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METHOD AND -RESPMR1S FOR DETECTI ON | N DI G TAL MAGNETI C RECORDMIAUSSSLIS0OF
THE | NVENTI ON The present invention relates to a detector in 5 an

i nformational handling system such as a nagnetic disc drive. Mre
specifically, the present invention relates to systems for storing and
retrieving digitized data on magnetic stdrlage medi a or a di sc array
subsystem BACK D OF THE | NVENTI ON 1 nput er systens
often enpl oy magnefflelHQL Meé\EBMTES nF@rRmDE)'HEQ%IEOéE Edhput er

prograns or data. Magn C y. clude a

t ransduci ng data head muﬁ%@lﬁg MWF&% ﬁh@ﬁw&r t he surface of
a rotating rigid magnetic disc.gihep 15 T@tﬂﬂﬁmﬁ%éﬁ positioned over a
sel ected portion of the disc by a drive controlléer operating an actuator.
The data head generates neEfh&HETHeldyepticn ﬁ?%ai:ﬁﬁr%%éeémqrhéndl sc

surface durd ng atrhan&rdrﬁﬂartgo(?!:faﬂ nfa@ﬁmhlgosygadmsm%mma hethicehdscfrom
the di sc surfac i nformati on. The head wites

8 duri ng rea.gi)a
digital data to the di sgre %?ecé'kg trlb%éﬁeﬁﬁ’alﬁl éPVSHtEJPnarEEPFéﬁt in a
head coil where&a mf&rnﬂm%rftorctsrtmsmg\dsxdvmrébrﬁbemggdﬁzgm1fzbdxdhtan§htl ons

that represent en r eadi recorded data, the
head agai n passn]ie%erbver t%’l Zg?iea nrsle?frl' ace a%od}sl‘%nas 2 fihgHet i c
transitions into vol tage pul 84 NTTOR The witten

data sequenge i recover el pgpggéangfeét@%Pga 3‘%&%&{3'899' 30

Prior to record| ng data on a disc surface S are
encoded so t hatdCeiaSite E5REEr AP RPEMAE 2OB TR &@ é‘-ﬁ’“‘@h‘éeﬁ' pregiremm or

i npressed on thd sc. MAheading dhee data woVikes: €A oeki Ngnatdae 2

transducing data head mounted on a slider that "flies®

over the surface of a rotating rigid magnetic disc. The
15 data head is positicned over a selected portion of the

disc by a drive controller operating an actuator. The

data head generates magnetic fields which are impressed

onto the disc surface during the writing of information

and senses magnetic fields from the disc sucface during
20 the readback of information.

The head writes digital data to the disc, for
example, through modulation of a current in a head coil
where the current corresponds with the magnetic flux
transitions that represent the digital data. When

25 reading the recorded data, the head again passes over
the disc surface and transduces the magnetic transitions
into voltage pulses in an analog read signal. The
written data sequence is recovered after processing of
the analog read signal.

30 Prior to recording data on a disc surface, the
digital data bits are encoded so that certain
constraints are enforced on the bit stream impressed on

the disc. Encoding the data provides clocking and
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automati c &Q?PI%mrol I nformation, which is used for data rrm#@.lm?o

performthe timng and gain control, the nunber of consecutive "zero"
sanples of the bit streamis limted because timng and control information
5 Is preferably derived when non-zero_;qnples are read. For exanple,

(d, k) run-length-limted (RLL) codes sepérate "1"s by at least d and at

nost k, "0"s. ' t _code e hgse ed.in _Partial .Response
class IV chanr?é‘gsc%%tt%ri%%lr?n?%?ég%o?ﬁgﬁ ﬁ#ggéhcggigh & $9%F n"%ch a
manner as to msEKE wrensctessar y Tohpedfoosnsthai niningeand dyad. comteok,

constraint isid|L,hegui I5d &&@é@yép@?ti" 'Qauar%]r@q%tsf%fi REQr Mg ¢ on.

Errors in sequence detectors arise nostly due to etector's inability
to di stingui sEEEREWmLS A Bpdtegcanas tining ang eanprel drnormanion 1 k)
code can Be used geefdtdhNAt @etedl RhEHMEBNSLARGE sBfpllese Rl Féugertain
detectors, but_ the rate penaléy IS %&ﬁécall too, | arge to provide_any

appr eci abl e cdfitg FAP LM esifle 154HERS 743 Ed or (Rp)gh. codes

A particul ar cagesramw Knawby atct Neaart 4 thdt aknposyes, t her gl ni pupedi st ance
properties of xi mum | i keliho uence detectars r.at.l at _hi gher

| i near densHﬂ%E}i%?c%ﬁ1egofh%g%ﬁéﬁguﬁg?ggngﬁfﬁbﬁqQﬁgﬁahﬁ%r%%ﬁ@?” %

exanpl e of suctizss MIR codeniglset utdrltied nigbersymbky uniibentanendarr et t
Bri ckner, "N@x'fgyy'T NSk .th.0 d r t egs,"” 32
| EEE Tra%é%cti%ns o%?wég%gt?Egagngégzgé(§%§tTaigggg?éEgggggyc§¥%%i%Scases,
the MIR code pysHsseknthelsen | & Dbebefi GhE i spAREBagaLniify pEdperties

of the (1, k) _ﬁé);ufé}ﬂ%@@hé&@é OckhigedeandUkosdrole inpherRaied. With

appreci ably higher rates. The MIR code elim nates data_ patterns producing

three or mor e RorRtutRy BeAPERGPT (dectors arise mostlf due to'the
detector’s inability to distinguish the minimum distance

15 transition patterns. A (1,k) code can be used to
eliminate the minimum distance error event in certain
detectors, but the rate penalty is typically too large
to provide any appreciable coding gain unless the linear
density is very high.

20 A particular code, now known in the art, that
improves the minimum distance properties of maximum
likelihood sequence detectors cperating at higher linear
densities 1is called the Maximum Transition Run (MTR)
code. An example of such an MIR code is set forth in

25 Jaekyun Moon and Barrett Brickner, "Maximum Transition
Run Codes for Data Storage Systems,” 32 IEEE
Transactions on Magnetics, 3992 (Sept. 1996). in

certain cases, the MTR code possesses the similar
beneficial distance-gaining properties of the (1, k)
30 code over the (0,k) code, but can be implemented with
appreciably higher rates. The MTR code eliminates data
patterns producing three or more consecutive transitions
while imposing a k constraint to assure that the gain

and timing loops are updated with adequate frequency.



whi | e i.nposivegesmziiaeconstraint to assure that the gain and ti ngRgudd3RRfedl €
updated with adequate frequency. WO 98/ 32126

PCT/ US98/ 0100 -3- For exanple, a (2;9) MIR code with rate 6/7, which
encodes binary data represented as a six bit data byte into a seven bit
code word, used in connection with a non-+®turn-to-zero-inverse (NRZl)
nodul at i onconvention, 5 has been devel oped. One approach to detection in
an i nf or mat i onafohaedlampd esysa erfi2zs9¢h MER a codgnerich diragedrd ¥, | shi@huse a
geonetric interpretallon;) I e servation variabl es
corresponds to a coor d?ﬁjé{lgrﬁa%}@algggrg%%emﬁg?oggl asﬁéifebl[: %ﬁ&asﬁ’é’&? is

t hen divi ded i tBC?edi RYSBOPRES FOME mpuch posad bie ocupetsiolhwsthomcept
has been used tgodlesé @i i¥60-88haYnlEeee SRR Wb 3| ck
(FDTS/ DF) detectors. The _progcedure ?or d%Zi gr%flﬂg F%\t%]s _‘gégg"%ﬁg%%'

di nensi onal® det?R% P48 deYHLPR®Es findi ng boundaries in space for various

pairs of symbols corresponsé ngomtddicilifd eletdctdeie GO anOYhPYt®at ional
el imnating tr%;e boundari es t are redundant, and mappi ng the

hat

regions in spacetortRd BYSTFR BEUNAT i IGBTHE Tt €3 VeutFutoviigea
logic 20 functi ogeoletirscon intemmudratiordesign waddh beyudar yosel @ction
are i nport ant i i N the inplenentation. of FEDTS/ DF

det ectors. A%]?S%p ?%g%gé%ﬁoi%lne oUNUAT Y r{gﬁ’s :topaﬁ FO5F & ¢1 M-

cor responditg t@)l@@iSl@ilﬂ esprcedet ediher spépet sid stbeerr yisheirdedqdintdiost ant
from the two re’é@i&ﬁ§-corregiﬁﬁ'xdfﬁl_;egobggQgﬁbggsﬁu%&:g?t g nggncte?%

uc wth the €l ect ed

complexity of the detector can be_res _ enoval  "of sone
boundari es wit % PeeBeyssdi fP desien fiyedededmy tyss feeampplewith

decision feedback (FDTS/DF) detectors. The procedure
for designing FDTS/DF as a high dimensional detector

