418 and sliver 428
performthe function descri®edt byn egientidn &40 eamasivmisng ¥pd QiU EésO
recei ves the outpaltcehbitbdipdigrodfeal ong with yk_3 and aB. Summing
circuit 416 provides the sumof its input values to sliver 426, which
operates in a manner simlar to sliver 428. Toget~rer, summPAY2EFPBULE 416
and sficer 426 perform:theghO(functi en(flescri,bed, by efjuat ifgh &Ll.,) Sunmi ng
circuits 410 and 412 each receive yk_1 and yk_3. In addition, summ ng
circuits 410 and 412 receive DC and dD, respectively. Summing circuit 410
subtracts yk_1 fromyk 3 pkaisa®no I odave o dmypdten hstimps difs gsk obivded
to sficer 420, which;Qperates) iy a§m karAamen e Shhkeasn446:a0d1428.
Together, summing circuit ‘410 and sficer 4 Ozgerforn1the functionsS oz
equation 42. Sun®fH@CEi UL thel 2dehpeEaEt PUEAXMRRGR yIEIRNGH ustAD PYeT
produce an Dt puthimaél i Sepe@vided dfo isldeseis20 4R, twhi eymdRarates bae a
manner simlax to invgr% 426 %@d 428. Tq?ethirrt%unnin ixqgit 4%2 and
sficer 422 perfof WEhaFantYi Ghe S0P litfatTon 43 ﬁﬁmﬁé%ﬂnr oY h1qsc
recei ves yk, yk sepadao®d andlpmms desndhei r eneatforsfi eesldght ahavpe
operates in 25 ajganner, Siqd |an &t ffiGe L2 Rosiedehnbe sSUART RGLGLECY t
414 and sficer 424 performthe functions of equation 59. The detection of
data val ues duriBeLloBHVDi +oF3FEQN | QL deber ARtV ey PNIPEEF cHiEhaB2sPeRrt
circuit 4582030 gndcRustpphexer #fds, Wil { ©gei hetah npt esenpl i feebogisc of
Equati ons 48 and 4? Mul tipl exer 462 passes either the output of sficer
420, representin@O bR%Ff on i dentifi er C, ox the output of sficer 422,
representing location identifier D, based on the val ue of aBEgudtion=73AUG
20Q2 -28 Specifically, when akgz9 iﬁgg Q@e,outpu of sliyver 420 is passed
and when ak 4 is 1 the output of sltver 4227 ~ gﬁsseéf The out put of
mul tipl exer 462 is provided to 5 AND circuit 452 along with the out put of
sliver 426, gepresenting |pgatéi@pst demtiddered AND Ci e t 452 pepternns a
| ogi cal AND operation,on these_input val §s and grQV|des an out put .to OR
circuit 458, Mhi@ﬂu3F§8ns 3 and 4, the following relations are obtained
for the three location identifiers:
Equation 14
A: sgn (yw., + £1 Yir + BA)
30 Equation 15
B: sgn (ye, + £, Yy, + AB)
Equation 16

E: sgn (Y, - Yr + LE)



- receives the output of sliver 428, representing |ocation 10 ide”ti-f-?eiﬁﬁ‘ﬁ 200

OR circuit 458 perfornms a logical OR operation on its two input val ue
provides its output to nultiplexer 464, which passes the output value if
the current value being detected is at a tine interval®that does not permt
tribits. 15 P.ND circuits 454 and 456, OR circuit 460 and mul ti pl exer 454
provide the detection |ogic needed during tinme intervals when tribits are
al l owed. Specifically, these conmponents inplenent the function of Equation
60. 20 AND circuit 454 receives the output_,6f slivers 422, 424, and 426,
representing location identifiers D, P, anc?' B, respectively and provides a
| ogi cal AND output based ongidesa/dNmE i AMB GHE WE A6 JOE8LYesaihgs

out put of slivers 420 and 426, representing |location 25 identifiers C and
D, respectively, %Vfrb%(ﬁ des a | ogi c AND out put based on those inputs. The
out puts of AND circuits 454 and 456 are received by OR circlEduationl ong
with the output fromsliver 428, repres ing locatiqn identifier A. OR
circuit 460 perforns a 30 |(§§i Eal( &2 op]g‘rr}téki%’ﬁona%zt %"i“npu'?é to produce an
out put that i passed by nultiplexer 464 as the detected valEguafionib8ts
are allowed. In another enbegi gent rof - the BDAAD SSH, akhe -degtector is

inpl emented as a half -rate detector, capable ~1 AU G 2002 -29 of
operating at twice the frequency of the input synbols. The BFHALPRGEAM
architecture of such a detectoral s= shraiyn+as)defectof, 498 in FIG 9.

