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10 BACKGROUND OF THE INVENTION

A typical disc drive includes one or more

discs mounted for rotation on a hub or spindle. A
typical disc drive also includes a transducer supported
by a hydrodynamic air bearing which flies above each

15 disc. The transducer and the hydrodynamic air bearing
are collectively referred to as a data head. A drive
controller is conventionally used. for controlling the
disc drive based on commands received from a host
system. The drive controller controls the disc drive to

20 retrieve information from the discs and to store
information on the discs.

In one conventional disc drive, an
electromechanical actuator operates within a negative
feedback, closed-loop servo system. The actuator moves

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

Information is typically stored in concentric

30 tracks on the surface of the discs by providing a write
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
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-2- controls the el ectronechani cal actuator so that the data head flies
above the disc and generates a read signal based on information stored on.
the disc. The read signal is typically conditioned and then decoded by the
5drive controller to recover the data. A typical read channe

i ncl udes WPB8/53BA head, preconditioning |ogic (such as preBGPUSIFVEIZ on
circuitry and filtering circuitry), a data detector and recovery circuit,
and error detection and correction 10 circuitry. The read channel is
typically inplenented in a drive controkBter associated with the disc drive.
In disc drives, it _is inportant that the error rate per. nunper of bits
recorded (th8OBEECEEr bherat eyt FRMAaRARLF AL P IAF 158 H?é‘ltyt]?‘SV\??"f‘%%el . In
order to 15hkAEr Fua Y taivortiat @iper hndngaaeranedi aC mydd/esigwal i n or der
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e
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reduced state sequence gsiyiiaRt QE$vERSSR) -is important that the énpbher
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whi tened tar §éte BEE WWEﬁrhﬁgetél?%\é SRS r(gég‘te Hértn%_rrﬂr] g%%%)ggéstems,
partial respaaseataRNed asgetss havaet beehy5 ladevkéopkbd. Amngndedsetear get s
is one referred to as.enh d I als nge ;% mum {4 kel i hood
(E2PRI\/L§gt ar éS'PFC’Kte |l_§'he?g§%rldi§§]% _enfsi?]'%)t?glergé,éﬁjliltr,I ﬁgggbeeﬁ observed that for
certain hi ghowdger gsaritricreasss s el HRaNeTecqEiidh A1 Hiet ¥2PRMY SEhannel |
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filtering is typically quite long, and may contain ten

or more terms. Thus, a Viterbi detector would require

219-1 gates, which is impractically complex. Therefore,

25 other techniques have been investigated which tend to
reduce complexity yet still provide results whiqh
approach those of direct MLSD methods . '

One such technique is to apply the Viterbi

algorithm to a reduced number of terms by cancelling

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

sequence estimators (RSSE).



20 way of renoving dom nant error events fromthe input bit streamto tye
data detector. MIR codes act to increase the m ni nrum Eucli dean di stance
bet ween data sanples in a magnetic recordi ng channel. For exanple, an
code limts the run of 25 consecutive transitions in th @%bgg wavef §r m
to two.WPH8EE82nce, an MIR=2 code renoves all patterns of encoded éata
containing nore than two consecutive transitions. Consequently, the MIR=2
code al so renoves all patterns which _cause a dom nant error event for MS
30 detectors at high recording densities and hi gher order PR channels.
Usi ng MIR constrai nt e de : en.deval aped whi eRahseneferred t
as the 3D 110 detect??“&%g?g-%%%%%#ﬁgﬁieq%s Egnﬁgéabl to a.fixed del ay
tree - 4 respamse witErggsci yhoghf eb8baRRE of2 dBFEEESHIFDTEPBEESFS at hi gh
symbol dengi Lifs fm dal£9 Had S G Wehek by fcerainder | Mg vecthors of
recei ved sanples ‘(for | space.

exanpl e three sanpl ip_a_three, diensiona
Three 5 pl aystamsundapaesiate E%?E‘ﬁ?ﬁ?ed(ggl%i aE%rggeg tgglc‘fi@\ii ?i)g%t e signal
space ignt 0 JNRISRHAONS, ARdAl ehoski chrgeteesiporehe orafdeepdi 68 & +1 or -1
for the bit currently bei pra d. T detgchqikealis@ddicl udes a
forward fi ISERRAHT hé"&ﬁﬁ@gg ra%%}r%glorrﬁ%??rﬁ%rlégﬁbol interference (1Sl)
terms and f@*@ESLY)hedngetpost Abubdah SIcarsding t$PPR1E16Rd 8° ectively,
where the cursor dbbssté%}[-\ﬁé)d NQRRl | 28¢ tGedtcabpedbagk fddder s pare iiaipl ement ed
| bu e

whi ch renove a two post cursor ]Sl ~ Therefore, with no
error propagsp@rse hchagmels t haugBt &% oF et t%%%)va?%%{mggscrte e-tine
o B ot ats st hes. Whie | he
- i€h

magnetic crREMEEDFREUr ancroég‘}cﬁqr}s)eedi%l?g ((:igose £o the 110 target at high
recor di ng t {aBSrebporewi ahegesisgnirki ggnerplivombt Wé"ellf@’%“hr*g{gt at | ower
recordi ng sities. Th constdAl ni;pg t P BEy I SRR Whehhiss -
parti cul ar g@o’%a?gét r%gﬁpts |ﬁ£per?0rn€%§%_ded?gdation cona. eq:to t he
FDTS/ DF( 2) ,t 26bspetsf $bafEgdaby | enerSaBRbF df HIE deétsi i es . & BT At~ hi gh
densi tjes, }he,iopLlgaRnbat hoaidfitpoachiieal velrerents in the detector can
al so cause deviation of the_cha Qel omﬁ%ﬂﬁ¥¥8 he 110 target. For
exanpl e, the use of constrépﬁgégkeﬁgiﬁiﬁ%fTTTFTTWE#se response (FIR)
filters 30can cause spchredetiideilgnnew class of COPRSs 2% TEHe BD- 110
channel provides signifjcan dvantaggs i-3gRe’ f ohpRNee and/muxshupl icity
over ot her B8tB8t 0}€V?§Eéﬁag‘§‘§f he nore c_grrpl i cated -5- FTDSIDF(2)
detector) itrdnsstiont aium tIMERAbERsle a8 &P SiRSFIY AR @
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d offers

ot her probl ens, an .
P stream to the data detector. MTR codes act to i1ncrease

the minimum Euclidean distance between data samples in

a magnetic recording channel.
For example, an MTR=2 code limits the run of

25 consecutive transitions in the modified waveform to two.
In 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

30 detectors at high recording demsities and higher order
PR channels.

Using MTR constraints, one detector has been
developed which is referred to as the 3D-110 detector

whose performance is comparable to a fixed delay tree



5 ot her advant ages. Data is detected froma disc in a disc
drive and provided as a sanpled read signal including data sanples provided
ina plurality of tinme intervals. A signal space detector is configured to
detect the data, 10 wherein the data is encoded according to a code having
a time v¥YPHE2EBxi mum transition run constraint which var PeYUB¥WEEn a
first and a second constraint over a plurality of tinme intervals. The
detector is configured to receive an input sanple including a first
plurality 15 of terns indicative of one4oef a plurality of possible data
synbols. One of the plurality-of possible data synbols is elimnated based

on the firstsSeanshreinh dpehsier fepikacamt depten 204FRYSAOFdA)dd aits

constrai ned Ryghhgyhiboat qeeRsthaldtl , MHe M derR s8CoBHsprutakid pyof 20
remai ni ng possi bl.e data synbols. An estinated data,valuge is determ ned

whi ch cor r espBRESES e THPT Safpl & S Bi ARG HAEEct BT by *a8Pd i ni ng
whi ch of thetheeendahpikead) t ynofa r ehaeai rmeEossidiiaEl dapacsy.nbolleries wi t hin
a_predet gr M Bed,63n98.Ahal BE <l QU -3y IROL:cAOUNANA2R LBRH! (BAHRLE ded

recei ved whi 'S gonstralneg y'tﬁe second constraint, the input sanple

i ncl udes an &BEi t PbERR1t ePPRCONEL RO t H&TF | FETISINFal iEAFTof Gos¥PBICE dat a
synbol s i s ebbpirBabesdbassd pnakhe ssesondr const bal nt1antbbaset opiwhi ch of

a subset of the 30first plurality of data nbols i i thin a predeterm ned
range of theCEEESH&liynﬁé)lrs%nli}?‘ége?ﬁeane ef%%dghéﬁfl?) ;,grﬁetee%tf?ﬁaﬁzﬁoval ue is
det ermi ned byndeétdes nangfarphadenthltet theithputesawpbe pekatirgerto a

first pugra theeol Rl ntl e rebice™rn dLaBRs! ang capace W' el the
first plfurality of planes Vi dés the 'secon plurality of remalning
possi bl e dat RosynbvksoirnIfhet ¢ams italinfedspodal . spacpecthEedsti WheE§ val ue

is determn nedpRy QhgtRy i Noy i £Hr@Ra 0 zLBe cherai nimgeMesskbie1daka synbol s
corresponds to the [ nput sanp ased on the Iac$§§nt of the input sanple

relative to BRE bWBFSRFP§eng%$§ﬁé§eTﬁV? 15 di ﬁ§Fb%8FtSSHE§9IBRIEF
DESCRI PTI ON OB I THEr BRAWTSS-e fldifd GwikH sicaetreprvpevpafas idins thadougd w t h
s 15 the detector, the equivalent discrete-time channel pulse
response can be denoted as 110. Such a constraint on
the channel response is used to simplify the detector
structure.
While the magnetic channel natural response is
20 close to the 110 target at high recording densities, it
deviates significantly from the 110 target at lower
recording densities. Thus, constraining the pulse
response to this particular 110 target results in
performance degradation compared to the FDTS/DF(2),
25 specifically at lower recording densities. Even at high
densities, the implementation of practical elements in
the detector can also cause deviation of the channel
response from the 110 target. For example, the use of
constrained length finite impulse response (FIR) filters
30 can cause such deviation.
Thus, while the 3D-110 channel provides
significant advantages in performance and/or simplicity

over other detectors (such as the more complicated



upper casing renoved and enbodying features of the present invention. ™~
FIG 2 is a high Ievel block diagramof the disc drive shown in FIG 1.
15FIG 3 is a schematic diagramillustrating a magneti c channel and
associated reading circuitry to better illustrate notatigPrussfefiar ei n.
FI'GS. 4WO 98(58281- 2 i | | ustrate synbol constellations corresponding to a
detector in accordance 20with one aspect of the present invention.

FIGS. 5-1 and 5-2 show waveforns illustrating dom nant error events.