15 . includes finding boundaries in space for various pairs
of symbols corresponding with different detector
outputs, eliminating those boundaries that are
redundant, and mapping the regions in space formed by
the boundaries to the detector output via a logic

20 function.

Decision  boundary design and boundary
selection are important considerations in the
implementation of FDTS/DF detectors. An optimum
decision boundary for a pair of symbols corresponding to

25 different detector outputs is everywhere equidistant
from the two points. Once the boundaries are
determined, the complexity of the detector can be
reduced with the removal of some selected boundaries
without degrading the detector performance

30 significantly. For example, the boundaries
corresponding to the more distant pairs of symbols can
be eliminated. To determine which boundaries can be
eliminated, a rank order 1list of boundaries 1is

sgetermined. First, the boundaries are listed in order



30 significantly. For exanpl e, t he boundari es correspondi ng
to the rmrewfﬁ%{%ﬁﬁ pairs of synbols can be elim nated. ToPEBUSHE014e0
whi ch boundaries can be elimnated, a rank order list of boundaries is

determned. First, the boundaries are listed in order WO 98/ 32126
PCT/ US98/ 01100 -4 - of increasing distance fromthe synbol pair that
generated the boundary. Then, the botindaries are removed in order of

decreasi ng di st.gnce LL.the performance of ':ﬁl’)\?e detectqr begins to
degrade. 5 bt gng%%éé@ec 6?‘E§?Fﬁctgfcémi eene'sr}f"&’r?; aPded g rh&tni | ar
to that descri betdeaiaded habebewruntdamef opedTaed, i stk@ow(g:uémathﬁeeﬁlr ta_z@sl ad
Ful | FDTS/ DF d r3. i C r : dz0_coded channel .i.ncl udes
five multipli er%%ﬁ%&%\?i dli-ﬂgsosﬁéeﬁ ce}'{:i é?:gﬁ*%?s%ﬁn 2T e 3% ém%o& It(%ﬁ C
circuit. |n ad@erifermescenplolds getrsteandegdiver tpr degrade. detectors,

the Fulls FDTS/DF  dat Qﬁ&fctofSsﬁgéﬁéﬁkgrii@iﬂ%ﬂt&% 0—&%%&%

Particularly, the.five rrulillae' re are relatrvely 15

liers and rel ated
cunber some to EAPFEAENEC L8afs SERETREEC: 2OMEuPA st beqRi BRvedperdoamsdari es

are provided. islknomterin alsi g fas o@tmlprF@Tsh?teaé@{aftgfgg/s&hq{jﬁ'Itlefl
through t he s SSECLaEs RHfan 8] RI5r F18. 589500t al LRGkAGaR| Bde | 6.
a subset of theudéipdideei shroné.kiihguséaemde@ﬁsﬁbal?&ubbulﬁaiﬁ&@& a(tei ector. I A
simplifiedydet Lan which is based on a subset of three decisiona
boundar i egoof ?%ghguﬁy{%g‘?g}w det ect or has been devel oped. The

sinplified 25 detecti 0ANSFEELMI PR 9 dmpyedednpe hformahde atveon pitiatr t he
Ful | FDTS/ DF dgtect ofet&ce8Ps|tivendo changes god M  getector  is
characterized by its complexity. Particularly, the five
multipliers and related hardware are relatively
15 cumbersome to implement, as is the logic circuit to
which seven boundaries are provided. In oxrder to
simplify detector architecture, those skilled in the art
have sought to effect the performance of a Full FDTS/DF
detector through the use of less than all of its
20 decisional boundaries, i.e., a subset of the seven
decisional boundaries of the Full FDTS/DF detector.

A simplified detection system which is based
on a subset of three decisional boundaries of the Full
FDTS/DF detector has been developed. The simplified

25 detection system is premised on the realization that the
Full FDTS/DF detector is sensitive to changes in the
channel response that alter which set of gsymbol pairs
constitute the smallest set. To fix the symbol pairs
that generate the required boundaries, a constraint can

30 be placed on the channel impulse response. The natural
(i.e., unconstrained) channel response at user densities
of 2.5 indicates that the first two samples are nearly
equal, and the third sample is close to zero.
Consequently, to operate at a density of 2.5,



channel, r esppysgsdhat alter which set of synbol pairs constit
smal | est set. To f?i the synbol pairs that generate the reqU|ﬁé§“%Qﬁnnm

boundari es, a constraint can 30 be placed on the channel inpul se
response. The natural (i.e., unconstrained) channel response at user
densities of 2.5 indicates that the first.4wo sanples are nearly equal, and
the third sanple is close to zero. Consequently, to operate at a

density of 2. a11¥Eh98ﬁ32ﬂ3§m:1m ulse response can b t
PCT/ US98/ 01100 g@ g#lz%tlon of the pﬁyse reébonse cgh gecggﬁsffélned to

the target valu ag §ﬁdW?luQ%e ohst raPREd Gul sBh¢ cspBREEaiasd ts in
constrai ned decpsisaal rbepodaei esesuAnp |QailO@bﬁ&tii@h@&UaHééébh@ﬁaﬁarget

to 5 t he Full esu ed detector.where t

const r ai ned boun§§g$%gf%%n b%éé g?ﬁ%neggan%h8u?qﬁﬁ fFﬁFF@Pstaﬂgéﬁaﬁﬁel to
i npl enent thi s shepfull PR themnlgys tiemah s mpde o 1 pdoﬂesedtoaﬂdhlei'e
referred to 10 théncbh%t 5in@d aoour?&%{éé’%e cGhapel 4

channel, a filter_is use to renove precursor rltp'l‘ers nﬁ&lhon
i nterference (|@w}t%@ HBrSAl |l post-cursor ISl terns except the first two,

are renoved using a feedbfckechfhhter. to {M@léﬁgqyl dhffnsgiab?ifégae t wo

15 renalnlng gost cursor ISl terns, i.e., err € one
and zero. FeF Nt 14y, SysSken ??%r?fenoPrPH@Sﬁ@Psénﬁeéﬁoﬁg ergedotmual i zed

to one, armb asﬂmmtﬂ@ ahictpraayl aus* BBci $honscHahrka cor rﬁ&?t tHhesbihters
result in an U|val ? ;ﬁrete tin%% channel %il "110" 20
response for f[errﬁlne [e?r a1 P& MEETHY e ord ?%% BBEERF=CRannel
is a sinplifiediippreymhtinreofetdecEul LSFDTSABRs det 2E1 oposWhenrkbe t hree

di mensi onal - FDTEPFcdener Rl Ve | £1062V 1R WAED Zenblda (E5RYNSE and
I ,
g feedback filter. The channel constrains the two

15 remaining post-cursor ISI terms, i.e., £, and f,, to be
one and zero. The wain tap, i.e., £,, of the pulse
response is normalized to one, and, assuming all
previous decisions to be correct, the filters result in
an equivalent discrete time channel with a ®110"

20 response for f£,, £, and £,.