Det ector 498 has two inputs 500 and 502 that 5 receive yk and yk, |
respectively. Two delay circuits 504 and 506 delay the signals on inputs
500 and S02 ¥®hr two tine péthieogsfsesuralwesi nnykeZeand, ykrd iorplemest 508
and 5Z0, respectixel ¥norrlipgs $08capd 24QrArgigoppectfdo eyqn- tine 40
period circuit 512, which includes nmultiplier 540, summng circuits 514,
516, 518, 520, amPEEPletgRRr £BIPOKIP tePdes530, and 532, AND circuits
534 and 536, and OR circui tpehdiidy ardiidreapebé otngl mstht e & 12y ORGy Bh§Sai N a
manner simlar t% tgﬁlﬁ)ortéogﬁ of de{__ﬁct o[_l 15 éOO of . Fl Gl 8 .assaciated with
the detection of &on ¥TTRL pePT 8o Rat 8%y 5PEEE - AFREES 2 RRB ¢ S dlits FPF%nd
536 and OR diF cuiadnd3Bperdiorgn the sabetlogigasiopenadf the apiAND witleuits
454 and 456, and j r.cui o] ctor 0. ~ even-tipme
period circuit ng%iésécgtg EEeDt gtggeedg\}%ﬁ%ga, ?ﬁgm?%ﬁf%%Hé@@i%? Iffeé&éé% SO

i ncl udes two oddtAW¥fP\Perliso®Eirdegct SYSEOnaRdg I529 GressheIIoped tie the
functions of Equaidrted®@nth ~8o rnaspeebivelpsingpeci fa caldgs.c odditi ngy
period circuit 55Q includes 2 hsur‘r‘r‘ri)n%.ci rcuits S54,. S56, and S58, slivers
560, S62, and 564 C3BLIT Afi £P586COPHAITER BY redf e WHIT Uit i Per i od
circuit 552 dncl udesilsunmm nghei sguet subpd) 8&2isaod 574m slhievetesx &t6)r 578,
and 580, AND cirgyi , | rgyi.t. 5 ' in I cyi.t 572,
554, and 556 add%iez@g’ tﬂﬂgﬂpgo%(}%ct q%%}efk%%maeﬁgl?ﬁ@g‘ro l?cgee(rj Laylsrsrcu"%%)% ier
S90 and to ~Ao, GBFeA , téwd 1egicrempkrt i0p8 ySiBahifi nge ci PR ireg7404nd
558 subtract yk firprBddiel sum of mykn 2n@neh & Goanda PPlackesReak! el Yo ~#\0,
~Bo, and ~Co ar e\FST uall . -~%@UG 200%-30 to the v% Lﬁ of equations 44, 45)
and 46, respecti SR B Fgudl® (T 0FeBARS L8 1OXFd ~D1 are equal to
t he val ue of2%quati ons 44, 45, and 47, respectively, with alEdhsaguat 20 1.
5 The output of summ ng circuits 570, “572=k21§-7é1’+?g4’ 556, and 558 are
provided to slicers 576, 578, 580, 568‘,"256 and 4, respectively. Each of
the slicers produces a +1 if the value at their respective input is 0 or
greater, and 0 if the val ug,adyd hainr qgeaspest b Veodfcd DNND ispd €581 dhaih -
The output of slicers 578 and 580 are provided to AND circuit 582, which
performs a | ogical 'i“?ﬁ'lcaci](ﬂgld’r?%t r%qpﬂﬁc?rlaﬁﬁﬂ’s The out put of AND
circuit 582 36 provided to KR Ci bcuis S84 akohdgtecthrthe lolbekt diadgpfam
slices 576. O ciscpit, S84. perfo | Qgj cal ecation he two
inputs to pr oducelgﬂbsotslé?%]rrgg a%tigélénfslsg% ggﬁﬁﬁioagg?gségn& r?éj(}{&c? é:qeua Jf%}ﬁ 48.
The out put of slieessaspzcandobothar ems@mritdetnvenitNDci r cBEte566r wWhil€h
performs a I|ogical,A\Nx20 &gm}!eﬁe_&%@g %@ngﬂauaie,mﬁmtpq%xcfz D

circuit 566 is provided to ORTcCircult with the output of slices
560. Or circuit 588"BERF of HECALTDg? el mopéﬁ‘gt?Bﬁ'oﬁltlﬁgrtsv\&%%pu%%oto
produce a possi bl e detection output corresponding to equation 49. 25 Thus,
odd-time period circuits 552 and 550 assune that ak 4 is equal to 0 and 1,
respectively, and S



cal cul’ate a possible detected val ue based on that assunption. This
assunption is necessary in detector 498 because ak , is being calcu?egwgﬁ 2002
before ak_~ has been 30 deternined. Once a~_4 has been deternined by
even-time period circuit 512, the value of ak 4 is used to sel ect the ak 3
val ue that was cal cul ated using the correct assunption for ak_4. This
selection is perfornmed by nultiplexes 592, which passes the ar_3 value from
odd ? AU G 20D2 -31 tine period circuit 552 when ak_4 is 0 and passes the
ax_3 value fromodd-tine period circuit 559 when ax_4 is 1. Thus, it can be
seen that the present invention inplenents & si gnal space detector for MIR5
Cded ohannel s 23unCANBOcERNALEL Ik Laa ol ALORA. N e CARNDE) . LEIBeP.
the detectors can be used over User densit 1