FIG 6 is a block diagramill ustratih@‘a detector architecture of a
detector in accordance w th-250ne aspect of .th r _Bvert e

FI GS. 7-1 ERRS/AB(2) |dpist ¥ L ]E:TB%/%ZCPnglbsgggt%é??%ugta\Féat e operation of
a detectorgidn@esRrdgase W th one aspect of the present invention.

FIG 8 is a block di ran%é@gﬁkngn@egEHEEJQ% d0akechid®eeicure sgistandet ect or
in accordance with o ea’%pec of "the present invention. TAIELED o

DESCRI PTI Gbh&¥ mm@eemm%ﬂ@er@%‘#f%% FE LS otary
disc drive_s steghgg'hg._%ggg_for i ncorporating the teachings of the -7-
prese inré%?foniss wn in diagrammmatic fo nel.,i fer rgd «teo
general ly at 110. A PR&PalSt ?e&e%ﬁ%?q‘o% g%‘?agg %i ggs%%re
journal ed 2hquirasedll €s mat eramgslssirbr gadl 4 iGN nmRachedsPfg B¢ Each 5

disc 112 has a_multiplicjty o o] Ris idJCW ke r ea0E gAY st.r adks,
i ndi cat ed SBRBAEE] @iﬁvﬁdﬁ&/ﬂ% %Ogﬁ‘ﬁgg&%&yﬁg I nf orPFrati n...Fach track 118 is

subdi vi dedsi ghalasphuralietpctbrs det GO E igyhecatet AEHRS fﬁrbe%]lr Y At 120.
Data can be, stored retid evesbde@meberdiags td0alt@ddsy hasfer@nci ng a
speci tPc tWQSEef%tg%q%;aetct olr_ 120. An acéug{qo]r_, ﬁr assepine VA2 ds
rotatably Epthmred vigrafiaiamMaximBner 2BFherBt THhe “Rousi ng 116. The act uat or

arm assenbl ), 122 Gdvasn aa pEtiEaki tandofa headond mbansa&Isemt XL 22 t hat

each carry a slider 125 15 havin readtye i 4o depdr P damfibguced 126, for
readi ng i nPMFRAIGY P%oﬁfgﬁdlﬁ/rfa iV%lSi'nformat,i on ont.o the f&ls%fi 2. A
uator arm

voi ce coi | tath@icelid® ian ataptedsavPprednSerding: &t & e & or
assenbly 12 ack and . SHCh £t hitle thE &rphadutety 196 poselbifoss the
o rhE Oy e b vuCr e

di scs P12 FIG. 2 sh s exgkabl ock
di agr am of ddtm coymbolseci r e r9f 1§§eofpld'frsacl§ﬁ v%ﬁiyg)téegmlqglléo. The di sc

drive syst i el wdamiserddbatigd ot tielB8RrebreepAtF8ERFNERERe
position of ‘the transducers 126 _and.for Sisd b & £& DREHEOBYt 0 be
written to tdre riceRil et PP b t Sndgs?é?%lf%i%t%qﬁroco trolle .%34O irectly
i npl enent s ald Pfrs¢hecpnsmrayntuntio erovdde e RV UrP ‘ér§§7§ gm’110. A

522‘“ S o %fﬂné‘”%c!s”sti [ ACRaEAN S Rtn61 8 Ul tani eicdat=sediedetal |y at
| value is determined which corresponds to the input
sample then being detected, by determining which of the

second plurality of remaining possible data symbols is
within a predetermined range of the input symbol.

25 When an input sample is received which is
constrained by the second constraint, the input sample
includes an additional term. One of the first plurality
of possible data symbols is eliminated based on the

: second constraint and based on which of a subset of the

30 first plurality of data symbols is within a

predetermined range of the second input sample. |
In one embodiment, the estimated value 1s
determined by determining a placement of the input

sample relative to a first plurality of planes in a



30 and actuator controller 138 are connected to the mcrocontroller 134 by
a general purpose data, address, and control bus 140. Grcuit 136 in :
general provides a hardware interface between the di'sc drive system 110 and
a host conputer system (not shown) via a conmunications -8- bus 142. Al so,
circuit Y9%X2&eneral provides an interface between the REGYSWMA7Act uat or
controller 138 and a read/wite channel 144. The read/wite channel 144
receives a signal frompreanplifier 143 which,. in 5 turn, receives a
signal fromtransducers 126. Read/witetchannel 144 acts as an interface
between the m crocontroller 134 and the transducers 126 over_lines 145. The
read/ wite dhahhbtdimangiopapgsr §ppges whiegdins theerf 115te RUEra bl EYieofnt or and
actuator coprohder 438ides0 €aBtr @klengl 3§ 1usAriaw desk asramaintggf ace

bet ween the mcr pcgntrol | er 134 and, t he, not on assenbly 114 over |ines 148,
and an i nt erBARIBLEWEAT l‘?é’"ﬁici:]r%cbrht FBFl BR fé4dalﬂl§’r¥sﬁé°r’aﬁ:]t Uk dr€arm
assenbly 1272riwesstinase@50alkeGis3 des eanticleenity deliaaguiaming whi@pgnetic

15 channel 16 r j [ Q%Eﬁi befter

under st a%ﬁdi n]bgpt ﬁfe}gn%%a%’ﬁtéﬁn@;%%%ilén.g%ﬁ%nggﬂbg?g%, IQ::'51{: 'S %rgc\i/\%, €{>ncl udes

t he recordi fgheredinprt SaPls besed 102 4he tpkaceneer sof2dheetepetr 162

i ncl udes addesmdbd rd19Piveidd Q:rhe’]-%@ur%qfi@z‘/\@'fdpﬁ.hhbgr ih68heafigeri 170,

deci sion device 172 and feedback filter 174. Detector 162 is generally

i npl enent ed $HNERSHPHRLt EPBAENNel 144 shown in FIG 2. The input 176 to

magneti c channel 166 | BRIEH yEdtRT BT BENMUGRCENRf DEAWANBSt S, the data bit

for a rent time 25 io i r t Y. C f i nput

bits i LH[’)r ef erably encggéd, EEi %sa%c‘(ls)crg aﬁ%%pvﬁ??hgo%gg%s%eﬁég‘?ﬂ?ﬁef%gesent

i nvention, ammpedi mpding cedevwd candnfemerdyong MRt uxsde ©fnsthai nt, and

the bits are,providedniBnaipan-return-to-zero inverse (NRZI') 30format in

which a one i1s represented by a transition and a zero,,is represented by a

non-transition. FIG. 2\énh & neldat heBet sPaPreky @é@qrrad&?ﬁe%gneti c

channel , theyi&tedpioxi drdwasia rFeadback signal 178. The readback signal

178 is typically corru d Qy.nois - 9- 180 whi IS o y n(t)

bei ng ded to the reagggwgsilﬁngl %ﬁ’g a)‘/:lé:d&iérag%ﬂ Jl]tﬁ‘g%]%]isfgilﬁg %ot ed
magnetic channel and associated reading circuitry to

better illustrate notation used herein.

FIGS. 4-1 and 4-2 illustrate symbol

constellations corresponding to a detector in accordance
20 with one aspect of the present invention.

FIGS. 5-1 and 5-2 show waveforms illustrating
dominant error events.

FIG. 6 1is a block diagram illustrating a
detector architecture of a detector in accordance with

25 one aspect of the present invention.

FIGS. -7-1 and 7-2 illustrate a FTDS/DF tree
used to illustrate operation of a detector in accordance
with one aspect of the present invention.

FIG. 8 is a block diagram showing a detector

30 architecture of a detector in accordance with one aspect
of the present invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring to FIG. 1, a rotary disc drive

system suitable for incorporating the teachings of the



that noise n(t) and adder 164 are shown as only representations of the
noi se whi ch corrupts readback 5 signal 178 and are thus not part of the
actual hardware inplenentation. In any case, the noise n(t) is present in
t he readbackﬁélgnal 178 and becones part of the readback ggdranakod7is. A
corrupﬂ@ signal 182 is provided to 10 front filter 156. Front filter
156 is, by way of exanple, inplenented as an anal og | ow pass filter which-
prevents aliasing and filters out high,frequency noise and provides a
sanpl ed output 184 to forward filter 168 t hrough appropriate switching

circuitry 186. 15Forwar ter, fer t£SF HONENDI1d N
conbi nat?/or?’f/ﬁﬁ%n%tﬁer gtﬁ?hﬁ g@% [ Sl AR AR 1

erin |ten 1 he noi_se %;;readb ck signa
and provi derefemdédi etior e afiidia kgnafllt 18810al so &em@r’l‘éf adder
170. /vrexqﬁ%ﬁ%ﬁétgghwggggéééealg@g|§13 biral tpourpal s@ aﬁomusaonse
(FIR) filter I ncl udes Iurallty of taps égfﬁ%fﬁi 8 renoves
al | precursﬁplﬁl@\l@rm@}ﬁﬁoﬁslsﬁf‘&lfy cursor t erms
are perdui ttggs¢ o jassumRd hai rmmmhici/taj/ueﬁ benaaserne c@*%@‘#hﬁﬁts are

enforced on the channel cqeffic¢ient S Jaad Sl Lem, car 144 gor gber ably
i mpl enent s ’ée?r‘aﬁ‘géflgoft’farl Het ecﬁl orglltteéchm quﬂzé'ls descrlly bed herein_ and
The

provi des a ﬁeg@aﬁlﬂxgo i(refl oonafetbynat ER A dEBACK t $1ButiFuSubdive

output Ai, is. an f oEhgebPBYE, dﬁﬁ@lé@ﬂé@nﬁcha&(ati'balﬂ)yt@tlt ak is
al so provi d¥at?o® ?é g% Etg ?E &

il1ter 174 which_is us p i edback
signal 192 lbOadd@atQYGaanédﬁéeﬁegl@ﬁa?r1§? Féegaﬁeﬁr?m %ﬁé %ﬁ?%%t rk of
forwargyfil{es 168reFhecaenbignat bpecaffichesacki yasl andsspebordédlat the

out put 194 (al so” designated yk) of .adder 0.to gRvdenbgaedd2. In
-10- the pr eri“"e'aueFrBBdl%ﬂt sfs?rﬂ%ij rels%gnt thsnvgﬁtgrhg% eedback filter 174

i's intendedptereeabis aih e t worpest - efir e | BPuSdfFs. -Hmus AB€uni ng al |

t he previou eci.sions b degbsi-gR-daw Ge 17@rai1£tyz0®feheadan
equi val ent 8Fg8f-"5te: t5 rre h %re]rh%f respor?se i ncl udeésL three t.eq s

denoted as gimbRl faysemplhsst by [H8E oFAGRN&EAENY y2 tsnll Tai n ?a in
feedba%g FihLehnk’4 +8aBPWMakezREab) oneraSidssr At26.i rf@rkreﬁﬁengm sel ess
to