The detector of the 3D-110 channel is a
simplified implementation of the Full FDTS/DF detector.
When the three dimensional FDTS/DF described above is
provided with a "110" response and MTR coding, the

25 result is a detector which makes use of only three
decisional boundaries, as - opposed to seven.
Furthermore, the detector does not require multipliers
and one of the decisional boundaries has a zero offset
term. The 3D-110 detector uses three slicers, three

30 adders, and two two-input multiplexers to provide three

N decisional boundaries to a logic circuit. Thus, the 3D-
110 detector can be constructed with a dramatically
simplified architecture over the Full FDTS/DF detector.

However, the 3D-110 detector operates in the same way a



25 result is a detector which nakes use of only three deci sional

boundari es, WO 9842126 opposed to seven. Furthernore, the deCRwSs/HidaEs
not require nmultipliers and one of the decisional boundaries has a zero
offset term The 3D 110 detector uses three slicers, three 30 adders, and
two two-input multiplexers to provide three decisional boundaries to a
logic circuit. Thus, the 3D- 110 detectorécan be constructed with a

dramatically sinplified architecture over the Full FDTS/ DF detector.
However, the 36@%0 %&%@W%rd%b%?%%swﬁltihéfsmwda witorogA3 2126

PCT/ US98/ méoo re§pdridd aE?Tl@i‘lﬁ)FccﬁiﬁltrlﬁyI ?ll‘h\éof@{rériail %@@@?ﬁﬂ“gg&ﬁ'gh 1?" t
response an C : overa .eps for derivi et ect or
architecture :‘V:EEI% ?ﬁe‘qgtﬂ |dhe(§§1;§p5|:alr liﬁé:ﬁfl&ﬁ %r‘r”o&‘r é—f%getx"éﬁﬂ'i FoS /Hannel

i mpul se r esponsep lenerdpiriop &as elat exonistira rhagntheimhane k-cisfiomsse
response, and si R I re b it he constraint where
only a subg’et %Fg;tyﬁ?roraﬁr&%ly;?og%agg#%g%#&gﬁ ggsrgg%gi HPYIHE 36°PR Grannel
provi des si gni Bngaatmpdifyavgarhegeshitegdnimer ased amd:Isi mphistirayi ndver

ot her detector e 1 I ieve r n f re
conpl i cated Fu?ﬁhe%TS%%:I:yl(%f Sgggtgﬁ %?Cg{t i%#%%ﬁ&é)lft {sg{s{gﬁl ;%g),u?l ea%slleet%s of

2.5 and above. *A8®e¥er, the Full FDTS/ DF detector outperforns the 3D 15

110 channel at |ower densife esp-11he chdd@e1 taEgotagar M is8dnquti damtt he
3D-110 ch%nel i.s _close to.the ma neti c chanpel ,natyral response at high
F|§ %\%’ i.e.,

densi ti es1%ut 2OYAREAIES t 1L UPEFIEDTEGRCEd oY FSBFAT-CloWerO¥Rhs A
densities | essdehant?r®5. 2Be 3D-110 chamfehsetiientdy tha peedoaxiasice for a

channel that hag I Q& PELEST MBOCEAO¥ER1PHRs AF 08 888 3Y ac
high densities, i.e, densities of 2.5 and above.
However, the Full FDTS/DF detector outperforms the 3D-

15 110 channel at lower densities. The "110" target
carried out in the 3D-110 channel is close to the
magnetic channel natural response at high densities, but
is not particularly suited for use at lower densities,
i.e., densities less than 2.25.

20 Consequently, a need exists for a channel that
has improved performance over prior art detectors at
both high and low densities but which can be implemented
in a more simplified architecture than the Full FDTS/DF
detector. The present invention is directed to a system

25 that provides a solution to this and other problems, and
offers other advantages over the prior art.

SUMMARY OF THE INVENTION
The present invention is directed to a

detector in an informational handling system and a
30 method of detection. An input circuit 1is used to
receive an input signal. A second circuit determines
boundaries based on the input signal. However, at least
two of the boundaries specified by the second circuit

are monotonically related to each other. The present



bot h hi gh a‘%& Iﬁw gensiti es but which can be inplenented in a nore
sinplified Hi%¢¥€t ure than the Ful | FDTS/DF detector. The PETAEEH01100 :
invention is directed to a system 25 that provides a solution to this and
ot her problens, and offers other advantages over the prior art. SUMVARY OF
THE | NVENTI ON The present invention is directed to a detector in an

i nformational handl.i t and a_3 t hod _of detection._ . An_input
circuit is used P‘gg‘sr‘%g%?%é g%}li %[g)utlmggﬁﬁlggse $8c Ah e T Hiet@rda FHes -
boundari es based drredd ¢hpotiti geabpedabdyecouatlddeast dnw Dfsd ey read
boundari es specifj by SELO0 Cistgui t e nonofonically related to
each other. The .pa‘ratgaée%t%Pgd\{\%ﬁQgﬂ%Z?E%lé' The Teddl Tlréuie! {ncludes an
PCT/ US98/ / 01100 -FPYfRyvEatceadteard beoinghewemeddulmtaomgagttaid| saund iae.
A read circuig is Qpesablycequpl +ovide 4 I ad _data stored on.the
disc. The read circuit includes ﬁei npu? #@Ellet&) Eagbgﬁ%da%llo%%ﬁﬂéul aﬁ%&ﬁ
circuit, and a 5 inPWgiTLEFHE FSHPRF abP yreorbredihe drra awd heroviddhen

input circuit serpgsut @d edRi vouhla data1and aRLeW 6880 ikNPUiLd %%J}ﬁ?a
boundary cal cul at | oj;%c rcuit. oUndary. cal cul ation Gircuit calcul ates

The b (
several boundari €S HAeH bR 1R FhphtC2 et ates e Ysrr bibaurdasierdaeed ar e
10  nonot oni cal lon r ehat eilhpThe boRbddreast r ewot HF OHHEESHAANQHLRHE tH-d he

| ogi ¢ circui,t, whi i inary.degisipn. BRI EF DESCR| PTI O\, THE
DRAW NGS FI G° 1 ir@%&{%&@%\lﬂ%&éggﬁ%c Hevﬁowﬁﬁrmgl{sult@:@w%gi%
renmoved and embodyitguf efburtdse ofloghie priosmntt i whéoh grordes 2al HEnd-gh
| evel block diagrampof;dhe disc drive of FIG 1.
BRIEF DESCRIPTION OF THE DRAWINGS
! FIG. 1 is a top view of a disc drive with its
15 upper casing removed and embodying features of the
present invention.

FIG. 2 is a high level block diagram of the
disc drive of FIG. 1.
FIG. 3 is a block diagram of a portion of the
20 disc drive of FIG. 1.
FIG. 4 is a graph of a symbol constellation.
FIG. 5 1is a schematic representation of a
detector embodying features of the present 3invertlon
shown in the block diagram of FIG. 4.
25 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
Referring to FIG. 1, a rotary magnetic disc

drive system suitable for incorporating the teachings of

the present invention is shown in diagrammatic form and
is referred to generally at 110. A plurality of
30 magnetic information storage discs 112 are journaled
about a spindle motor assembly 114 within a housing 116.
BEach magnetic disc 112 has a multiplicity of concentric

RECTIFIED SHEET {RULE 99)



FIG 3 is a block diagramof a portion of the 20 disc drive of FIG 1.