space detector R& FHs-erfent®dd i Eﬁ@ﬁiéaﬁceowdﬂiﬁﬂu9qﬂﬁﬁﬁﬂw Ehﬁewhumh

with an MIR=2 cg@@b&a'e@t as Weth awitlgure-dgad | apt | MFRTiaQtCCtd;elsm Yet hythe
MIR=2 code, the det eglF%déféo%{ ges a significant |n over the 3D 11Q
detector at | owBFOY Fe8Y fRE Ii)r?rjeﬁ‘lc Fg hf BRAYEAG SpRbydd Sni t h
a tinme variant bbiRpaadesaf, higher Nnﬂttel,plesaeczmwe@élwghat dessiihpas. 15
The present inv ion pr S e;L10.t
includes a fi rs?ﬂgét g(’:t o?é/%grﬁngngg%gﬁg‘gﬁég %Q%g\ﬁ : %Fe h% %1%) &r %‘?’tﬁe t he
| ocation of a sahpre@fvebﬁopffﬂ@tsva\lklez &¥xand gh ahm pshegi gwal igpats y'
X3, Y X-2epXrek (fet el %'1%%14%63 baal gee%l%ése%%n%ne
detector portion 454 4‘5/6 2464 configured to deternine the location of
a second sanpl elvéelﬁioﬁ‘*ﬁx t:‘f’er)FOfZ ofifset ‘W(lu‘? AR & o Eh@n&lth§5aéé’°y-
"X_ Y ~ ~1%-Z infutk th6r¥bf~rEBeod§bu€rﬂS@aéf ln@lrltﬂlps_lrad_@m drfid ad slogi C
statenent, equation

% t o conbi ne, a%)%grallt of 2 %atl nlndlc% orsA
B, C, Dand P. Eaeh |O¥EPTRR ST Eato? Proviicy & S*c Gl

the second sarrplteemtfothleebétﬁlsm tva laner e&%patnﬁl we bbandahgzrsunbaa:e tAe B
C, D or P. The S e tion i tifier

i ndependent of £ e vaI u%ggo?ie%%lﬁepg%% oca Ilaon%:&de%??flﬁé e pr eseﬁ/t
invention is al spermsoamited dea emimod. oTheumpingd-ineniides 2dét eRRni ng

at least twa | ogali ofhd deptd f LebSiAedB £& sairiCEeQé h@b_sl ndi§@t &ddieskacation
of a sanple vector a |location of a sanple A 20 -32 vector yk 3.

u
Yx-z. Yk-~, rel FEPPECLS VE espedts \@J%tﬁﬂa%?:A =g ?e}da%aSDofu ALACErEst
signal space y" 228k_330" 2AX-2R4Y are Q%fd:ifﬁ&uﬂt&i @¥valaedaki8 ks thean.
det er m ned baseq on the Ioc%t5| on_Ldentifi. t Ieast tvvo addl ti gga

°ti onal

| ocation identi flhgr so%th 6D Oanac*lf'ﬂcaurle d%ger r"ﬁrr?evd1L ier 8<@ach
| ocati on identi flietediodi caresigde doratuloipbien ssvoned shhpeesvethoeeyk 3

~ YK-7 ~ Y¥p~ ~adeh@l ahlventQel %%:QGQHD\G% R%'E%&)éxé%rfacﬁssém@ar% D, and
P, in a second signhal space V' Xx-~ ~ Yk -_A 10 second

data val ue ak 3% t%ﬁ%@%rﬁ?ﬁe&%w%wﬂwa@dtHélaadltmﬁfal sLégg¥Pon
identifiers usingraedecidien LqUalvetnihayabh D Bkxdhe. f ormat of deci sion
equation 60 is independent of éhe val ues .of the.additional Ioca2t| on
identifiers. z5 The presert®ih gnﬁ%%v%al‘?lﬁlcélgsﬁgnl np EHERt’E &5 §Fgnal
space det Prtor confsicgueoeesd doyperhingt elvabmegrarent | thed fsicgpsthat, | stto be
under st ood tzhat _eyen u NUNE[OUS, ehar e age

various 20 t(g)rrbo |\r¢§nttt§g%’f g‘?ht rel(s)encf h%v%?\ |%fnscg1ﬂae\clzt eesnﬁg}gam orgt |n t he
f or egoi ng descr ifFEron, Takkret hér weh 8eesiens ofin hetBer udige@andsPageti on

of various enbodiomeitey 10fcildie | nvmeid | D8, bd dhssdliged asrien i solikl vshbatkve
only, and changes nay. es eC|aII in matters of 25

b de in detail
structur a and é’r"‘reaﬁger'l‘g‘r‘?t PRFEROTF tF P Hhet ’d?‘?%t:l ples ' of the present
invention to the full ext eraiwa\m:hr,cattleel dym i ientbrexaxcbgesreeat smeancignetd t he
terms in which the annended. ol ai gpearesexpressed, For, XAl ge thRovea
particul ar Sl eménts ey “vary epen rhg-on the particul ar par
response target UmmgVﬁRtem@ewmuaeltrrmmww substansitalliyt he Ssame a
functionality widhout-depanhihnrgd LeTHiRe S6ARCRAY SRidud ed ke BLageNt

i nventi on. , . ,
at predetermined intervals. In one embodiment, the

time-variant transition run constraint allows tribits to



It is to be understood that even though nunerous characteristics ?nﬂx
advant ages of vari ous ~- ~ Av ~ z002 -33 enbodi nents of the prede UG 2002
i nvention have been set forth in the foregoing description, together with
details of the structure and function of various enbodi nents of the
invention, this disclosure is illustrative only, ana 5 changes may be nade
in detail, especially in matters of structure and arrangenent of parts