' neut 1nformatlon from and writing information onto the discs
112. A voice coil motor 128 is adapted to precisely
rotate the actuator arm assembly 122 back and forth such
that the transducers 126 move across the discs 112 along

20 arc 130.

| FIG. 2 shows a high level block diagram of the
control circuitry 132 of disc drive system 110. The
disc drive system 110 includes control circuitry 132 for
controlling the position of the transducers 126 and for

25 processing information to be written to or received from
the discs 112. A microcontroller 134 directly
implements all of the primary functions of the disc
drive system 110. A read/write support and interface
control circuit, indicated generally at 136, and a motor

30 and actuator controller 138 are connected to the
microcontroller 134 by a general purpose data, address,
and control bus 140. Circuit 136 in general provides a
hardware interface between the disc drive system 110 and

a host computer system (not shown) via a communications



deci sion device 172 can be witten as follows: Equation 1 Yk = akfl ak-1f-2
ak-2 15where ak is the input data bit at tinme k. A .
t hr ee- di nensi onal signal space detector (3DSSD) can be inplenmented by first
considering a synbol constellation in three-di nensi onal space. Generally,
the det eMQP8/32887 i s inplenented as a 3D-SSD in 20 accor daREEUR¥PPHhe
present invention. As described in greater detail bel ow, detector 162 naps
al | possible synbols which could represent the input data sequence to the
t hr ee- di nensi onal space. The detector tifen obtains an i nput sanpl e which
has a plurality of terns _25 indjcative of an input data sample in the
i nput sanpl e BEuéhce. TAESPapUELSGNbE e 138 tHen SRESFE t BTOd S8 shean
\t/\ﬂr eﬁ- d} neﬂsiithaérﬁaD@ébl %éﬂhéé}enb@%ﬂ%cﬁ:ldllatair@-acﬁhﬁaﬂ&eﬁ Qf?l@tfrg_tlférdﬁik er Im nes
ich of the possible data, S_i osest.in the three-di nensiona
space to the "’P‘??g ‘?nﬁﬁf‘gZ‘é{ﬁﬂ)Eé Sgaé*é’@ﬁ &%& i nT{é?vﬁfa?d'lzmrsletles %ﬁaa BGous to
determ ni ng a4atreceivespeandiggad rimimmprdanpl ttaardildBandel det ween an
observed and J 16, desiLed ;P! e Valdiem 07 arbhed: fahaudglect ofpgsuch as
ec or

an FDTS/ de ‘or, “or a | ook-alead partial response channel such as
that descri bétrasy/waattes clRRISHJE ARFSD 35 arpdrfts ratvernrthe

Si x- Sanpl e Logks/hesitk dol Ve M1 B8t 8681 ©Re Ch2BRBHUCcehEER 2B aftter MagRes VoI .

29, No. 6, pp. 4012-4014, vember, 1993 ag\g thi\t descr.i.bed \% 5 Yamasaki
et al., "Al, FTode' FEPRRARELH ERanhBINFE WEh2ARR &F Noi LS Vit $RART
Detector"”, PR2r dfiléSS@E tHO%he ptddlénsil actuator controkbeh paBr of
possi bl & gy ols My £l PRLAt; 4 AL EBLENL s0ghe thot e ! £ egparat ed
by a boundary i) plane. ep ar boundari es are conbl he y logic rules
so that the Signadceperceller pdsdi taededhient®OEoD BEFTHILY odd 4coPY@Epondi ng

to a detector; gaci Sion ofngthrAR et L4 @l LRI HHRN G i dforie 81 BEF-OT
decision of - 1. Depending on where the det egtor i_nput data sarrjg%g 15 falls
n

in the three-* orlf FISEERIFOEPALE AEFEFPYY €62t Yo TR es, a
bi nary decision is rel eesed Byigea Idtendmiceadildgdras bife aletagheotiout put

by el i miat i HOPTEEs W RS oo edGidant 1030 S0d oS0 B toedafBEy O
separ at e symmhlipadesh «ff ebetickrf unndersapadinghahhehen@t &t o Beeddean
di stance (or I‘HI‘E@H@' St angeinAsSoGi@s ed M t R d h&rRfe, includes thé&l CS.
4-1 and 4-2 illustrate a vector space for a detector whi 0(51 anaéylzgg.an
i nput sequenceeFREAFRE medium, such as disc 112 and transducer
Detector 162 includes adder 164, front filter 166,
20 forward filter 168, adder 170, decision device 172 and
feedback filter 174. Detector 162 1is generally
implemented in read/write channel 144 shown in FIG. 2.
The input 176 to magnetic channel 166 is preferably a
sequence of data bits, the data bit for a current time
25 period k is represented by a,. The sequence of input
bits is preferably encoded, in accordance with one
aspect of the present invention, according to a code
which enforces an MTR=2 code constraint, and the bits
are provided in a non-return-to-zero inverse (NRZI)
30 format in which a one is represented by a transition and
a zero is represented by a non-transition.
When the data bits are read from the magnetic
channel, they are provided as a readback signal 178.

The readback signal 178 is typically corrupted by noise



25 three terns which constitut'e an observati tically
( tion vector. Mre specificall
ZL GS. rrf)ll and 4-2 Il lustrate synbol constellations of a Lorenltozi an chan%él
synbol density of 2.25. The constellations have axes yk (al so designate

by nu 8' 9; and v(al so desi [
: y gnhat ed by 30nuneral 202). pPdwusssrnsisl | at
shomns{ﬁ Ig?%é. 4-1 and 4-2 also include a third axis(v\}wich Is al so Fon

desi gnated by the nunber 204). Axis y" '

nur . y"k 2 extends into and
of the paper containing FIGS. 4-1 and_4-2. -12- nd oul Agfw}[lhfa Eleane
descri bed, sonme synbols are renoved baSed on the MIR constraint, and all of

oz, TR AR SR 93 erpsenty dmdves wyans o
4-1 and 4- re&fiback bognaadr ildd dne IHERT cggételrlug:tlegs S%lll Sﬁ%;%%)%%d " eyrbol
in the threg:di ' | - ! Se synbol s
observatioﬁ%%?gé@fgg?h%ﬁwng%rgﬁf Itam%?ahIby ieae emestgslﬂcam oRs: By
provi des a 11¢)P¥i%€¢§F6ﬁiB§§ed°ﬁ[jBBHevw%€rieg% ﬁ‘gﬂg%guc\?%{%@%dr%ggb%gﬁd o
the constel s aghan iebakhdeate tl‘msphanapabbunﬂath@sacﬂfﬁélg)%égddg;@se;ﬁges !
Sonstel!atlpnslare gefl.ne_ql ag f 0WS:.15.20 MKisedk (£)f 4saloredehtak_2
—ak-2 Y k-P"RIgREBERGAS I on "D %é%a%?gﬁ'StEquat on 4( ) b
in the readback signal 178 and becomes part of the
readback signal 178.
A corrupted read signal 182 is provided to
10 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 provides a sampled output 184 to forward filter 168
through appropriate switching circuitry 186.
15 Forward filter 168 preferably operates alone
or in combination with other filtering to whiten the
noise on the readback signal and provide a modified
readback signal 188 (also designated r,) to adder 170.
An example of forward filter 168 is a finite impulse
20 response (FIR) filter 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
constraints are enforced on the channel coefficients.
25 Decision device 172 preferably implements a number of
the detection techniques described herein and provides
a signal 190 (also designated §,) at its output.
The output &, is an estimate of the input data
sequence a,. The output 3, is also provided to feedback
30 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 yk) of adder 170 to decision device 172. In



whereand Y'k-2 denote the detector inputs at times k-1 a
i ntersynbol interference due to the available past decis
decisions for ak_3 and ak.4 at tinme k) cancelled. 25 Dec
must make a decision on the input bit ak.2 (i.e., the in
recei vedYOR8/5E#8%e intervals previously) at each tine k i
process because the detector is processing three input b
observation vector. 30Table 1 Index (ak..2, ak.2, ak)

0 (+1, +1, +1) (+1 -1- fl +f2, +14-fl, +1})0- B
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feedback filter 174 is intended to remove all but two

post-cursor ISI terms.

Thus, 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, £,, £,). Without any 1loss of
generality, the main tap in feedback filter 174 is
normalized to one.
Thus, at time k, the noiseless input y,, to
decision device 172 can be written as follows:
Equation 1

Ye = & + £, a0, + £, ags

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

A three-dimensional signal space detector (3D-
SSD) can be implemented by first considering a symbol
constellation in three-dimensional space. Generally,
the detector 162 is implemented as a 3D-SSD in
accordance with the present invention. As described in
greater detail below, detector 162 maps all possible
symbols which could represent the input data sequence to
the three-dimensional space. The detector then obtains
an input sample which has a plurality of terms
indicative of an input data sample in the input sample
sequence. The input sample is then mapped to the same
three-dimensional space in the constellation. The
detector then determines which of the possible data
symbols is closest in the three-dimensional space to the
input sample at each time interval. This is analogous
to determining a path corresponding a minimum Euclidean
distance between an observed and the desired sample
values for a fixed-delay detector, such as an FDTS/DF

detector, or for a look-ahead partial response channel
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such as that described by Patel, Rutledge and So in
nperformance Data For A Six-Sample Look-Ahead 1, 7 ML
Detection Channel", IEEE Trans. Magn. Vol. 29, No. 6,
pp. 4012-4014, November, 1993 and that described by
5 Yamasaki et al., "A 1, 7 Code EEPR4 Read Channel IC With
Analog Noise Whitened Detector", PROC. of ISSCC, 1997,

pp. 316-317.
Each pair of possible symbols which point to

different detector decisions are separated by a boundary
10 plane. The planar boundaries are combined by logic
rules so that the signal space is partitioned into two
regions, one corresponding to a detector decision of +1
and the other corresponding to a detector decision of -
1. Depending on where the detector input data sample
15 falls in the three-dimensional vector space relative to
the boundary planes, a binary decision is released by
decision device 172 as the detector output &§,. As will
also be described below, the detector structure is
simplified by eliminating planes which are redundant,
20 and also by eliminating separate symbols which are much
further apart than the minimum Euclidean distance (or

free distance) associated with the code.
FIGS. 4-1 and 4-2 illustrate a vector space
for a detector which analyzes an input sequence having
25 three terms which constitute an observation vector.
More specifically, FIGS. 4-1 and 4-2 illustrate symbol

constellations of a Lorentzian channel at symbol density

of 2.25. The constellations have axes. Yx (also
designated by numeral 200) and y’y., (also designated by
30 numeral 202). The constellations shown in FIGS. 4-1 and

4-2 also include a third axis Y’ ’«x- (which is also
designated by the number 204). Axis y'’k., extends into
and out of the plane of the.paper containing FIGS. 4-1
and 4-2.
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As will be described, some symbols are removed
based on the MTR constraint, and all of the possible
remaining symbols which could represent the three-
dimensional observation vector are mapped to the

5 constellations illustrated in FIGS. 4-1 and 4-2. Planar
boundaries are then constructed to divide those symbols
in the three-dimensional space defined Dby the
constellations. The observation vector is then mapped
to the constellation and the detector provides a

10 decision based upon where the observation vector resides
in the constellation relative to the planar boundaries.