FIG 4 is avgmnephizef a synbol constellation. FIG 5 is a schggpikssmniioo
representation of a detector enbodying features of the present invention
shown in the bl ock diagramof FIG 4. 25 DETAI LED DESCRI PTI ON OF THE
PREFERRED EMBODI MENTS Referring to FIG 1, a rotary magnetic disc drive
system suitable for incorporating the teachings of the present invention is
shown in diagramatic formand is referred to generally at 110. A
plurality of JOLrCWeRMereecr@ing mirhoksst dnajeadiest sscliariecdly nated
about a spi ndl g goteRp a3868PhYnd 14 Vid-Hidk aogrg.ous'ggcﬂlﬁcra%%hmgnfg' ¢ disc
112 has a nultiplicity of concentric V\ﬁ /321 _

PCT/ US98/ 0110051 gideq)| dmtxcdr dPRgreidEls, of ndPeateds schbndttanedy at

118 for recorgimgndtf@Iei ot 120Each pragk dd8 Hes subdiy dgd igio a
Data can be

luralit f sectors, indicated schematically at 120, .can b
gt or ed g orr%t3‘”1?‘6“‘?‘5l ig’fi@d t?‘i‘e’o e st sPu e igrent @i el Speci fi ¢
track 118 and tsemtior 12 GndABeatiotatian .ar Ahassenhtyr122ni 8s&6hB1 bl y2 mount ed

eferably in gpe of the hqusing 116.. The actuator arm assenbly 122
(F:);rri es aypl urs i%‘?f’?%?g%%%dmafl%? é’§§%r%a\%§§’ 194 PREt COXERTc AT yEA® " a

slider 125 hawiauping ebtd wr i Teeheatypabort pams discamkl’lt,122 fcgﬁrfj:;@adé 2%2 R
[ [ f ] it Is [ e L SCS .
information fiQma@nd, ¥ Ihféarag g'l%%”ﬁtsbgﬁab‘i’iggaggit Egggc%é&?o?a’é%

voice coi|l notor 128 i's adapted™to precisely r ua
assenbl y 422 ackl df@r f 62Fh hayydst at read/wbitet headducser stu@6sdueracr 0ss

the magnetic dizes 1%3ral Gady 139ntbkRat2osNOWs d hi glidl evgls Pl gk

di agram of thei.nformation onto the magnetic discs 112. A voice coil
motor 128 is adapted to precisely rotate the actuator
arm assembly 122 back and forth such that the

15 transducers 126 move across the magnetic discs 112 along
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

20 controlling the position of the transducers 126 and for
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

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

30 a host computer system (not shown) via a communications
bus 142. Also, circuit 136 in general provides an
interface between the motor and actuator controller 138
and a read/write channel 144. The read/write channel

144 acts as an interface between the microcontroller 134



contr ol 32 of disc drive system 110. The disc di] 110
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support and interface 25 control circuit, indicated generally at 136, and
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30 a host Cqm:eraﬁcysheﬁuéﬁﬁtr S:b@.\ﬁll‘ﬂ"bl\lle& a 3@amMmuatbgiedd DNer bgg 142

Also, circuit 136. ener al n i nterface between t r and
act uator cont rtTE ejréel%% SR¢ a0 E é? S}f%t‘ﬁ%%rh%é}e YA5*C é&ﬁ%&g
channel 14 admsd ashen moterf scsdeilveenltheovecr Adoetsr oblier 18343 anV\D

08/ 32126 S98/,01 and t he
transducers 121611%%/%fra?? ne]%e W?fmThteher eal ICV\Iiﬂralctcmt anneﬁU ?‘%F aljaglgi prow des
signal s over |dekuadertarmhasaenblyahd2aevedt binesntfbller 138. Control | er

138 is provided as an ingesface Brbyeen tBEoALCIBGRMLW! ber z;;LSAil%eafsmd t he
not or assenbly 114 over_lines 148, _and an interface between the

i crocont r ol | efhamEehiP: ﬁé‘bé’@tydé‘tgo?eél:ﬁ?ﬁ%%ﬁtﬂ%? Presevdy IRvEsSirse. FIG
3 shows a @ ockheél a0 aghef cana!nn'ea_arwshaﬂgebeh@&aamodmmdwt gheghef the

t t t h 5 | | I d d
Phe:road wi (& ORMATG E Lo e o F P 2 e fape ) e 487 11

non-r et ur n-t o-zeton + nweuse- (dIRZéyostnuense, (MRBLE aequapub dazha:xﬁl tarat tine

k, d, , |
1 68r9p;ﬁze%gne u@[c?aléal it U Wihded, OReLPBULALE] £9 & MAWELLS sHne

on nput 166 to a magnetic channel 168. The magnetic
15 channel 168 provides output 167, or readback signal,
which is corrupted by noise n, 170. The process of this
noise corruption is modeled in phantom as 172. For
example, adder 173 shown connected to output 167 and
noise 170 is only representative, and is not included in
20 the actual hardware. The noise 170 is present in the
readback process, and becomes part of the readback
signal 174. The readback signal 174 is provided to a
front filter 182, where the output 183 of the front
filter 182 is selectively provided to a forward filter
25 184 the process of which is denoted by xr, 185. The
front filter 182 can be an analog low-pass filtex. The
forward £filter 184 can be any £filter which, in
combination with the other filtering, works as a
whitened, matched filter so that the noise at the
30 detector input is whitened. &An example is a finite-
impulse-response (FIR) filter that includes a plurality

of taps.
A preferred embodiment of a detector suitable

for incorporating the teachings of the present invention



15 channayodgB21p60vi des out put 167, or readback signal, whpEtrukssmniioe
corrupted by noise nk 170. The process of this noise corruption is nodel ed
in phantom as 172. For exanpl e, adder 173 shown connected to output 167
and noise 170 is only representative, and is not included in 20 t he
actual hardware. The noise 170 is preséifi-in the readback process, and
beconmes part of the readback signal 174. The readback signal 174 is

provi ded to a S &ROWH Pep09g2hayikey e tdrteriPuinEBE 302t kboknoas Vil ter
182 is sel ectiatg] YaRr ovitged tdi ghd10r 364 d shiokheras?Ss, . 184nbhegdnagss of

which is denoted by rJerr] 185.. he fronf filter 182 can be an anal og
| ow pass fil té’rn.tpf‘%e zgoér\?v%(rar?’ﬂ‘?% ti%zget%ir?alfé‘ &y CRF| 286 - wiearbagk

conbi nati on wiftill tehe 2mehas ﬁbégettd') Nerovid& S &ig@aﬂhbbgnﬁﬂ,ad@éﬁmri I'ter
so that the nqj at e 30 . detector jnput is [ ed. . An exanpJe is a
finite- i uIgﬁﬁﬁ?%ﬁ%ﬁger?$$¥§e§if?%rthﬁggiﬁ&ﬁﬁggsEggpﬁﬂﬁm%t%FQﬂ aps. A
preferred enbadirgtowoided dey echer fouwhalll €iflopri near per atdadudehec ieeachi ngs
of the present,j.nv L 0 212 . .

PCT! Uso! 01106 ERtt Ohpuc Y 9%% hg‘\‘z‘?‘%ﬁaﬁkdgt‘& Br OPRBIE 282 <town as
Y[ err] and an ssdtgmactggnirorofosweng & 1dear rgutpTthe2d2t sot @radngait 204

I's provided t@éﬁmkihb{lkerg%@m Fegdbackrhil €408 | g1y8ed tPgprovide
a signal 208 to adder 0. 5 dder, 210 recei ves, the output Slﬁgfl 208 and
a signal 1912 FERAVGR HEFHRE EF59% Ty CR SR Ihel Hetect or

i nput y[err] 2@%t-deedhacksii ldeaimsOuspat p2@Riits esUid aakedmbr ofhd D war d
filter output 212 to produce detector_ input signal 202. The forward
[1ter 184" 10 925l GEHITS eetiee, "PrEaRoEsHBarS| AEE: FOreResd |5
Post - cursor | $het echenaed pereffiectenios assulieet Heeadback filter 206
removes all but two post-cursor ISI terms, i.e., £, and
15 £,.