wi thin the principles of the present inveggion to the full extent indicated
by the broad general nmeaning of the terns in which the appended cl ai ns axe
eﬁpr essed. ::or @@ﬂd{f_pl@;;yh&tl &vpait 'geug@r _(@-énentes’e%r?’@@ﬁ)dwr@i on
the particular appli.cation for the detecti syste i mai_nt ai.ni n
substantial ly ttt%épes r?gt ll-fﬁ%{?bna ]ﬁ/e}iﬂ%@&? r&éﬁ‘é?etra r?émfsretd:rﬁ easlrc}‘(%‘% and
spirit of the presesvelhwpmenomf Zodsklidiitddn higghdwugtdde Thefser medh
enbodi ment desqgry : Lo i ed. Lo, I pace e n for a
di sc drive sysfctraﬂn%oeéljlt[&%\,i ?%fgééﬂ%p%rggcg:ggged E‘)E %%Qgggg%&)ll%eg% rﬁlg?%e%%%th t hat
the teachi fgs vl presapt $nweAseBh éantbe apprpédcrasserdptipst s,

li ke tape drivesvedpt icttedrdive 19/t d¥RGNE 0OTAPbFEaL € | Mo B8R haMathout
20 departing frd%mthe scope and sgi rit of ,tt}he gkesent invention. . ~ au ~
zno~ - 34 WHAT [STERKNED & dCCAdRREEt 15 §i REWTVe FOVEREL S ng
dat a val ues by nusgling csanpdrs viecs or bet hafie ai e dodeed thr ancoespeeattiev e he
pluralities of y. p e | es, the detector conprising:
a first detect o%h p t?llbllrll %%%f%ﬁ%egogg{:gae?%g? a first data val ue by
deternini A§ the location Bt a Prast-sampel e \esttorr i n anfprstasfgnalthspace;

and a second delRGlOIcPOLEhON- &AM+ SUNEH ded LBt @Gl 2 eSRERIME dakarvalnde by
determ ning the | ocatiaon of a second sanple vector in_a second signal

space, the det&%hihafPER mAIEtHY tREngLRCr YGird 28 tatfint CPBSEbAbRRe & |
plurality of |cegajdain spdeeatdtecrAcChh oOgatbedange catt PhOVbeieRGrd

| ocation of the_secaond sanmple vector relative to respective r
surface, the 10§i'C's la?%r?e% aenanflﬁgs\ggf) et o ?%@%’f‘? geictn%iaélaggﬂs@}%ﬁng

i ndependeidt of tirlee vl udspolfi »t heFIGocatl ohlindbratesssugh Fherdet @dtOor of
claim1 wherein, fiLyst signha pace ) o di pates second
si gnal space hrgl.'shte%%coJ(C)lr:1 [ nt}teggsl. hgé %hergd(g?e%yggl)néﬁqg alél?n tla%vm%?(gi 1;r%qt he data
sanpl es are basédesivahput® Valses depdgnacre brcodearadi a2 h- t iffs varyi ng
maxi mum t r ansi QR Jdib €ONSEEEh NE that y&u | gsvhegwaeroatf ivhsbhcpagtina nt
and a second constraint over,ka pI.uraIitﬁr gfE ti rpa intervals. _ d3§ g.) The
detector of cl &i'm 2P Wil nt A8 ATYEEVdet ébtor (FrE off et e d4afs ' val ues
correspondicng tTordeyputs ¥ ahn@s2 8 haboweresemeodedaundgr=the first constraint
and the second detector ion_d c ata v res (o[ Wal - nput
val ues that were encod.edl%li{ntE e(?u% hgkgetééﬁg 85ns%rgﬁ?f? 7 TEdegfgc?%glrc of
claim 1 wherei RitaISS et HEPEEEEF PoOAEFof NdetaTIHTRELPhetBEattdRisf t he

first sanple veglObny, WanREd RoULBbit Yaofedoeativh ididicalios s, weaak

| ocation indi catl_%{) rovi di n? a_l ocation of the first sarrplﬁg vector relative
to a respectivé FyOSuFFSEE. 280 PRE ddtect brUDFrRtai '8 YR&HE Rrat
| east oneZ2Boundar,y siwef aeddexyuesad Hnanatiel tdhe dh etocketde diram perfiti a and

the second det ol RIALONAS e GSLERLan Oy Ym . wheceiByatl of the

boundary surfaces use e first déetector portion are use t he“second
detector portian and wheldidhathe SErFPrd@sRAstipbriinge iniseysf are

addi tional boundarnysistifage alchg Theededoct&F £ Cledich 7rwher ednyt hae

| ocation indicator, associated with the additi onal bogggar%(zsios %gt ermped in
part based on £SO ETe A THE- sécbndP¥i GHBRTEpSce Phat PP o ﬁ"éﬁent
in the fipBst sixpwlarspate. FIG. 7-2 by numerals 296, 298, 300 and 302.