The axes of the constellations are defined as
follows:

Equation 2
15 Y = a, + £, a, + £, ap.,
Equation 3

Y'k1 = @y + £y ag

Equation 4

20
where vy'y., and y’'’,, denote the detector
inputs at times k-1 and k-2 with the intersymbol
interference due to the available past decisions (i.e.,
the decisions for 4,, and §,, at time k) cancelled.
25 Decision device 172 must make a decision on the input
bit a,., (i.e., the input bit which was received two time
intervals previously) at each time k in the detection
process because the detector is processing three input
bits as an observation vector.
30 Table 1

Index ] (ak—2' ak-2’ ak) (Ykl y’k-ll yllk-Z)

0 (+1, +1, +1) (+1 + £, + £,, +1 + £,, +1)
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1 (+1, +1, -1) (-1 + £, + £,, +1 + £,, +1)
2" (+1, -1, +1) (+1 - £, + £,, -1 + £,, +1)
3 (+1, -1, -1) (-1 - f, + £,, -1 + £,, +1)
4 (-1, +1, +1) (+1 + £, - £,, +1 - £,, -1)
5 5 (-1, +1, -1) (-1 + £, - £,, +1 - £, -1)
6 (-1, -1, +1) (#12 - £, - £,, -1 - £, -1)
7 (-1, -1, -1) (-1 - £, - £,, -1 - £,, -1)

Table 1 illustrates all possible input
10 sequences which could be represented by the observation
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,.,, 3. and ag, and
15 also provides an evaluation of the axis Yx, Y’k and
v’ ., Written in terms of the channel response.
FIGS. 5-1 and 5-2 illustrate waveforms 206,
208, 210 and 212 which represent dominant error events
observed for MLSD detectors at high densities and high
20 order partial response targets. In FIG. 5-1, waveform
206 represents a tribit, while waveform 208 represents
the same tribit shifted by one time interval. This has
been observed to represent a dominant error event. In
FIG. 5-2, waveform 210 represents a quadbit while
25 waveform 212 represents a dibit. It has been observed
that such detectors incorrectly detect a gquadbit where
a dibit was the actual value, and vice versa. This also
represents a dominant error event.
In order to eliminate such dominant error
30 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
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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
4, ,=+1. Note that symbol 5 has been eliminated.

The symbols corresponding to y’’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.
Initially, it is noted that four slicer planes are used.
However, as will be described, in order to simplify the
detector structure, the number of planes is limited to
three (e.g., planes C and D are combined to form a new
plane E discussed below). In order to further simplify
the detector structure, the directions of the planes are
also constrained.

Plane A is provided to separate symbols 0 and
4 (and also symbols 1 and 5 in FIG. 4-1). For an
optimal detector, the decision boundaries are planes
which bisect a line which connects the pairs of symbols
being separated. However, for simplicity, the system is
constrained to locate the plane not to separate the two
symbols in three-dimensional space, but to separate
their projections on the y’,, Y’'’k., surface. This

constraint is implemented by picking the two coordinates
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densities), the y’,., coordinate contributes more heavily

to the distance than the Y, coordinate. Thus, the
symbols are projected to the y'x.. Y' 'k.. surface. Slicer

10 plane A is thus constra%ned to only rotate perpendicular
to the y'y., Y’ ‘k.. surface.

The projection of plane A onto the chosen
surface is thus represented as a line whose direction
changes as the slicer plane is allowed to rotate. All

15 points on the line have the same distance from the
projected pair of symbols.

From Table 1, it can be seen that the
coordinates of the projections of symbols 0 and 4 on the
Y'x: Y' '«., surface are given by (1+£;, +1) and (1-f,, -

20 1), respectively. Thus, the equation of plane A can be

obtained as follows:
Equation 5

(Y'e2 - (1 + £))2 + (Y ' 'x2 - 1)?
= (Y'war - (1 - £))2 + (y''x2 * 1)2
25



to an MIR=2 constraint which disallows tribits. Thus, in Table 1, either
synbol 2 or synbol 5 nust be disall owed, dependi ng upon the value of ak,, -
since those -14- synbols represent the presence of a tribit.For exanple,
W th ak_3:+1.8 synbol 5 corresponds to a sequence of i nput itﬁjof the form
(+1, -1, MAP%32$7 which contains three consecutive transiti i8R Mt be
5elimnated. By the sane token, where ak,= -1, synbol 2 nust be elim nated.
The constellation shown in FIG 4-1 has all possible synbols napped
thereto, assuming ak.3=1. Note that syhbol 2 is not mapped to the
constellation shown 10 in FIG. 4-1. Simlarly, the constellatign shown in
FIG 4-2 has all of t R ifh&EIRALSH/MOTRN rﬁ%p%ﬂ“%bfé?é fRevéedfa=-1-1.

Not e that synmbol 5 has been elin nated. The Bguhelisn 6
corresponding to y"1"2-.+1 and -1 ape denoted. by x's and O's, respectively.

The i ndex 15 nunber is deno?edkﬁeromﬁf%é“SY' dl marker x's and O s.

FIGS. 4-1 and 4-2 also illustrate slicer planes A, B, C and D which are
used tozdivide the varj p e gapstelhatigns nitially,
it is n%ted t hat fourtgﬁi e§¥g$gﬁ£%ggr§%§§%§P&§o Fbmev% ?Qgggﬁj Fkbe
described, FhAigedePledesBrphich serrrrtestymRetsict @l 7t HEPFuAbEP of
planes is | ggbed < @ Ehided (& §IG.phangscenapd Rrateeaoabi felllbwstorm a new
pl ane E di scussed below). In order to further sinplify tge dgtectgr
structure, the directions of the planes are 25al so consttarfsd®

Plane A is provided to sepavatg.synbolw’ 0, ank,4=(&nd al so synbols 1 and 5
in F 4-1). For an optinal detector, the decision boundaries are planes
whi ch brsect a I'ine which connects the pairs of synbols 30 being

separat ed. However, fd&hed] fplicilty Phane §IeRATatednsyraPhed3t 8NFocate the

pl ane not tg separakecthge t¥AsceyabAka tB8 SHIperdt A€8SHOAPEnapaGarbut to
separate their gﬁojectiqns on t "k-1 surnﬁfe. Thi%iconstraigtchs

e Y
i npl ement ed™By biEkiHg 't he t%rlﬁj%?disrﬂaﬁ%% & coordinates whi

contribute most heavily to the distance between the
15 symbols are the coordinates corresponding to the y, and
v’ 'y, axes. The plane equation is derived by finding a
line which bisects the projections of the two symbols
onto the y,y’’«., surface.
The operation is again repeated for plane D
20 which separates symbols 2 and 4 when §, ,=+1.
These procedures result in the following four
boundary plane equations:
Equation 8
A: sgn (y''y2 + £ ¥k - £1)
25 Equation 9
B: sgn (y''x2 + £1 ¥k + £)
Equation 10
C: sgn (y''w, - (£, - £2) v - (£, - £5)),
where 8, = -1
30 Equation 11
D: sgn (y'’y., - (£, - £) v + (£, - £3)),

where §,., = +1
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Slicer 10 plane Ais thus constrained to only rotate perpendlcular to the

yi k" y"k_.2

sur f ace.

surface is thus rep
pl ane i s pkbomige:t o rotate. AII 15 points on the |ine have the sane
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F%sen 't ne whose direction changes as the slicer

di stance fromthe projected pair of synbols EquatBoemlBabl e 1, it
can be seen that the coordlnates q% prolec fons:pf %¥npols 0 and 4 on
the y' k" y"k.. Esursdel &rekglve by ( lf¥k +1§ and (l - 201), '

respegtively. Thus,

t he equatlon of plane A can be obtained as foll ows:

Equation 5 - (1 + f1 " kedrendd -sfdd1i2(ddksy ' 1- 1)2 25
-16- This expressioﬁai éx lQWI%% edggé y%r ) ligible
setting (£,-£,)=1. Thls 51mp11f1catlon has a neglig

effect on the detector performance since at lower
channel densities of interest, the two symbols to be
10 separated by this plane are further apart than those
separated by planes A and B. Therefore, a slight change

in the plane orientation and position does not impact a

rela

tive location of the received samples with respect

to this plane. Thus, Equation 12 can be simplified as

15 follows:

Equation 13
E: sgn (y''x: - Y * &x3)

By substituting for v'w. and y’’y, from

20 Equations 3 and 4, the following relations are obtained

for the three boundary planes:

25

30 given by:

Equation 14

A: sgn (ye2 + £1 Yea + AR)
Equation 15

B: sgn (yx: *+ £y Yxa + AB)
Equation 16
E: Sgn (YK-Z “ Yk + AE)

where values AA, AB and AE are offset values

Equation 17
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Equation 6 Y'k-2f1 Y k-1f1 = 0 5Using a sinmlar procedure, the equation for
slicer plane B which separates synbols 3 and 7 (and al so synbols 2 and 6 in
akG. 4-%) gan Fe witten as follows: Equation 7 Y'k-2fl Yik-1fl = 10

en a"3.,.- ane C separates synbols 3 and 5. Plane Cis Lned to
only rot Xf%”ﬁ%f"yendi cular to the vv KA k- 2“%89?%8?:@]7% nce
t he coordinates which contribute nost heavily to the di stance between the
15 synbol s are the coordi nates corresponding to the yk and y"k_2 axes. The
pl ane equation is derived by finding atBine which bisects the projections

of the two symbols onto the yky"k-2 surface. . __Th
operation is again repeated for plane D 20which separaté@ngyﬁﬁﬁ?slg and 4
when a"3. +1. These prbredurlesiyesulf, idn the follow ng four

boundary plane equations: Equation 8 A: sgn (Y" k-2f1ik-1f1) 25Equation 9
B: sgn (Y",(-2f1 Yik-1fl) Equation 10 sgn(- f2) yk - (f2) ) where a,3 = -1
The offset values, in general, are implemented

5 as short FIR filters with binary inputs, two input
multiplexers, or look up tables.