An approath for designing a three-dimensional
detector incorporating the teachings of the present
invention is set forth here and described below. In
general, the procedure includes determining boundaries

20 which assume the form of slicer planes, eliminating
redundant boundaries, and mapping the regions in spaced
formed by the boundaries to the detector output with a
logic function. Rather than constrain the target shape
to a particular response, the preferred embodiments of

25 the present invention can operate as a function of a
natural impulse response. Additionally, rather than use
a subset of the boundaries implemented ia the prior art,
the described versions of the present invention
transform the boundaries of the prior art into fewer

30 boundaries through remodeling, or fitting the boundaries
as described below.

Assuming all previous decisions made by the
detector 200 are correct, the equivalent discrete-time

channel response includes three terms and is denoted as



nat ur al valvzsgsgﬁﬁ use no constraints are enforced on the ch%g;g/ag%%}mo

coef fi ¢i ent feedback filter 206 renoves all but two (= sor | Sl
terms, i.e., f[err] and 15 flerr]. An approach for designing a

t hr ee- di nensi onal detector incorporating the teachings of the present
invention is set forth here and descri bedhel ow. In general, the

procedure includes determ ni ng boundaries 20 whi ch assune the form of
slicer planes,(1eIEgjrﬁgﬂ,n@hégéyaﬁgn&agguadggigse_anﬂmna@pkﬁgjﬁigigéaﬁ ons
in spaced forned b)rlt t he, ggndarles to thg detect](_)r output with a lqgic
function. Rath&P PREm ¥SHEPRL ARY hECFSrgbtIeherRl 1Y a fir (i & t3€E'ponse,

the preferred esteelesst simpu25y, Lloe ptesedic | Ageatton Q@M ,0peaat das a
function of a natural igpulse response. Additionally, rather than use a
subset of the HS&#&?PiSS'inplenented in the prior art, the described
versions ob the present invention transformthe boundari es Bgfuathiempri or art
into fewer 30 boundari es through renodeling, or fitting the boundaries as
descri bed bel ow. Assunming all preyxi-oas+dgeejsitofismade by the detector 200
are correct, the equivalent discrete-tinme channel response includes three
terns and is denoted as WD 98/ 32126

PCT/ US98/ 01100 (1, f[err], f[err]), where the main tap, i.e., flerr], is
normal i zed to one, without any |oss of generality. At tine k, the noiseless
input y[err] 202 to the duéicedearc2of, 20anmbRedr déte8idss & the input

Equation 1 Y[ern% :Fﬁ[egﬁJf E%Fnr a erg$i+ﬂL§h%Ja.er2hrThe det ect or 200
makes deci si on§¥5F Re H plfdtt R b;%‘pt): S97 Y es&-%%er%qab%%
signal space. G@ner@ddgrakhg, sidmaligprte sigadéviidedi indedwatmediwms egi ons,

each of which correspond to a decision of a "+1" or a "-

1" for -the input bit to be detected. Depending on where

the vector of the received signal falls in signal space,

a binary decision is released.

15 To arrive at the final decision boundaries for
the detector, the following additional parameters are
set forth:

Equation 2
Vika = &4, + £ ac,
20 Eguation 3

F A 4 ——
Y "x-2 = g2

Here, v’'y., and y’'’,, denote detector inputs at times k-1

and k-2 with ISI due to available decisions, i.e., a,;

25 and a,, at time k, cancelled. Also, Yi: ¥’k and y’' 'y,

comprise the three orthogonal axes of the signal space.

At each time k in the detection process, the detector
needs to make a decision on the input bit a ;.

FIG. 4 shows a symbol constellation for a

30 Lorentzian channel at a symbol density of 2.25 with

a,;=+1. The y, axis is referred to generally as 220,

and the y’,., axis is referred to generally as 222. The



each of which correspond to a decision of a "+1" or a "- 1" for the input
bit to be d¥OMBFB2ES  Depending on where the vector of the re@ETHSIs@IHhal
falls in signal space, a binary decision is released. 15 To
arrive at the final decision boundaries for the detector, the foll ow ng
addi tional paraneters are set forth: quqbi_on 2 y k[err] = a[err] +
flerr]aferr] 20 Equation 3
Y '[err] = af eE/r] Heéﬁls e}[@ér{clsm 36fl [‘: Erk ggf:]gt eaxgc?tlfsc&%rfef%plg%

times k-1 and | SI due to avail I Sl on
and a[err] at Eﬁﬁ’@rﬁl YaR€elPéd. The sﬁymkgﬁfjé‘r mhigh perrpspeadyto yéfi]

conprise the theee gréhagapakqaxgs thJ_ r%ﬂe% InAHg sPACereflyfAghehi g K N
the detecti on r%ceéf? t he detector s tq make a decision on the i nput

bit a[err]. dws 2 Sy nbof - coFF I9YERVF Fhieh 3ecrrespentziten
channel at sa syrerI elenareyd@fﬁoee&aow d¢ireles f land arEheefleeill & S S
referred to geagral éé %o and the Y'[err] axis is referred to generally
as 222. The P32£3¢-

PCT/ US98/ 01100 - 12 Y' ' [ @he] sgrbslexénd3ayt 206 -2he hilgor eoraa@piosxd
referred to ge I f’f@)l rrespond.t err] =+1
are denoted byE;$'t€‘Llri:|§lxa%‘1M f‘ﬁd%@ Oav-rggelrrg err eg w&f%@lg% %fgfw iggl}é The
symbol s whi ch &8r é§BBﬁdb%635tba‘Y corregrond it hidhs dadeyx oumbless Ofand are
referred 10 astB34syRB6ls23nd T $rEbeks i330r2B84reR3E rﬁ%@ﬁs%fl%gespond
W th an i ndex %h Wn |n FIG 4. Table 1, below indicates the I nput bits

t hat correspon -t he i ndex nunber of 10 the synbols, and the
respective reference nunbers Tabld€l - Input Data Bits

Index Ref. Qyon = ay
: No.

0 230 1 1 1

15 1 231 1 i -1
2 232 1 -1 1

3 233 1 -1 -1

4 234 -1 1 1

5% -1 1 -1

20 6 236 -1 -1 ‘ 1
7 237 -1 ©o-1 -1

*Note, as given, index number 5 violates the MTR

constraint (for a,,=+1) because of three consecutive

25 transitions and thus is removed from the constellation
of FIG. 4.

In the geometric interpretation employed

herein, each pair of symbols that correspond to 1 and -1



FIG 4, Ta nad NPUt Data Bits Index  Ref. alerr]
aferr] No. '%69&7321%30 1 1 1 15FCT/USIs/LL00
231 1 1 -12 232 1 -1
13 233 1 -1 -1 4 234 -1

! 157 -1 -13- 120 6 236

-1 -1 17 237 1 1

-1 *Note, as greemo badeepamatbeer bp @i dateknt hen NMhB chmshr aifnta (f or
ak3=+1) becaus hr onse QY transjtiQn thus.i s renoved
fromthe constgﬁggf%oéﬁﬁﬁéﬂ(icggélgeg%gﬁigﬂmféi§8f§?§3%f§?afFo§?ﬁﬁﬂoyed
herein, each paeiectedynboisdahibescarespendved Wikbud sidndRig/312126
PCT/ US98/ 011004282508k 8ch0. b SCRRERLERRLA. DOUNGRYY the e, D ala

e d oundaries are

slicer plane. .detection is"sinplified if some selected b
removed wi Bhouf™BPgirerEanth@ediiiRay of Fhicper PoRRBRcAS ultimatiply he

preferred 5 esbodetENio thgerumberr@f 6ki ceedd aRaS des UbLhAALEI -4 educed
to three. Two of these illceéag% nes are nonotonically related. The
|

opt i num deci si BRPB&GRASAY ¥ ol of synbols corresponding to different
detector outputs is 10 Taeeopiiens elpd it sharbolidamy heotwa RRIIH of