By examining trees 280 and 284, it can be seen

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



9. The detector of claiml wherein the |ocation indicators are one of a
first value and a second value, the first value indicating that theLSﬂaIszgoz
vector is on a first side of the respective boundary surface and th

AU G 2002 -36 second value indicating that the sanple vector is on a second
side of the respective boundary surface. 10. A nethod of detecting data

val ues based on a sanpled read signal read froma disc in a disc drive, the
sanpl ed read signal -including data sanples provided in a plurality of tine
intervals, the method conprising steps of (a) determining at | east two

| ocation identifiers, each location identifier indicating the |location of a
sanpl e vector relative to respective boundary _surfaces in a first signa
space; (b) determning a first data val ue based on the | ocation

identifiers; (c) ereambnhngr%lteggt;ttew adQ'thnaI+1l Oaa_tI%llcq@rgttéf%s
each addltlonal | ocation |$ent| ier indicating the location of a second

sanpl e vector rel & A tFF e5pBEL N B Fidar y QGFﬁéﬂé?qu%FE%CGH?sﬁ@ﬁél
space; and (d) determkBpbgda secendodat aiwal uatbyveanbivhatg dintuaadtbhi egal

| ocation identifiers usin deci si quation, . the fornat e deC|S|on
equati on bei ng |n5358§58n? %¥> ﬁé q?ﬂ 2 heBadi BT Oh ?u?g%atl 1bed
identifiers. 341. dheepeohod din ctlaé mot@ewheragidy the velaves of é&@h of-2he
addi ti onal Iocatlgﬂe%ge@g ff5355ag ﬁ%Qgﬁﬁngngnoévgﬁcylﬁgr%ﬁterval7(£$h

2002 -37 12. The nethod o erein the second signal space
conpri ses four coﬁhérﬁat‘é’él}ah'élst h%reh ratlayehalt 3 patid tonptt sexsVehr eeime

coordinates. 13. Jheepbhbod vbtgl Bi-andRBewher gha tshar&a@sélrau\t@‘etcpr conpri ses
three tenporally separated data

anpl es and. t he second e _vector
conprises four temporally s@BaPﬁESi@H cfeﬂar%%%’p?%st?ﬂ Oﬁi‘é‘%?ﬂbﬂ %l atm
13 wherein the foBDTE@DFdEhatieseotorherisécend /ignadr SpaceMTinpride, (ake +

(2~ "wher oak PEoBfemithel Hh | sk, FrhBhed g fad elhelSdadne

(a;~ ~) where ak Ps val ue and
proportionality comstaneg.atsSevahet imehod Bbwevarm thewpaesiemache it Hpeth

coordi nat es of thg EthEZSéQQa% eggg@rk @5(@%aﬁcg fdakaz £ 5 Zahends™

(a;_~ + flar_,) ,"and, (ak_3) . 16. e nmethod of claim 15 wherein the

second sanpl e vect®ftEBAFT sre%EQ‘%@raosé’rﬁ)P@é EBnpRi SEhycEeS pect V@ §t (a&S +

flak, + fzakegz + ﬁ@@kJﬂén51diﬁ&Llﬁbﬂgdﬁéﬂ2the%%aérﬁotsfBagrg4ﬁo,bé@0me do
fla,~ 3 + fzak_4 +

5) , _and k 3 + fl 4 + fzak 5 + f33y..6) . 7.7.
The nethod of cl ajr*?ﬁ% Wm%? e'F}ﬁe%’héféméFatFi %EbSBHagfﬁt&PFél@?s&? ZPE he*®
second signal spacemei@arThet éThododé.claim 1O wherein the read signal is

based on input values that have. psen egetmgg#€§%ghsféiyﬁ gagygggégglgym

transition run constraint that varres constraint "an
second constrai ntERpRrPERATH I vsvErian phyaaichey f aifink 31¢ &trded ene BUG

Za0i 2 20 step further in time (beyond time interval k). Such
extensions are labeled 2A, 2B, 5A and SB in FIGS. 7-1
and 7-2 and are also indicated by designation numerals
304, 306, 308, 310, 312, 314, 316 and 318. Extension of
paths 2 and 5 does not affect pruning of the branches as

25 illustrated in FIG. 7-1. Path 2 is still allowed and
path 5 1is 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 22 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 is allowed, while

branch SA can be eliminated.



-38 19. The nethod of claim 10 wherein steps (a) and (c) occur at the sane
time. 20. A detector for detecting data read froma disc in a di dépﬁ 2
and provided as a sanpled read signal including data sanples in Z'LZ) 2&0
of time intervals, conprising: a receiver configured to receive the data
sanpl es; and detection neans, coupled to the receiver, for detecting the
data encoded according to a code having a tine-varying maxi numtransition
run constraint.
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@upkf a\ W] ca] ca] ca] ca] ?&4 ’]1 %Fﬁ?cf E]%‘%ﬁ %ﬁ%%’éﬁta]‘éa%%] ca] ca]
ca] ca] ca] ca] cd]-ca] @é}]l@‘:(na] aa]aca]fepi]rea]mae‘il By " 'pat#f #3KSaBRS| SREhIVBR. ' 9 +(

))#*$* * *{Vq|&%}] C@j] qa-]eca]]cﬁa] cal caj£al o) cg] ca ca]
c*a] ca] ca] caJcal ca PF/ a ca ca ca c cajc(al ***