Decision logic can be implemented by moving a
test point through the three-dimensional signal space
and recording the relative position of the point with

10 respect to the planes. The corresponding detector
output is obtained by finding the closest 'symbol in the
constellation to the test point. A logic rule is then

obtained by combining the cases which result in the same

output decision from the detector. However, for the
15 three-dimensional case discussed herein, the logic rule
can simply be obtained by inspection. Mapping the

boundary decisions -1 to 0, the logic rule can be
written as follows:
Equation 20
20 4, = B. E + A

where . denotes a logical AND operation and +

denotes a logical OR operation.
FIG. 6 is an architectural block diagram
25 illustrating a 3D-SSD detector 214 in accordance with
one aspect of the present invention. Detector 214
includes delay operators 216 ahd 218, multiplier 220,
summing circuits 222, 224, and 226, slicers 228, 230,
234, AND circuit 236 and OR circuit 238. As illustrated
30 in FIG. 6, y, is provided to delay operator 216 which
provides, at its output 240, y’y,. That term is also
provided to delay operator 218 which provides at its
output 242, y'’y.,. Multiplier 220 receives at its input

244, f,. Summing circuit 222 receives at one input 246



30Equation 11 D:sgn (y" k-2(f1'f 2) Yk(f1f2) ) wh

ere ak_3 = +1 ‘
W98/ 52?87PCT/ US98/ 09752 -17- Boundaries C and D can al so be combined to
provide: Equation 12 E sgn (v k-2(flf2) Yk( f1f2) ak-3) 5

Equat i Jets8@n be further sinplified b

( I Q y setting (f1-f2)EBECT/USPE/AIT52

i5| rrpllgrbcatlon has a negligible effect on the detector ?)erformance si nce at
ower channel densities of interest, the two synbols to be 10 separated by

this plane are further apart than th.q
_ _ se. separated by planes A and B.
Therefore, a slight change iin the plane orientation and position does not

I act
prgne $h3§A@%53§ éﬁ&aéfQQlevhmﬁerQEeamddasaﬂhbestWBmhtM@dp@@mtgo this

D T taug LOr 42 S0 D SURLLLEL a8 obbanpeckavad ap 19 € son
the foll owiRg 1gpati ans ahereltfaicfetset value 8B and g% uationg ey and 4
two inputs thereof the output 250 of multiplier 220 and
5 also Y'’y.. Summing circuit 226 receives, at a first
input 252 thereof the offset value AA and at its other
inputs the output 250 from multiplier 220 and y’’«., from
delay operator 218. The output of summing circuits 222,
224 and 226 are provided to slicers 228, 230 and 234,
10 respectively. The outputs 229, 231 and 235 of slicers
228, 230 and 234 are to circuits 236 and 238 as shown.
The output 256 of circuit 238 provides &;.,- Thus,
detector 214 uses one multiplier, there slicers, three
adders and three two input multiplexers. A similar 3D-
15 110 detector can be implemented using three slicers,
three adders and two-input multiplexers.
In the above discussion, detector 214 was
constructed by taking advantage of the fact that, at
each time interval, only one of the two symbols 2 or 5
20 from Table 1 1is present in the signal space
constellation. This is because the MTR=2 code removes
one of the two symbols at all times.
However, the dominant error events mentioned
with respect to FIGS. 5-1 and 5-2 can also be removed
25 using a time-variant transition run constraint. Such a
constraint allows tribits, but only allows them to start
at predetermined intervals. In one embodiment, the
time-variant transition run constraint allows tribits to
start only at every other (i.e., even or odd) numbered
30 time intervals. This type of relaxed constraint allows
the development of codes with higher rates. Thus, with
the time variant MTR code, it is possible to have both
symbols 2 and 5 present in the signal constellation at

every other time interval. In order to implement the 3D



for the three boundary planes: A:sgn (y)".2 + fl Yk-1 1" AA) 25B: sgn (v

-Ak-2f1 Yk-1AB) E: sgn (y,,2 - ykAE) Equation 14 Equation 15 Equation 16

where val ues AA, AB and AE are offset values 30given by: Equation 17 AA

=-f1f1f 2

- 18-
gener al

}{@6‘%4/%2_%72 ak-4fi Equation 18 AB = (-fl - flf2) ak-g%f,ggég-,@%

, + 1) ak 3 - f2 Ak.-4 The

( are inplenented 5 as short FIRfilters with binary inputs,
i nput mul tiplexers, or |ook up tables.

fi
Zes,
t wo

Deci sion | ogic can be

i npl emented by nmoving a test point thrdfgh the three-di mensi onal si gnal

space and r
t he pl anes.

ecordi ng the, lativ it f th int wth 10
SRESEBPF Eo PP GG AR YOEP o 1S SPOBE A Fedt BYSFF hafing t he

in

cl osest synhabdifitheioassmeldtatiecomade tihe drekir pod Mcecdnhodatce ruhe i s then

obt ai ned by ggg%%gigg the %Q§%$c¥ﬁ%ﬁ%§¥%§ylt in the same output decision

fromthe detéc ree-di nensi onal case di scussed

her ei n,

wever ,

the logic ruleIn order to bettexr understand the

5

10

15

20

25

30

modifications required to detect data encoded according
to a code having the time-variant code constraint, a
signal space detector in accordance with the percent
invention can be understood with reference to an FDTS/DF
tree of depth 2. FIG. 7-1 illustrates such a tree 280
where the tree has a root beginning at an odd time
interval k-3 (also designated by numeral 282). FIG. 7-2
illustrates such a tree 284 having a root which begins
at an even time interval k-3 (also designated 286).
Trees 280 and 286 both assume that &, ;=+1.

Without any loss of generality, the present
discussion proceeds under the assumption that tribits
are only allowed to start at even time intervals. While
the root of trees 280 and 284 illustrate the value of
a,.,, the subsequent branches which proceed from left to
right along the tree illustrate the value of samples a,.
. 3.,, 3@, and a,,,. The corresponding time intervals are
illustrated along the bottom of each tree and are
designated, in FIG. 7-1, by numerals 288, 230, 292 and
294 and in 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
reveals a tribit pattern (+1, -1, +1, -1) which starts
at an odd time intexrval. Therefore, where the root
corresponds to an odd time interval, that situation is
identical to the MTR=2 in the previously described
detector. On the other hand, as shown in FIG. 7-2,

where the root corresponds to an even time interval (and



can sinply be obtained by inspection. Mapping the boundary decisions -1 to
O, ‘the logic rule can be witten as follows: Equation 20 20= B. E + A
where . denotes a |ogical AND operation and + denotes a | ogical OR

oper ati oo Jgldngs6 1S an architectural block diagram 25i | | usty¥/eédsngra 3D- SSD
detector 214 in accordance w th one aspect of the present

i nvention. Detector 214 includes delay operators 216 and 218, multiplier

220, sunming circuits 222, 224, and 259 slicers 228, 230, 234, AND circuit
236 and OR circuit 238. As illustrate %Oln FIG 6, yk is provided to del ay

operator 216, \2/? chﬁ%rég t_(1;es,‘_:n:aet ihs QR PUt 240 That % rme,anal §@mRr ovi ded

to del ay oper |ch I’OVI es at its output y"k-2. Miultiplier
220 recei vegngerivied ) mtm@raliq:he%u?m@% %l?é%lPGQQQtFééel ves at one

o oS e s
. u n t
one input 2XBTSHOFS SletettAnl éétEBaaﬁ&“ﬁt'vﬁg%ghgﬁ}%y\éogﬁqu efﬁia\rlng &

t he output §56beenfﬂﬁJId plplae:rh ZE&nanBeS atsovyd " .atSumddg tdimesui and26

receives, at _a fir re ff d its other
i nputs t he Eﬁlsﬁl?tre?tﬁu reovrﬁnrru |e$}f{3‘§€$ep éﬁé #4 ?%%ngaééaggogg%gt or 218.
The out put phRtéism2 ngng réuﬂt@we%zﬁhﬁnwm%r@ pragvi BEIORE%FI cer s

228, 230 an%e%%‘l’onl%f keSReChisveby. 28her QWP W 2A%A 23 rafdc235aef slicers
228, 230 and 234 are tq circuits 236 ggd 238 as ggown Th?ﬁoutn\put 256 of

circuit 238usesvigesities 1PRESasfet EEPSF SUECTS there
slicerso thneegaddars: aiky ebemineténphé cvdei phexebeneAisi mfl ghe3D- 15110
det ect or can tr)nee |V rlanPtntﬁij us&&ng three slicers,

Therefore, in accordance with one aspect of
the present invention, branches 2 and 5 are extended one
step further in time (beyond time interval k). Such

15 extensions are labeled 2A, 2B, S5A and 5B 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
‘illustrated in FIG. 7-1. Path 2 is still allowed and

20 path 5 is still disallowed. However, in FIG. 7-2,
extension of the paths one extra time interval allows
the pruning of branch 2B. In other words, branch 2A is
still allowed in FIG. 7-2 because it does not violate
the time-variant MTR code constraint. However, branch

25 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 5A can be eliminated.

The remaining symbols, after pruning, in FIG.

30 7-2 which are represented by path 2A and path 5B
correspond to an error event of the form +/- (2, -2, 2,
2). Thus, the distance between these two symbols should
be considerably greater than the minimum Euclidean

distance for the code.



t hree adders and two-input nultiplexers. In the above

di scussion, detector 214 was constructed by taking advantage of the fact
that, at each time interval, only one of the two synbols 2 or 5 20 from
Table 1 is pr t in the signal space constellation. Thisgj e the
MIR=2 co%og%%%&gs one of the two synbols at all tines. pb'F/UQS‘s%%B’_&
However, the domi nant error events nentioned with respect to FIGS. 5-1 and
5-2 can al so be renpved 25 using a tinme-variant transition run constraint.
Such a constraint allows tribits, but-2%ty allows themto start at
predetermned intervals. In one enbodinent, the tine-variant transition run
constraint allows tribigngo $tH ofeFhaidfery 6t hef ~GRMERST or odd)
nunber ed 30 oHddiR 4 s WAl ScodNiwhiypei oélu@taxgd, coast f aantaral lgys the
devel opnment of codes with hi g%g{ rates. Thus,, with the tiﬂ?ev riue}n_t_ MIR
code, it is G8ssPBl &9% hife BHHSYnBILS R 55 %sent Th thesi gnal
const el | at i AimnEMeiayl otdarerhiare amt eractiar | isor dempagdchpltenethe he 3D
-20- detectaqrs in ac n ' I, nyent.i digf j ons must
be nmade 5|e n oﬁed%arlrf%négé‘gmi%h%g%ﬁg%éﬁla%n?hggc%%gﬂgo%& ra félidﬁgg I n order
to better uratetstdwed chessrnmf f itd@SonsWPegtY R0 BRt &dt® ddC¥%ncoded