Initially, four_c gieptu%l degk E%n g%y@p | es _ar o %Q:kgerqgﬁggpd.denoped
as A, B, C anayﬁg SThe ESFPWB e ISI&%r ddar %s 5-61 ’%fﬁ%ctlng
the |ine ®Ai chevemywbese equidistant from the two points. Initially,
four conceptual decision boundaries are considered, and
denoted as A, B, C and D. The optimal decision
boundaries are planes bisecting the line which connects
pairs of symbols of interest. In the present invention,
15 planes A and B rotate perpendicular to the y',.,v’' 2
plane. In other words, the projection of planes A and
B onto the v/ .,¥v' 'x.; plane is a line. The direction of
this projected line will change as the planes are
allowed to rotate. The optimal direction of the plane
20 is set so that its projection is perpendicular to the
line joining the projected pairs of symbols of interest.
Thus, all points on the projected line have the same
distance from the projected pair of symbols.
If coordinates of the two symbols in the
25 Y’ xaY’ ‘w2 plane are denocted (p,, +1) and (p,, -1), the
equation of the plane can be obtained by writing:
' Equation 4
(Y1 P)? + (¥ 2= 1)? = (¥ q-pa)? + (Y7 7 p+1)?

30 And, consequently:

Equation 5
2

Y k2= 0.5Y vy Py - P} + 0.25 (p® - pu) = 0



pairs of synbols of interest. In the present invention, 15 pl anes A and B
rotate per FEMB/BURBr to the Y [err]Y '[err] plane. In other REH/G¥8/01198
projection of planes A and B onto the Y [err]Y '"[err] plane is a line. The
direction of this projected line will change as the planes are allowed to
rotate. The optimal direction of the plapg_20 is set so that its
projection is perpendicular to the line joining the projected pairs of

synbol s of intgseshadbug, ﬂhlch@%ﬁiée@nlﬁ&'@xpé)?dn@@I.@dO|éﬁl§ pHave the sane
di'stance fromthe gro j ected pair coordi nates of the fwo

synbol s in the22® ang 234 9% F %rr? pg%h% e @%noted (p[err], +1) and
(p[err], -1), the equation of plangyean befobt ap ned by writing:

e gl el e E T D S gt facer

-Y '[err] 5[ erfhfiPfkong of Phgrrand +a,0, 25 $iphetatly, Pieeréquatfon £¥O

98/ 32126 glé ggg% For
pl ane A, which sf?%gsp}ﬁ éynB%Fs %ﬁﬁfafes 1 §£%g% o%éFFG. 3,
this yields: Y(2§éramd+23§brr}w“@@dxilonfF@r$YmbODSmhe$@dEﬁué£36naEd above,

is used to wije;plerth g@dfngarioaﬁe functions of aferr] and a[err]
Simlarly, the equation for slicer p[ane B, which separates index synbols 2

and 6 (232 and 236), in addltlon to synbols 3 and 7 (233 and 237), can be
found to peg: 10 Yy i{r] + fefecrpy [err] + flerr] =0
Thus, boundaries A and B, i.e., pTanes and B, are nonotonically rel ated.
Slicer planes C and D rotate perpendicular to 15 the Y[err]Y '"[err]
pl ane. The eqDatspndocuodatriese Xl andésBcan.e., planes A and B, are

monotonically related.
Slicer planes C and D rotate perpendicular to
15 the v,.v' k., plane. The equations for these planes can
be found in the same manner as above, by equatiﬁg the

distance from each point on the plane to the projection

of the two symbols of interest. Slicer plane D
separates index symbols 2 and 4 (232 and 234).
20 Application of the procedure described’ apove

results in the following four boundary equations:

A: sgn (y' 'y, + £y’ - )

B: sgn (y''y., + Ly’ + )
25 C: sgn (y' 'y, - (£, - £) v - (£, - £)), a; = -1
D: sgn (y'’'y, - (£, - £) v +. (£, - £)), 85 = + 1

In one implementation of the present invention, a logic
circulit can provide an output based on boundaries A, B
30 and one of C and D (based on a,.,). In this version,
four boundaries are coupled to the logic circuit, which

provides an output based on three of them.



be found i th?sﬁz%”E manner as above, by equating the distangegfssemmwach .
point on the plane to the projection of the two synbols of interest.
Slicer plane D separates index synbols 2 and 4 (232 and 234). 20
Application of the procedure described abgve results in the follow ng four
boundary equations: A sgn (y''[err] + F[lgr‘r]Y' [err - f[err]) B: sgn

v + f ' + f 25. C . v f - .
1S)[/er E f; r ]Y[ err ][ e[ r ]( %/[ [e(ra; ]r h-owﬁ’%%lr‘]r%%rfe af“@?%f@efligggoééﬁa%\?%%eéﬂll@ reE [err]
- flerr]) Yl ersimpliffiedr] -Féfeexhiplea] doindarties |Q and iDpbeneiet i on

of the present | 150 .lagic circuit can provide an output based on
boundari es A, gogéggggngooﬁébgf C and D (based on aferr]). 1In this

version, four boundaries are coupled to the |logic circuit, Bghiadhiqw évi des
an out put hased on re f em_ . 98£32126 -

PCT/ US98/ 0?100 -15- tleomgx?%r,( th& rrpl(\gllr?entfa%i ﬁ‘ Ear(mfbe it Ber si nplified.
For exanpl e, boundaries C and D can be conbined to give: Equation 6 5

E: sgn (y''[err] - (flerBl -stbetithtYherrior Ferrhng fyery]) uaéiefg[]]) By
substituting for Y L,Lerr] g%n)d y'! [er{a; U}i neﬁ zgligtions (Z%land léB), t he

fol lowing rel afFYASIEPE obthi R&E £ &7 t héBr S¥R-BPonaF Pt Hies: T A
sgn (Y[err] + bpeatih¥defplr theethfAr Becisdon@Y] eluhes:f[err] Y[ err] +
[err] B) E'D sgn (Y[err] + f[err] - f[err]) Y[err] + [err]E 15 In this
version of"the present invention, a logic circuit can provide an out put
based on boundaries A, BRandsBn (yBoumd&iyk-E 4 s8&lot nonotonically rel ated
to boundaries A and B. glhegpgsylting defectoragan be

E: sgn (v, + £, - £,) y« + 4E

15 In this wversion of the present invention, a logic
circuit can provide an outpﬁt based on boundaries A, B
and E. Boundary E is not monotonically related to
boundaries A and B. The resulting detector can be
further simplified by setting (£, - £,) = 1 in Equation

20 4. The effect of this simplirication on the detector
performance is negligible for channels at the symbol

densities at interest. The new slicer plane becomes

E’: sgn ({ye, - Ve + AE7)
25
Table 2 lists the values for 4aA, AB, AE and AE’ for

different combinations of a,_, and a,,.



further siq&lified by setting (f[err] - f[err]) =1 in Equation 20 4. .
The ef fect P %R 20sinplification on the detector perfor mancECTESIHMLI0gi pt'e
for channels at the synbol densities at interest. The new slicer plane
becomes E' : sgn (Y[err] - Y[err] + [err]E ) 25 Table 2 lists the values for
[err]A, [err]B, [err]E and [err]E for_Qin—ferent conbi nations of a[err] and
alerr]. WO 98/ 32126