++}, ~ awe %5‘8‘5?‘3}&%%’%1 59 19T cHpealéa) c: a]
c: a] cal ca]s;:a] Q:e] cebaehaeheailqa] gabaaken] enhaal €ied calicalaa) cahedl cadga] ca c(
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c”a] ca] ca] ca] c r ‘? ﬁ 2
LLLLMVNNNPQQQ> W@@(lemented thR§npaCEPEF] eaMedlesa)leay tia) c(a] ¢
a] ca] ca] 01(@] Cadrp@éé:aiaeakcéheebgal f@i calkealcal caheal sl £ad 62] ¢alsal gad cal cal
ca] ca! " "raacccdd. dod<dAdMid#edeMy hh. h=hOhThzZhf hhhhhhh{ v gb] X]]]ca]ca]c
a] ca] c(a] ca] cat]l'c%?\ﬂ e TEpRat ca %a?eaf&a{pca] g8fica] éa}%a}ﬂ&g]easalw]%i B] ca] ca
] ca] ca] ca])ca] OCcae]tCe?dtCJairhflzl IIn three- dlmens:Lonal %?Wctlon the detectoxr ]
Piiii#i+0i<i?2 HPiUZ tttyvx ca cMa] ca
] cia] c]( a] i:a] c?]ﬁ%m};a:]( Vwalgggv%avégfiah ch cael.?:ln & gnag}) SEE:]&] cJa“fJ]%a] cal
ca] ca] ca] ca rghoaz ree coo a si e
]@I}}M rr?c]( gb]gg ] f@%g? ?; a]caUL a] caykgekseul %%Jecsalﬂ@ﬁé cal ca
caJcalc(a]ca ca ca ca ca c( a
) 35: <>@G KPRRV24 v o ivivh Gasgis c—a] éaBPbﬁ]E&BF@aF@eF@] & Fth ca) cau
1 ca] cal ca] Catﬂ&e&@a&& C@é@@kﬂwﬁﬁé CaL&igaLcaylcal cal] ca] cal] ca] ca] ca] Ca“l r7Co+
zupkfa\W]]ca] ca]ca]ca]c cal ca] ] call.cal,ca ca ca] ca] cajc
a] c*a] ca] ca] ca] ca] ca] ca] g??a])cﬁ &( !%i"o'“"{a’/or A SR %3 Tca] caj
ca] ca] ca] ca] c&je=a} cm]amﬂ&@a]sa:]xga]z ca]ma}ca]:yaﬂ];cHTR code . When used

?\\ﬂqug\cs\]} (a]la{lc:iﬁfl ﬁ]%ch a LC n_ﬁfﬂéan] %?/éj( l']:-IT_(c(a] caj] ca]fa(]lc(a] ca

] ca] ca] cal] ca]tckng cla] CcCHIStralnt or even

, 19HM y~: B" Vdi { yw dhedva | ] %@elecad}@@elﬁ(@irﬁ@f]@ﬁ&ﬁ@i cakbealetalrcaboaleal cagcal cal
ca] ca] ca] ca] c"a] ca] c8a] Jt %C ajc \]Sca C. ag Ja’] a] ca! +1ELVJHB" Vdi | wr mhc”Y
111 ca] ca] ca] c(Hi%d] &4] v:%f]a1 5Fc(3d] 2} ¢ apl <] ERPCaPEIRE ™ c(a] ca
]&(1:8])/§La]( ;:a] cg]}/@cﬁ% FlmUOCV&I@)a;];car}\casmuséala% e&eﬁ) EfhblQRet)als .
@10 ()zx%\upwxal | 10%&! f%‘ / PAB&E YeFFPIBW&S‘E? FetPEogk/ (P [SP are

preferably constructed from combinations of samples that

are defined by the following generic sample equations:

Equation 30

Vi = @, + £, ap, + £, & + £ ag,
30 Equation 31
Vi1 = &g + E, 3, + £ @k + £5 &
Equation 32
Ye-2 = Q. + £; a5y + £, 8p, + £5 &4
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Equation 33

Vs = 83 + £y 8, + £ 8k + £ &y

Where y, is the current sample provided to the
detector, &, is the (k-x)th detected data value, and a,.
« 1is the (k-x)th input wvalue with the current input
value that is being detected being the a, ; input value.

Thus, in the three-dimensional portions of the
3D/4D SSD, the sample vector is based on the combination
of  Vyair VYx2: and vy, anéd in the four-dimensional
portions the sample vector is based on the combination
of Vi, Yx1r Y2, @nd vy

During purely three-dimensional detection, the
location of the three-dimensional sample vector is
determined in a three-dimensional space defined by the
following three axis:

Equation 34

Yika = 8 + £y & + £ &y
Equation 35
Y 'k = Ay + £ oap
Equation 36
Y ks = g

Note that each of the three axes are formed by
cancelling the contribution of at least one input value
that contributes to a respective generic sample. This
can be seen by defining the axes in terms of the samples
using generic sample equations 30 - 33 above. The
definitions of the axes then become as follows:

Egquation 37

Equation 38

Equation 39

~

V' '3 = Yy - £1 &gy - £, &ks - £y Ske
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10D, 9"10%&f()uéfng bgu%ﬂg§9ﬁﬂﬂdﬁg§'ﬂ§9@g§ thrék, dBmensional signal

space.- The boundary planes are determined in a manner

5 similar to that described above in connection with
equations 5 - 19 yielding the following four location
identifiers:

Equation 40
A:  sgn—(y_;

+

£, Yk-2 + DA)
10 Equation 41
B: sgn (ye, + £, yx.o + 4B)
Equation 42
C:  sgn (Yis - Vi + 0C)
Equation 43
15 D: sgn (Yg.3 - Yxa2 + 4D)
where sgn (expression) provides the sign of the
expression and values AR, AB, AC, and AD are offset
values given by:
Equation 44
20 AA = (-f, - £,F,) &, - (£, + £,F,) &,., - £, 8, - £,
Equation 45
AB = (-f, - £,£,)) 8,, - (£, + £,£,) &, - £; & + £,
Equation 46

AC = -(f; - £3) & - I ék-s - £ 8pe - 1
25 Equation 47
AD = -(f, - £,) &,, - £, 8.5 ~ £3 Bps + 1

Where planes C and D are utilized when &, , is
-1 and +1, respectively. Mapping -1 to 0 in Eguations
40 - 43, the detector output provides a detector value
30 a,.,, according to the following:
Equation 48
8., = A + BeC when &, = -1
Equation 49

dy., = A + BeD when ék_4 = +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, Vi, Yi.2:
and v,.,, 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:

Eguation 50
Vi = ag + £ ap, + Ly acn + £ ap;
15 Equation 51

Yk = @1 + £ ag, + £, ap,

Eguation 52

V' s T &, + Eoags,
20 Equation 53

t 1 .
Y k-3 = Ay-3

In this four-coordinate signal space, the
location of the four-dimensional sample vector is
25 compared to the location of a boundary plane that
separates two symbols corresponding to paths 2A and 5B

of FIG. 7-2.
In the four-coordinate signal space (y’''’,.5,
V' 'par Y'kar ¥Yx) of the 3D/4D SSD, samples 2A and 5B are
30 located at (2, -1 + £,, 1 - £, + £,, 1 + £, - £, + £;) and
(-, 1 - £, -1 + £ - £, -1 - £ + £, - £,),
respectively. Of the four coordinates, coordinates
y'’’.; and vy, contribute the most to the distance
between samples 2A and 65B. Using the projection
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techniques described above, the plane P between 22 and
5B is described by the following:
Equation 54
(V' '"'e3 -~ )2+ (v - (L + £, - £, + £))2
5 = (y'" "'y + 1)+ (ye - (-2 - £, + £, - £3))2
This equation simplifies to:
Equation 55
Y 'y + (L + £, - £, + £5) yx =0
Substituting for vy’’’,.; using eguation 39
10 above, equation 55 becomes:
Equation 56
Yies + (L + £y - £ + £3) v - £y & - £, &5 - £ &= 0
Using the notation developed above, locaticn
identifier P is then defined as:
15 Equation 57
P: sgniy., + (L + £, - £, + £}y, + AP)

where AP is defined by:

Equation 58
20 AP = -f, 8., -~ £, 8,6 - £, B,

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 greater
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:

Egquation 59

P: sgn(y,.; + 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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400 of FIG. 8. Detector 400 includes delay operators
402, 404, and 406, multipliexr 408, summing circuits 410,
412, 414, 416, and 418, slicers 420, 422, 424, 426, and
428, AND circuits 452, 454, and 456, OR circuits 458 and
20 460, and muliplexexs 462 and 464.
Delay operators 402, 404, and 406 are
connected together in series and provide outputs 403,
405, and 407, respectively. Delay operatox 402 receives
vy, at its input, so the series of delay operators 402,
25 404, and 406 provide V,.,, VY2, and vy,, at their
respective outputs 403, 405, and 407.
Multiplier 408 receives £, and vy,, at its
inputs and produces the product of those two values at
its output, which is connected to summing circuits 416
30 and 418.
In addition to receiving 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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produces a 1 if the sum is 0 ox greater and 0 if the sum
is less than 0. Together, summing circuit 418 and
slicer 428 perform the function described by equation
40.
5 Summing circuit 416 receives the output of
multiplier 408 along with vy, ; and AB. Summing circuit
416 provides the sum of its input values to slicer 426,
which operates in a mannexr similar to slicer 428,
Together, summing circuit 416 and slicer 426 perform the
10 function described by equation 41.
Summing circuits 410 and 412 each receive vy,
and Yyy.;. In addition, summing circuits 410 and 412
receive AC and AD, respectively. Summing circuit 410
subtracts y,., from vy,.; plus AC to produce an output that
15 is provided to slicer 420, which operates in a similar
manner to slicers 426 and 428. Together, summing
circuit 410 and slicer 420 pexrform the functions or
equation 42. Summing circuit 412 subtracts y,., from vy, ;
plus AD to produce an output that is provided to slicer
20 422, which operates in a manner similar to slicers 426
and 428. Together, summing circuit 412 and slicer 422
perform the functions of equation 43.
Summing circuit 414 receives Y., VYy.» and AP,
and provides their sum to slicer 424, which operates in
25 a manner similar to slicer 426. Together, summing
circuit 414 and slicer 424 perform the functions of
equation 59.
The detection of data values during odd bit
times is determined by AND circuit 452, OR circuit 458,
30 and multiplexexr 462, which together implement the logic
of Equations 48 and 49. Multiplexer 462 passes either
the output of slicer 420, representing location
identifier C, or the output of slicer 422, representing

location didentifier D, based on the value of §,,.
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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 identifier A. OR circuit 458 performs a logical OR
operation on its two input values and provides its
output to multiplexer 464, which passes the output value
if the current wvalue 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 detection logic needed
during time intervals when tribits are allowed.
Specifically, these components implement the function 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 identifier 2. 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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operating at twice the frequency of the input

symbols. The block diagram architecture of such a

detector is shown as detector 498 in FIG.