accordi ng t Q@nSitodali BeskhoatiBR- Waddiy £odeeterisigdi whila silgnal space
detector in accordance with the percent inverEi on (‘.fn Pe Hnd%rfstt oed W th
reference t PEFTDIS PRURELel5PMdEPEN B3 %R G ROV U5t PAfes 'sUclT a tree
280 10 wher ecwidie siyie@19s ehénpt dredles nghat ampbedentabiont ep¥ala k- 3
(al so desi gnat ed by numeral .282). .Fl Q2 1 Y ; tyee 284

havi ngd"ap rooﬁl%?fzhc%%geens %%lcg% ""eﬁ\jlecrclfll tgen%‘éﬂnltéeé?vtga@%?%(]gﬁg déls?lgnat ed
286). Trees &8D 4r2l. 286 both assume that ak3=+1. 15Wthout any | oss of

generality, the preseni,d,3aus$sicon jhPrarsis: usden tEhedassedtdpti as taat
tribits are only allowed to_start at ‘even ti intervals. Wile the root of

tl
trees 280 antioBL || FRRER at SSERSTR! ued of PERNI2TY he PAEHSeqlbiitt brahches
whi ch proceegedépspéef whieh?Qarn i pbt wwenhgit heendee iind ust reuadany val ue of
sanples ak 2' ak.1 k_apd ak. 1. cQr ; i ) i yalss, are
i |l ustrated ‘i‘f'%ﬁ@l?lﬁegﬁ’ﬁt Eg% SF%S;E-CEE%{% g’efr Sersllg arer%%ttéﬂllg%%t gfge S;Eﬁ %I' G 7-1,
by nureral s B8, 29Q, 29Theinda@pleamd itimd Gk+¥- Zagy RPRinWEALSSROAS 298, 300
and 302. 25 f(ﬁy Syamning trees 280 and 284, it can be seen that either
path 2 or pat 15 w [ | be disallowed since one of themviolates t code
constraint. For exanple, in FIG 7-1, path 5 can be prur?@dlaftrlocfﬂt tree
since it reveals a tribit pgtterm s+l £1la +l,£5 B which starts 30 at an
odd tine interval. Therefore, where the root corresponds to an odd tine
intervad? that situation is identical to the MR 2 in the previously
descri bed detector. OnIthshetieer fhanddimenshionnli Aignel sP2Cewhbre t he root

corresponds {0 %nﬁelveg_,ti npvé%ﬁ‘géjé%{%’(% splake gWeheLYT i(hit s+8fe al | oned

to start at e i ntér branches 2 and_5 are permtted.
In order to f£saltlze the+cédi ngt ghifu f o) arDEDTS DR X deffect of i th a
time-variant _MIRcade ,tbhe), respectively. A new boundary plane P

25 bisects the projection of these points onto the vy,
Y’ ', surface.

Assuming the sample y,,, is available at time
interval k, the equation of plane P can be obtained by
writing the distance of the point (yy..., y'’.,) from the

30 two points which represent symbols 2A and 5B as follows:

Equation 22
(Yoo - (L + £, - £))% + (y' "x2 - 1)?
= (Yo - (-1 = £+ £))% + (¥ 'y + 1)F



5 problematic path can be renoved at odd times and restored at even tif
However, the presence of both paths 2 and 5 increases the chance of an
erroneous section of trees 280 or 284 to be selected. In fact, as user
densi tigés)' g%gease, these errors begin to becone so 10| argeusdsap7sthey
el i m n¥Ped? code-rate benefit of the tine-variant MIR code. '
Therefore, in accordance wth one aspect of the present invention, branches
2 and 5 are extended one step further_in tinme (beyond tinme interval k).
Such .15 extensions are |abel ed 2A2%B, 5A and 5B in FIGS. 7-1 and 7-2 and
are al so indicated by designation nuneral s.304 6523 2, 314,
316 and 318. Extensi FeIRAHLD P ok %%?égf?éc_tgﬁgrg’ﬁr?ﬁf t he
branches gag bikLHst pabellyi infddks tHe sRatdel2 conssEilataoid SHFd 20 path 5

is still disallowd. However, .in_F - 251 6%kensi eamefvddhe ipaidis one extra
time inteFvEeSallfofs t K& t}fni3ngso g;‘ll;'\}'lgtr'lcﬁlZB. I n other words, .branch 2A is

still all eyathdln Bl Gr 7-ymedaude it WoeSTASE VFoI AT YF me-Vari ant MIR
code constraint. r 25 2B8i dopsunbatgt, e thiee degdies igpmst r ai nt
because itcolm(%lrteaséefl S gctl?%?% inning at_an o[gﬁ %ia i nt epyal .
Simlarlyisomaedles®lin @g@ined ggeaﬁ‘gﬁeﬁ? whi'Fe rane}h' 5A can be

el i m nat e%(?u‘bg'tqc;rgﬂm nbagdbyen‘ritk;ﬂue:itan‘drertmrmﬁl@?ti RO éaCt3(Fr?@‘?fMir]chf are
represente y_ path, 2A an th_5 r n eld=1 wentaof the form
+ - (2, -Zl,hez,dezil.sms}st‘ﬁlg@af‘g?gnégébg?&ge%n%%ﬁltvvo synbol s shoul d be
consi der aldyr wweat er than the m ni num Eucl i dean di stance for the code. WO
98/ 52287PCT/ US98/ 09752 -22- Using this techni que,a 4-di nensi onal

obser*fati on vector, which includes ak_2, ak and ak+i can. be ysgdrgo further
prune the tree. The four- dinensional observation vector“is conpared to the
5 remaining two synb@}ks2 correspanding, x)o patlys '2A and)5B and the cl oser of
those two symbols to the four-:dingnsj ogz;tl)zopseggvati op yeetor is retained
whi l e the ot her is=pr(kfn~ed'flr116?n t’ﬂgl tt €&’ 'Renoval &f one of the two synbol s,
t hen, enables the inplenmentation of a 10signal constellation which
resenpl es those in th§EV§F%S§fgfféglty'still arised.n codputabipnpl enent

such B detector as a sign pace detectaor, a_ baundary:.,pl a mugt be
devel oped ®hi oh.captbetimed b nTREHAERSNg-RE b&Y) agloll%up%ec%l%si on_for the

Eel ECj[i on gégs'f“{’lpgr R%:[khl,2Aan2,58_i n.FIG . 7-24&The s%m!pl efﬁﬁdPPﬁlS k+1 can
© WrIttencgnceglact):.\g%n where N is the length of the feedback

filter, but the &,, and a,, decisions are not vyet
20 available at time k. Thus, an additional parameter 2z,

is defined where the intersymbol interference due to the -

feedback taps £, and £, are not yet subtracted, as

follows: _
Equation 24

25 Zoz = Yiez + E3 Gk + £, ax-2

For each of the symbols, the values for &;,

and &,., can be taken directly from the path leading to

that symbol. For example, the LHS of Equation 22

30 denotes the distance from symbol 2A for which &, = -1
and §,., = +1, as shown in FIG. 8-2. On the other hand,

for symbol 5B (i.e., the RHS of Equation 22), &x,=+1 and
4,.,=-1. This operation is similar to local feedback
cancellation such as that used in reduced state sequence



Equation 21 = ak.1 + f1 ak + f2 akl 20 In the new four-di nmensional signal
space (v k+11 k-1 yl k-2) synbols 2A and 53 are given by (+1, +f1- f2, +1 -

fl +f2, -1+ fl, +1) and (-1 - fl + f2, -1 + fl ' -f2, 1 - f, -1),
respectively. A _new boundary plane P 25bisects the projection of these
poi nt s oM%¥§’%8§k+1 y"1"2 surface. Assuni ng t RETAEAIEFKk+1 i s

available at time interval k, the equation of plane P can be obtained by
writing the distance of the point (vfromthe 30two points which represent
synbol s 2A and 5B as follows: Equatiom222 (Yk+il + f1f2) ) 2 + (y" k-21) 2
= (Yk+if1f2) ) 2 + (VI k-Zlg 2 -23- The sel ection of one of
poi nts 2A artFEEakers o (REERS -B ohifl 1 3pbYt s 1ere ls\ifiridbadhst &l Raficon at

evrertr; Iti gesl (Lisé% ,fdM‘tTthél(lv%l!u% wﬁ%%ﬁheﬁeyht’ k__rleﬂﬁtlﬁ’gaﬁbifbgfneﬁy%@ﬁ 2 or
synbo . In order tq eviate t conput ational delay due to.this
boundary, 1 dbci-si R T B EEbTST ot HbEBIECtPie?fat 8Pl 5258
Thus., Equat ilmc@R daediadglewvalwesst ofoxf |&ct t&nad f &gt, t faeldse dbei sion is
obt ai ned Onefcglilr@niﬁ'ée{ii’ﬂa?%&hgf:ioﬁ% follows: 10 Equation 23
Equation 25
(-1+(£, + £, - £,) / (2 + £1)) Zy,; - Vi1 + £, 8., =0

Since the distance between symbols 2A and 5B
10 is much greater than the minimum Euclidean distance, the
multiplicative factor of z,,, can be set to -1, with
negligible impact on performance. Therefore, slicer
plane P can be given by:
Equation 26
15 P: sgn (-2, - Y. + £2 &4.5)

As mentioned above, by providing the decision
due to plane P at even time intervals, the symbol
constellation for the remainder of the detector is made

20 similar to those shown in FIGS. 4-1 and 4-2, and the
modified 3D-SSD detector in accordance with the present
invention can be implemented. While the equations for
all four planes A, B, C and D remain unchanged, the

. conditions under which planes C and D are applied needs

25 to be somewhat modified. The constellation illustrated
in FIG. 4-1 and the boundary of plane C apply when &, ,
= -1 with the root at an odd time interval or when P = -
1 with the root at an even time interval. On the other
hand, the constellation illustrated in FIG. 4-2 and the

30 boundary plane D are applicable when §,, = +1 at odd
time intervals or when P = +1 at even time intervals.