PCT/ US98/ 01100 - 16- faple 2 - JFiset Walyes for Siesr Banes alerr]
alerr] [err] A ErTiE ferr 1 1
-2f[err]-fler§]-Tlery[T[er]  -flerr[-TlerrJtferr] -Pflerr
-flerr]-flerr]+Bx2 | 24 | -2f[&Br]+f[brr]-PRerr]f[efF AE
flerr]-flerr]fferTi D fTerri=-fierri+1r 5 =T T
-flerr]+f[errff[érr] 2Rfer Jﬂ%%er'rfﬁtéﬁh]f[errsz of,-£,+1
flerr]-flerr]yt—t rerri+sfferrififerri
2f [err] +f[err] +f [lerr -2f, Pf[-dnf] | fpefif+f[erf]-a A &f.5Estiovs a
bl ock di agr amp-ef—a—p ¢t

accordancsé 10 with

a-ndaaali ry £ <k + e SR S H
e ootarfentor—aetectorTZu0COnsSt+ucte In
input Y[err] RO2-and

=

® @ H
- =

> e
g—hl—“
St =

*eﬁeﬂflﬁznve_nt e, £ iefdet ecd or| E00Es-dcei Jes

Hac a-daoclcloh..a ta-alorkl 204 Tha.dat tor 200

[ g

&

\J‘V’ M I AU CUoT J1 UT'MS U a|_ A\ | J I rrnre UL U
i ncl udes del ars 250 pndi 25 fgefytect ed i h2casEadgtnwher-@ide| dy+ 250 rtleei ves
y[err] 202. bt 2541 of —daol gy 260 and-tlopel D268 arbpeovidadi {0 a

mul tiplier 15 258. The detector 200 al so includes three adders 260, 262,
264, each of which provirdes &n gHdwlita 2600cikR68iadrdm tL£Speetrerelnted 0 an
anplitude gate,,or,.slicer 27 274, 276, respectively.. The outputs 278,
280, 282 of sFIMEEAITSHS %%4‘,?”35%%‘3%p;g’gen‘?or?%e“bcottﬁ%a}? ta&FﬁEd/%nC& 20
and E', 1pespedtihvehyg, paedeate iprvewicdec .t 0 Thel dgtectomcRioon r282imesch t hen
provi des the tgr : The ltipl Ler ed 4N

SFOES, P AL B Bt dnep C eBt SR hE R H 200, M e, as

cal cul ation bou ) 8 ‘makes the two bountlaries dy
opposed to t héebgaghgar 2 0leripRudeshdalaype 930 waRéh252 connected in

cascade where delay 250 receives y, 202. The output 254
of delay 250 and £, 256 are provided to a multiplier
15 258. The detector 200 also includes three adders 260,
262, 264, each of which provides an output 266, 268,
270, respectively, to an amplitude gate, or slicer 272,
274, 276, respectively. The outputs 278, 280, 282 of
slicers 272, 274, 276 represent the boundary terms A, B,
20 and E‘, xespectively, and are provided to a logic
function 283 which then provides the detector output
204. The multiplier used in the calculation of
boundaries A and B 258 makes the two boundaries dynamic,
as opposed to the boundary term E’, the slope of which

25 is constrained.
The detector input 202 is subtracted from the
output 281 of delay 252 and added to the offset value of
AE’' 284 to produce output 266 from adder 260. Addexr 262
provides the sum of the output 288 of multiplier 258,
30 the output 281 of delay 252 and the offset value of AB
290. Adder 264 provides the sum of the output 288 of



25 is convoradided. The detector input 202 is subtracted fr@@ddisadbput .
281 of delay 252 and added to the offset value of [err]E 284 to produce
out put 266 from adder 260. Adder 262 provides the sum of the output 288 of
mul tiplier 258, 30 the output 281 of delay 252 and the offset val ue of
[err] B 290. Adder 264 provides the sum-df7-t he output 288 of WO 98/ 32126
PCT/ US98/ 01100 -17- nultiplier 258, the output 281 of delay 252 and the
of f set val ue of“u[lérlﬁ’]lAeEQ?Ssl'rhetBPf sattppdl uesl obf[ atalleAr 2822 ABR29%he and

[err]E 284 arersgesnviludabiesR,2end aig @@%@@tooa%égegg%ﬁggg' ngd i g“s
can be

of a[err] and 3%% % Tﬁﬁ he offset 5 val ues
i npl erent ed as Be A t?%ﬁeiEFSSh‘PB’BlepT%}a%ﬁFe% ad tawe (haged o
provided to thdllféemem:l uemadidamoaﬁOonaﬁkZ adff o, The Tiogk ¢ dRnClfan0.283 in

general is det r et_of boundari es. The | ogic 10
function maps ?’ n‘g@? ?‘g@l ron& & r EfedPBy W eTegtad spice 1R nary

out put that comuégp@ﬁdxewst,hlbbk ept tobled, I\IRZItlwtmlte ofaddie st agdor 200.
L he embodkBeRheOkebBRcRr SC ARl oM F1 S 52 S1anal
0

space can be determ ne I'C funct'i 6n "I5~ " "obt ai ned by inspection.
The detector 200 incl ude$ha&ND ]g?;ﬁle: 300unhkthnop@sdt esion gehpwtd 278 and

280, and OR gahiet3Q2iwBhchaeRer ahes1n tbe 9t pYLn3094;:0f AN'ZB ate 00 and

out put 282 to provide S|§nal 204. The present i1nvention incl vant ages

over 20 1fhe pPPSFlQFLtm HHFEESESs creat pé }G‘Ett'ém cﬂlgmﬂ be
i mpl ement ed W bspaaer elat av%m&:’ryﬁpb&t@uthl tiegt U iRlsedhi ACYE g1e die

&%‘;ﬁgﬁgg%; yg'sgfl | éﬁ @Rée Gpan! YeMEn MRS STl ex, destgns over a
embodlment of the present invention shown in FIG. 5, a
signal - space can be determined and the logic function

15 obtained by inspection. The detector 200 includes AND
gate 300 which operates on outputs 278 and 280, and OR
gate 302 which operates on the output 304 of AND gate
300 and output 282 to provide signal 204.

The present invention includes advantages over

20 the prior art. Among these advantages is the detector
can be implemented with a relatively simple architecture
yet can achieve the performance typically realized in
only much more complex designs over a wide range of user
densities.

25 It is to be wunderstood that even though
numerous characteristics and -advantages of various
embodiments of the present invention have been set Fforth
in the foregoing description, together with details of
the structure and function of various embodiments of the

30 invention, this disclosure is illustrative only, and
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



25 is to be understood that even though n 0
characteri QY?&E‘ZJ% advant ages of various enbodi nents of ?hg‘gﬂﬁé"é 100

i nvention have been set forth in the foregoing description, together with
details of the structure and function of various enbodi nents of the 30
invention, this disclosure is illustratiyg only, and changes nmay be nade in
detail, especially in matters of structure and arrangenent of parts within

the principl esa;sgeﬁ&@d prcﬁse@ms | BNt Leg:@rtegsreae fU'FOEXt&E&}bI@' catied by the
broad general neanj g he ternms in whi c41 WO 98/3 126

PCT/ US98/ 0110P24BLC S PRY VaFY eé%?ﬁ}dés“ﬁe&n the RartiGudfe, the
particul ar el Scmfayorwar yfodepeﬂﬁe ng dtddimpar whelikar mpittLoiimg | for
the detector i %{ nln subst anti al | thesnefu ctlonallty

wi thout depar ﬁvv% ne {THTY THEE Rt B ieha T SR R on.