9.

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 y,., on lines 508 and

510, respectively.

— Lines 508 and 510 are connected to even-time

10 period circuit 512, which includes multiplier 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 perform the same logical operati~cn as AND

circuits 454 and 456, and OR circuit 460

of detector

400. The output of even-time period circuit 512 is

20 detected value §,_,.

Detector 498 of FIG. 9 also includes two odd-

time period circuits 550 and 552, which

perform the

functions of Equations 49 and 48, respectively.

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,
582, and OR circuit 584.
30 Summing circuits 570, 572, 554,

AND circuit

and 556 add

Y., to the product of y,., and f, produced by multiplier

590 and to AA,, ABy, AA,, and AB,, respectively. Summing

circuits 574 and 558 subtract y, from the sum of y,., and

AC, and AD,, respectively. AR,, AB,, and AC, are equal
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to the value of equations 44, 45, and 46, respectively,
with &, , equal to 0. AA,, AB,, 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 their respective input is
0 or greater, and 0 i1f 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 circuit
582 is provided to OR circuit 584 along with the output

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

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

20 function on the two inputs. The output cof 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 489.

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 4, , has been determined by even-time
period circuit 512, the value of &, , is used to select
the 4&,., 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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"3910%& () - Thus, can seen that the present
invention 1mplements a 51gnal space detector for MTR-

5 coded channels. Since no constraint is enforced on the
channel response, the detectors can be used over a wide
user 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 provides =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
portion 462, 452, 458 configured to determine the
location of a sample vector, V.3, Yxezr Yk:s in a first
signal space ¥’ ' ’y.53, V' ' x.2s Y'x.1- The detector 400 also

20 includes a second detector portion 454, 456, 460, 464
configured to determine the location of a second sample
vector VYi.3: Yi-2s Ykeir Yk in a second signal space y’ ' ‘.
30 V' 'w2r Y'kesr 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 provides a location, 0 oxr 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 values 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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vector VYi.3, Yx-2r Yx.1, relative to a respective boundary
A, B, C, and D, in a first signal space y’'’'’,.35, V' -2,
Y'k1. A first data value §,, is then determined based
on the location identifiers. At least two additional
5 location identifiers A, B, C, D, and P are determined
where each additional location identifier indicates the
location of a second sample vector vy, VYi.2: Yeerr Yis
relative to respective boundary surfaces A, B, C, D, and
P, in a second signal space V'’ 'y 3, V' 'x2r Y'k1r Ye- A

10 second data value &, , is then determined by combining
the additional location identifiers using a decision
equation, Equation 60. The format of decision equation
60 1is independent of the wvalues of the additional
location identifiers.

15 The present invention can also be implemented
as a signal space detertor configured to perform the
above-mentioned steps.

It is to be understood that even though
numerous characteristics and advantages of various

20 embodiments of the present invention have been set forth
in the foregoing description, together with details of
the structure and function of various embodiments of the
invention, this disclosure ig illustrative only, and
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 understood 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

5 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. 1In
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
20 departing from the scope and spirit of the present

invention.
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WHAT IS CLAIMED IS:

1. 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 value by determining the
location of a first sample vector in a
first signal space; and
a second detector portion configured to
detect a second data value by
determining the Ilocation of a second
sample vector in a second signal space,
the determination made by using a logic
statement to combine a plurality of
location indicators, each location
indicator providing a location of the
second sample vector relative ¢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 the 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 wvalues 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 using 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 wherxein at least one
boundary surface is used by both the first detector

portion and the second detector portion.

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

surface.

8. The detector of claim 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 least two location
identifiers, each location identifier
indicating the 1location of 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 1least two additional
location identifiers, each additional
location  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 value by
combining the additional location
identifiers using a decision equation,
the format of the decision equation
being independent of the value orf the

additional location identifiers.

11. The method of claim 10 wherein the values of
each of the additional 1location 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 claim 13 wherein the four
coordinates of the second signal space comprise (a, +
fraka + 3,0 + £iac3), (e, + £ia, + £aac,) . (ae, + fia.,),
and (a,.;) where a, is the kth input value and f,, f,, and

f, are proportionality constants.

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

fiaks + £a3,,), (a., + f,3,;), and (a.,).

1l6. The method of claim 15 wherein the second
sample vector comprises four samples comprising
respectively (a, + f,a,., + £,a,, + fia,.,), (ac, + fa,, +
fa,.y + £58,.,), (a,., + f,a,., + £,8,., + £.4,5), and (a,,; +

£.8k., + 845 + £38,.) .

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 intervals,
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.