This can be summarized by the following notation:



(Yk+2 - (111£2) ) 2 (Y k-11)2 (Yk..2(- ff 2) ) 2 4 (Y k-1 +1) 2~

15However,
requires the availability of the sequence ( -ak-i /ak-2 /,ak_.)for feedba

cancell é
a, 2 decl

25Zk+2 =

difficulty still arises Conputation of v

where N is the Iength of the feedback fil t erpCTRUSISObES2 AK i

|ons are not yet 20 availabl'e at tinme k. Thus, an addi
t
Farggeter zk i s defined where the intersynbol |nterference due tBOPﬁL
eedback taps f3 and f, are not yet subtracted, as follows: Equation 24

Yk+2f 3 ak- 1f 4 ak-2 -25-
val ues for ak i

t hat synbol .

t he ot her

For exanple, the LHS of Equation 22 .30 den

from synboﬁaﬁﬁghor(yvm;‘c‘,h alg, = 1)1, ads &.-12 odd) QB Brownti if

For each of the synbols, the
and ak_2 can be taken directly fromth%ﬁq_péyﬁgreaﬂy ng to

for synbol 5B (i.e., the RHS of Equati erp#djiomk28+1 and

a"2.-1. This operatlon is simlar to local_ f
ee ack o
that used bn sgduded ‘stateYseguehcedx-WTF 98} 5 g%?% 7&%9Q3§UCh 2

estima ors (RSSE). Simlarly, I|ocal feedback |s also used for the val ue of

ak+2 at tine k

es the djstance

FYE 8-2. O

an

ak 2 ny",", is transfornmed bagk toy
. ti K+
E}ggﬁt :)\C/)mnnSB anelQY usi r?g?"’}lcﬁ‘:'al£S| ﬁdiéé’k P/a“f‘ues for a%lé leggﬁqgﬁ'ﬁz §?Ie|nds t he
Rl e Qﬂl!-lﬂ'le (014 ubol dopwh -
zk+2 - yk, P f2 ak_3 (oAt +-g;Latigi 29(1 o
E/: Yk—z—yk_AE/+é\k'3l
yk_z—yk—AE/+P
10
where AE’ = - £, &, - f; &c.. BB can, of

15

20

25

30

course, again be implemented as a FIR filter or a two-

input multiplexer. The final decision is again rendered

by Equation 20.

FIG. 8 is an architectural block diagram which

illustrates a detector 320 in accordance with one aspect

of the present invention. Detector 320 includes a first

portion 322 which is similar to detector 214 illustrated

in FIG. 6, and similar items are similarly numbered.

However, detector 320 also includes a second detector

portion 324. Detector portion 324 is configured to

implement boundary plane P derived above. Detector

portion 324 includes delay operators 326, 328, 330 and

332,

two 1input multiplexers 334, 336, 338 and 340,

slicer 342 and summing circuits 344, 346 and 348.

Two input multiplexers 334, 336, and 340

rovide one of the designated inputs, at their outputs,

p
based on whether &,; is +1 or -1l. Delay operator 326
receives at its input 350 the value Zx.. Therefore,

delay operators 326 and 328, summing circuits 344 and



Since the distance between synbols 2A and 53 10 is nuch greater than the

m ni mum Eucl i dean di stance, the nmultiplicative factor of zk+2 can be set to
-1, with negligible inpact on perfornmance. Therefore, slicer plane P can be
gi ven by: Equation 26 15 P: sgn ( z -- 3c+2 - Yk-1 + f2 ak-31)

As nenti SHRA¥2H8Ue, by providing the decision due to pl ane PETHS%®I¥I2t i ne

I ntervals, the synbol constellation for the remai nder of the detector is
made 20 simlar to those shown in FIGS. 4-1 and 4-2, and the nodified

3D- SSD detector in accordance with the2gresent invention can be

I npl emented. Wiile the equations for all four planes A, B, C and D remain
unchanged, t3¥6 cormidlthohtipheserahpdh pndndsoccanbiineare REPVILEE Needs 25

to be somewhat vpRdifihgde ghedeaEtgbgggth islhlgustrated in FIG 4-1 and the
boundary of plane C apg%y when ak 3’=_-1 with the root at an odd,tine

interval or when P . -1B GAERCERE r 63t CRETRMST tI 1t TRTEIVEF. %en the
O][ her hand, éﬁeFQ@@&R:eljsﬁ | @poml ldistdaiited2B8 RIA grdvaddst heat30ibsundary
plane D are a ica en ak, 3 =.+1 at t L nter 0 P. +1
at even irn?'#k%?vgkg. %s?%%ﬁ?b3“§Umn;ﬁ¥éxV%§u%hégf& éyﬁéﬁﬁﬂggation
-25- C sgn faedback Yo -thgargmaingersgnuf (¥he- Cirokdy.| aRugtker, Equation
27 -1 (odd) @k1Pigretetewan), EQURIAY &8rcuit 338, slicer 342 and

delay operator 332 operate to provide slicer plane P to

one input of multiplexer 338. The other input of
10 multiplexer 338 is coupled to &..,. Multiplexer 338
provides either plane P or &, ; to summing circuit 222
based on whether k-3 is even or odd.
Thus, it can be seen that the present
invention implements a signal space detector for MTR-
15 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
20 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 variant MTR code of higher rate, especially at
higher densities.
25 The present invention includes a detector 320
for detecting data read from a disc 112 in a disc drive
110. The data is provided in a sampled read signal
including data samples provided in a plurality of time
periods. The data is encoded according to a code having
30 a time varying maximum transition run constraint which
varies between a first constraint and a second
constraint periodically over a plurality of time
intervals. The detector 320 includes a first detector

portion 322 configured to determine a placement of data
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iYI qg . 15FIG 8 is an architectural block diagram which
| ustrates a detector 320 in accordance w th one aspect of the present
nvention. Detector 320 includes a first portion 322 which is simlar to
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sample then being detected is constrained according to
10 the second constraint.
In one embodiment, the first detector portion
322 is configured to detect which one of a first
plurality of possible symbols, in the multi-dimensional
space, the data sample then being detected corresponds
15 to based on placement of the data sample relative to the
first plurality of planes in the multi-dimensional
space.. In one illustrative embodiment, the first
plurality of terms comprises N terms and the first
plurality of possible symbols comprises a subset of all
20 2¥ possible symbols. This subset is reduced over the 2"
symbols based on the first constraint when the data .
sample then being detected is constrained by the first
constraint.
In one preferred embodiment, the second
25 plurality of terms comprises N+1 terms. The second
detector portion 324 is configured to detect which of
the 2 possible symbols are to be eliminated to obtain
the subset based on the second constraint and based on
the placement of the data sample then being detected
30 relative to the at least one additional plane in the
multi-dimensional space.
In accordance with an illustrative embodiment,
the first detector portion 322 includes an output

portion 238 configured to provide an estimate of the



Soutput 352 the value ak_3. This value is provided as feedback to the
remai nder of the circuit. Further, nultiplexer 336, summng circuit 338,
slicer 342 and del ay operator 332 operate to provide slicer plane P to one

i nput of nultiplexer 338. The other input of 10 nultiplexer | s_coupl ed
to ak_3 W%gfsﬁ%gxer 338 provides either plane P or al," tosgyﬁﬁ?%béﬁ rcuit
222 based on whether k-3 is even or odd. Thus, it can be seen

that the present invention inplenents a signal.space detector for MIR- 15
coded channels. Since no constraint is2&nforced on the channel response,
the detectors can be used over a wide user density range. Also, signal
space det ec8aktai sampdieefhfredsinacdoreahed hrerd R0 prigantaFaveREi on with

an MIR=2 coggt kaleNtaAs: WehhpBs LeTRrYaL a8 MK r20seoqasurdiitytBe MIR=2
code, the detector provides a.significant gai ver the 110 det ector at
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vari ant MIRpeedeonf 2BBgherconf tgueefetbapryvatieht hheesténsitel e€. tBBThe

present _invention_includes det ect qr 0_f .det ect.i t e roma
di sc 11% in 328i§8m8 Fvgslfg? %H% 3§t§ %épﬁgﬁﬁgiﬁiéﬂ a g%n%?édaggéd si gna
i ncl udi ng daempdenploaremrevidied®n a plurality of time periods. The data is

encoded according to apO@eRRAHNG MR fdiRadlal ¢ vaximpleheansst i on run
constraint which varies_bétween a first ¢onstraint and.a segond ggnstraint

peri odi cal | $Sov@r BEEHRR aMeF eI t ThE | ALERFA sSPFRE dSEEEFSPT328%Pncl udes

a first deteetehveer bhoingd? samplgyredcladdageant iesa placeieny of data

Vo 98/%8287té%%é: Pglé9§%§ﬁ9%75%f one of a first plurality of
possible data symbols. The detector 320 eliminates one
of the first plurality of possible data symbols, based
on the first constraint when the input sample then being
detected is constrained by the first constraint, to

15 provide a second plurality of remaining possible data
symbols. The detector 320 determines an estimated data
value corresponding to the output sample then being
detected by determining which of the second plurality of
remaining possible data symbols is within a

20 predetermined range of the input symbol..

In one illustrative embodiment, the receiving
step includes receiving a second input sample including
an additional term when the input sample then being
detected is constrained by the second constraint. The

25 eliminating step includes eliminating, for the second
input sample, one of the first plurality of possible
data symbols based on the second constraint and based on
which of the subset of the plurality of data symbols is
within a predetermined range of the second input sample.

30 In yet another illustrative embodiment, the
determining step includes determining placement of the
input sample relative to a first plurality of planes in
a multi-dimensional space wherein the first plurality of

planes divides the second plurality of remaining



sanpl es, each having a first plurality of terms, relative to a first -
plurality of planes in a nultidinmensional space when a data sanple then

bei ng detected is constrained according to the first constraint. The 5

det ect or aBI%g 4 ncl udes a second portion 324 configured teclaisssmrsze a

pl acemf 7%1*°¥at a sanpl es, each having an additional term relative to at

| east one additional plane in the multi-di nensional space when the data
sanpl e then being detected is constrajned according to 10t he second
constraint. In one enbodi nent, the fi4%t det ect or portion 322 is configured
to detect which one of a first plurality S.S§ I dde t he
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multi-dimensional space. Further, the determining step

15 includes determining placement of the second input
sample relativé to the first plurality of planes in the
multi-dimensional space wherein the first plurality of
planes divides the second plurality of remaining
possible data symbols in the multi-dimensional space,

20 and determining which of the second plurality of
remaining possible data symbols corresponds to the
second input sample based on the placement of the second
input sample relative to the plurality of planes in the
multi-dimensional space.

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

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

30 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



5 data sanple as the one of the possible synbols the data sanple '
corresponds to. The present invention can also be inplenented-
as a nethod wherein the signal space detector 320 receives an input sanple,
i ncl udi first plurality of 10 terns, indicative of o ISt
pIuraIipgog?Bzﬁésible data synbols. The detector 320 elingﬁggggﬁg%gﬁof t he
first plurality of possible data synbols, based on the first constraint
when the input sanple then being detected is constrained by the first
constraint, to 15 provide a second pl@fality of remaining possible data
synbol s. The detector 320 determ nes an estimated data val ue correspondi ng
to the out miiructpre ankRYENEEwReAleBaFF SIuL BRARNTAY RIFIRMBFSE he second
plurality Qff heRigYHEROSTHVIHR 43 & SYHROEG11Sext &ht niAd26apeadeyer m ned
range of the input synbol. . ntgne iIIustrgt& éﬁﬂ%ﬁgnent, t he
receiving st PrREPGIELRERR VRGP A SeWnd  PRpE T Hhpt 8 "AcI Ui 7g an
addi ti onal Fmsenadéen ¢heinspuirsangkeréssadbei ngFoet exxaupls, comser ai ned by
the second constrajnt. AT i, ) i i pel i ing, for
the second FHRtC Shithie S aios iy J, dRbsrRd DA LHE mlus IR g

synbol s bagstrtohal heespenad Eandetaidmd ME weded W Whi T 21 PE S ubset of

the plural idy,of 29885 81 $yTEALS shieWiFRict idrpIedst eridmedct reageroinghe second
i nput sanple. 30 In ye another,iLIus%{ﬁélve enboq%gfnt t he determ ning

step i ncl udesCdetde nFRPRE PPR&cEREAT Sof § MG Snpt T 5t ve to a first
plurality of planes in a nulti-dinmensional space wherein the first
plurality of planes divides the second plurality of remaining -29-
possi bl e data synbols in the nulti-dimensional space. The determ ning step
al so includes determ ning which of the second plurality of renaining
possi bl e data synbols corresponds to the input sanple based on the

pl acenent 5 of the input sanple relative to the plurality of planes in the
mul ti-di mensi onal space. In another illustrative enbodi nent, the
elimnating step includes determ ning placenent of the second input sanple
relative to at | east one additional 10 plane in the nulti-di nensi onal
space, and elimnating the one of the first plurality of possible data
synbol s based on the placenent of the second input sanple relative to the
at | east one additional plane in the nulti-dinensional space. Further, the
determ ning step



15 i ncl udes deternining placement of the second input sample relative to
the first plurality of planes in the nmulti-dinmensional space wherein the
first plurality of planes divides the second plurality of renmining '
possi bl deiﬁst,@z@yrrbol s in the nulti-dinensional space, 20 RCU/$528/69752 ni ng
whi ch of the second plurality of remaining possible data synbols
corresponds to the second i nput sanple based on the placenent of the second
i nput sanple relative to the plurality;of planes in the nulti-dinmensional
space. 25The present invention can also be inplenented as a signal space

det ect or c%&gq@ec&m%fp@m the above-nentioned steps. It is to be
under st ood"That even though nunmerous _characteristi ng-ggvaniages of
vari ous 301enbodinent%‘%ﬁt§qﬁ?%££? eﬁF%Fﬁ&éﬁﬁ 83%%a%§agegﬁ Set forth in the

f oregoi ng desq iptéendriogetner prduidist aas saosampd est reaurs R f unct i on
of various ,enhodjnents_of { pyentiongelhiss di sahasuriey of ldimd rati ve
only, and éﬂgﬂdggjﬁﬁyi%%an%%@p}%¥dé%ggﬁ,eeslecia %y.in né{ters 0 - 30 --
structure geetiardsingehentdatfa pRetadni eHreredhe 2FFPECE%s Bt & HEPPT esent

invention tg fhe fuld; extent,ifdigatadhbit tdits b et generaistmemimng of the
terms in which the appended “cldl ms are expressed. . For_gxanpl& . .the 5
parti cul ar Wti&tenY 3T A&y J§vaﬁ§b€ﬁd%ﬁ§sgn??&fpaf%lcu?ar partial response
target anddﬁH%ﬂ%&EhMMiberﬂﬁﬁmtaﬂmyngoggbstanﬂpﬂqqﬁhiﬁysdﬁ% F&HeR i onal i ty
'S CLAI VED IRESTIa 1 ok BTt 7 CPaERer ShEPAG Tt a read frama di c.in a disc
drive and provided asaa iammuﬂjdQﬁﬁF%@ﬁnaPoFﬁ&Pﬂdiﬁ69ﬁ%%¥§§§nﬂ%% provi ded
ina plurality of time perjgdernibe datplhebngneneddethtaccoamuphbgst o a code
Dot vean a f1rst conar ai nt Saf FSasbha AR S BERTbar col Ty oUer a
plurality of time interval selthavéetectsorfiompmsiratity of planes -
in a multi-dimensional space when a data
sample then being detected is
constrained according to the first
constraint; and
a second detector portion configured to
determine a placement of data samples,
each having an additional term, relative
to at least one additional plane in the
multi-dimensional space when the data
sample then being detected is
constrained according to the second
constraint.
2. The detector of claim 1 wherein the first
detector portion is configured to detect which one of a
first plurality of possible symbols, in the multi-
dimensional space, the data sample then being detected
corresponds to based on placement of the data sample
relative to the first plurality of planes in the multi-

dimensional space.



a first detector portion configured to determ ne a placenent of data
sanpl es, each having a first plurality of terns, relative to a first
plurality of planes in a nulti-dinensional space when a data sanple then
bei ng detected is constrained according to the first constrgi ng' an& a
second d¥MAB*hortion configured to deternine a pl acenenfCHPSHAPE

sanpl es, each having an additional term relative to at |east one
additional plane in the nulti-di nensional space when the data sanple then
bei ng detected is constrained accordiT®fto the second constraint. 2.The
detector of claim1l wherein the first_ detector pogti on is confi.%ured to

det ect whi ch-one of aTher FeRREFATi OF oflpb¥sidl BRETABBI S0F nfthET
nul ti di mensponahlspgcas therfat acapmilsest hentbemag atet eghedetor téeponds to

based on placenent .of the data sanphe relative,t LLES rality of

pl anes in tﬁérgrgl ?flpraﬁ‘ﬁgﬁsf’gﬁﬁ&%é%‘e? AB—' ]g Jgs -(?O&lgsl%% éefgg%tsgrt of claim
2 wherein tbé fillst2'bhlpwesibye obymbods cotipe | SubSRtt deednandefhecs n t he
first pluralj o] oss# bl oL s gﬁgp&igesbg sybseh otnal | £3'rgp0ssi bl e
synbol s, thléb%%bsg{lgbe?ng re%ced over the 2 pgssi bl e é nbol s based on the
first consteanAtTapas vhENdEDE SRR STIRIE Uy DetR8: 8PS TEGNStT ai ned by
tlhe f: rst cfgaﬁtsf;@iamhed by 'Ehh%NJrcf?hem woﬁ%ﬁmﬂhms wherein the second
plurality of ternms conprises ter nd. rein_t S n tor
portion is %onfigur ed% ocg‘?teec?t%i 8%50?81‘5}]?1"% ' wlﬁlosrsﬁr]& egfsf%n%g%?%ge to be
el i ni nat ed pduehlaiy tife teubsetcdmsaidon N+ tecordangnyheaedt &7 based on

the pl acemeg%lcgkdt Qigtg?{:grs?ﬁplfﬁohhgg ek ppdrt e S G At i dip dfhe at

| east one a I'ona ane e nulti-dinensional s The detector

| ace. b5
of claim4 wheral npeasiblessyddode Grepdid ifh ?H'Ph‘é‘i”‘g‘égnﬁﬂ gbtaity oyt put
portion confihguLefs® M-RUderaniestdemsed ofohberdahe aadpbestidembei ng
det ect ed based on the pl acepent of,the data,sanple r Y first
plurality ofbPgi é?'?e"‘f.em%‘t Tﬂgeﬁi‘teecq;%tra oP2BPAFm e\ﬁnekr%éfa'#’lbt Elgtt%lﬁ%ﬁq portion
is configuredlbeipeowdethdeaestligmdte ofiet hdddatignsdnpbane the tdiee of the

plurality of ssibl e sy B data sanple corresponds to. 7. A nethod
of detecti nﬁ}ﬂ\%ilt lé“e&%%oalspégc}gc detector, data read froma disc in a disc

drive and pbovi ded as Thesadptedtesa®hi gharmi k| WAPKGidat &R ard*&E provi ded

in a plural gy ek dd B dtilsl ahsshdhecshghasespace detector being
configured to detect the data wher ei n the data isegcq:ded 9899%%! to a

code having a time vadfi i*mRRF mPAT TS €78 PUh=Const ral it ~whi ch’ vari es
between a first and a seconrghtciomste abfit theedaxa (sgmpkeeking beirgput

le. includi fi . i ool Lyge _afi
sanple, including a first %e;%a)éo#és%/ §%§gglrgﬁ i SpL ¥R Rt eFe e @ first

plurality of possible data I'mnating one of the first
plurality of possible data dtol Sampa8ed r&AtHYS | r&? cbASt r diitSTwhen t he

i nput sanpl e then being detlgqhecdli@y_cgfls@;[ghggd by the first constraint, to

provi de a second plurality of remaining possihle.data sypbols; .and (c)
det er m ni ng6an esti matlde ddeEETEPHe Oéor?ﬁ%b'&ngi Wd‘et%eltrheggﬁptﬁutﬂ%pl e then

bei ng det ectedchwrdei &r sbAEngurlidc it of prireidecahe pawahaty of rtdmaini ng
203 e JaC /003112l NE BB A1 A Bk chet Boupte Syl
. symbols the data sample corresponds to.
7. A method of detecting, with a signal space
detector, data read from a disc in a disc drive and
provided as a sampled read signal including data samples
provided in a plurality of time intervals, the signal
space detector being configured to detect the data
wherein the data is encoded according to a code having
a time varying maximum transition run constraint which

varies between a first and a second constraint over a



step (é) conprises a sfep of: (a) (i) reCeiVin a . nput samiET

: _ es : g a second input sanple-
including an additional termwhen the input sanple then beigg detggtgd
constrai ned by the second constraint. 9. The nethod of claim8 wherein th

eIininq;bgg Slggp (b) conprises a : [ I m YA

) step of: (b)(i) elimnate S9Bmp75R he
Eecond |npu€ sanpl e, one of the first plurality of possible data symbols
ased on the second constraint and based on which of a subset of the first

plurality of data -34- - synbols i i t hi -
second i nput sanpl e. y s is ythin a predeternined range of the

plurality of time intervals, the method comprising steps
of:
(a) receiving an input sample, including.
a first plurality of terms,
indicative of one of a first
plurality of possible data symbols;
(b) eliminating one of the first
plurality of possible data symbols,
based on the first constraint when
the input sample then being
detected is constrained by the
first constraint, to provide a
second plurality of remaining
possible data symbols; and
(c) determining an estimated data value
corresponding to the input sample
then being detected by determining
which of the second plurality of
remaining possible data symbols is
within a predetermined range of the
input symbol.
8. The method of claim 7 wherein the receiving
step (a) comprises a step of:

(a) (i) receiving a second input sample
including an additional term when the
input sample then being detected 1is
constrained by the second constraint.

9.. The method of claim 8 wherein the eliminating
step (b) comprises a step of:

(b) (i) eliminating, for the second. input
sample, one of the first plurality of
possible data symbols based on the
second constraint and based on which of

a subset of the first plurality of data
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symbols is within a predetermined range

of the second input sample.