In additidh, aftdroughe tdm)gmfa‘m?r rseadmm:bodﬂ bRt ptlesentbenlv@ntbon i sIdlirected
to a detector Jc?&sfé‘f%a)[’“ %Et%ﬁgﬁoghgg fetfe‘r%‘xje'd R ARG AL 8L DY Se

skilled in the ar chlngs resent 1 nvention can
applied to ot Heeré¢itoriwat donenbed| itey éysieet@:tqmm@m WRehaiithg M’E%mthe

scope and spirddg it Nee PrESENSe | il\%%féé%‘ted bYW R 98821261 1ed in the
PCT/ US98/ 01100 -19 - WHAT IS CLAl A circuit suj tabl e

for use witIRTarChaf of Aet FeRGLBERPE NP VRISFFE NP EER PR S¥PPPEsi ng:
an equal iz@t i apEli€di tofSthderivfdgmaion handl ing systems, without

departing from the scope and spirit of the present

invention.



equal i zed wapss2126 SI gnal

conponent, the

equal i zed i nput signal responsive to a sanple

and a detector, oper abl y coupl ed to the equalization circuit,

determ ning at

|l east a first, second, and third boundary based on

the equalized input signal, the first andl%$econd boundari es being
nonotonically rel ated and the third boundary includes a constrained sl ope.
S Swhere the boundaries form decision reglons

that map estinat ed Input‘ﬁdegyf%dﬂ% a ggiggbgénen§69nahl |gnal pace,

2. . The

The circuit of

third boundary.*

deci si on neans,

detected data synbols ‘based on three hfun%g&hgﬁ tSiﬂ@P&d haying paBs
on I | es W

of claim 4

cI im2 wherein two boun

having an uncorrel ated noi se Z‘L‘?ﬂﬁ%ﬁs"’é#’&nm

for

aries are conblned to* OV|83 the
-ormationghdhandking H¥SEemi nfle apdrewi t heempohpinging a

oper abl y @ﬁnugthlg&g&gbﬁknég%éml{orf@fovag#ﬂglggst5ﬁan1of

wher ei n t he e

circult

filter responsive to the sanphﬁd:m‘mttatlseaéﬂﬂhé‘eﬁtsm@h@\ll ébﬂﬁoﬁe%ﬂi:on%hél I'ter
signal; a forward filter, operabu¥5¥oq$ ed to t epﬁgwapass er to

receive the front filter S|gnaﬁqu

oVirhg St

an arbitrary target V[)98/32mmﬂed input signal; and

PCT/ US98/ 01100

- 20- shape; angydi &, Ng P e Ry 'ntc:%{lpled to the

equalization circuit, for determining at
least a first, second, and third
boundary based on the equalized input
gignal, the first and second boundaries
being monotonically related and the
third boundary includes a constrained
slope.

2. The circuit of claim 1 where the boundaries

form decision regions that map estimated input symbols

in a three-dimensional signal space.

3. The circuit of claim 2 wherein two boundaries

are combined to provide the third boundary.

4. The circuit of claim 1 and further comprising

a decision means, operably coupled to the detector for

providing a stream of detected data symbols based on

three boundaries.

5. The circuit of claim 4 wherein the

equalization circuit includes:

a low-pass filter responsive to the sampled
input signal for providing a front
filter signal;

a forward filter, operably coupled to the
low-pass filter to receive the front
filter signal, for providing forward

filter signal having an arbitrary target

O R

RIS gFal 2havi ng



synbol interference terns fromthe front filter signal; a feedback filter,
oper ably cowpl98d2126 t he deci si on neans for providing a feedbBCRUSIINIAI0 !
havi ng two post-cursor inter- synmbol interference terns fromthe stream of
detected data; and a conbi ner conbining the feedback and front filter

signals to provide the equalized input signal. 6. The circuit of
claim 1 wherein the equalization circmt includes an equalizer to

m ni m ze nean-squared error i nhthe sanpl ed in ut Si %nal 7.

circuit of claim 1 wherei ¥*R%e %aﬁ SRR |]T‘H:tﬁi%res an

equal i zer to uncorrel at e noisyekdal tLImﬁexafrememtel hputssigmal the. £xront A

magnetic disc drive, conprisi q% aetl; ostl% | y nounted disc suitable for
storing thereon a bit streamo 5’ d transducer operably coupled to
receive the bit stream ofa dieedmckf 6ilpeavi dingyabldatecwpedl tico the

read/wite channel, the read/ Wd 6 s hipnnel n Praw qu,lqi ek d Ay Signal

and conprising: an equalization circuit for derivVing, vm an uncorrel ated
noi se signal conponent, an Sdqnal zé’@Vlnlgant"Om%‘F FEEHIRSIi VEER%™ t he

sanpl ed i nput signal; a det ectggfmbdaperﬁ@targ@y@ﬁ@@l t Qeth8 equdld zathen

circuit, for determ ning at Ieast férst S nd, and third boundaries
based stream of etedte ata,

a combiner cowmbining the feedback and £front
filter signals to provide the equalized
input signal.
6. The circuit of claim 1 wherein the
equalization circuit includes an equalizer to minimize
mean-squared error in the sampled input signal.
7. The circuit of claim 1 wherein the
equalization circuit includes an equalizer to
uncorrelate noise in the sampled input signal.
8. A magnetic disc drive, comprising:
a rotatably mounted disc suitable for storing
thereon a bit stream of data; and
a transducer operably coupled to receive the
bit stream of data and for providing a
data signal to a read/write channel, the
read/write channel providing a sampled
input signal and comprising:
an equalization. circuit for deriving,
with an uncorrelated noise signal
component, an equalized input
signal responsive to the sampled
input signal;

a detector, operably coupled to the
equalization circuit, for
determining at least a first,

second, and third boundaries based

Ry g
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the equalized Input signal, the first and second boundari es bel ng '

nonotonically related and the third boundary including a constrai ned slope;
and a logic circuit, operably coupled to the detector, for providing a
stream of detected data based on thge boundaries. 9. The
magnetic disc drive of claim8 wherein the equalized i nput signal includes
first and second post- cursor intem $\ynehaqualtiegreierienee tsergreml 10che

The magnetic disc drive of claimg Wﬂﬁ?eéﬂﬁtQgcgﬁéeﬁbﬁhdaQ&EEQQ§eiﬂ st and

second |l ogical AND circuits, each for recelving a_signal representative of
a twice- del ayed equalized input @%On@@hﬁaalaépdegnﬁt@mv@mda

once-del ayed equalized input sign@douRddrpl igd1vihhe 41 rndtosd 1.6k sor
inter-synbol interference term anﬁ of fset signals based on the first and

second post- cursor inter-synbol i e e terns such that the first

| ogi cal AND circuit receivesaalbygist ch:f:&Q't Sbﬁéﬂhb@?dcéﬁﬂﬁléQC@@dtlhégl cal
AND circuit receives a second offs t SI e |l ogi,cal AND C|rc%a%s each

provi ding an output to the logic '1f°r prov %ﬁ@gnﬁg%%¥?€
drive of claim 10 and further c@mracﬁjeﬁg adabar d Haggid al oAND tthr€sli t for

recei ving the equalized input sigqﬁ% %yisg gnal representative of a
twi ce-del ayed equal ized input signal and a third offset signal based on the
first and secdnd post clihsomapgnesicsgimeldrhrediecdadie Bevhereinethaird

| ogi cal  AND Ckegﬁx '152@610%%%9 AUl aq;clt\mééﬁerﬂx% Gurfd '€dna Pose - The
magnetic disc drive of claimll wherein the logic circuit 1ncludes an AND
gate and an ORY§&ECE inter-symbol interference terms.

10. The magnetic disc drive of claim 9 wherein the
detector includes first and second logical AND circuits,
each for receiving a signal representative of a twice-
delayed equalized input signal, a signal representative
of a once-delayed equalized input signal multiplied by
the first post-cursor inter-symbol interference term,
and offset signals based on the first and second post-
cursor inter-symbol interference terms such that the
first logical AND circuit receives a first offset signal
and the second logical AND circuit receives a second
offset signal, the logical AND circuits each providing
an output to the logic circuit.

11. The magnetic disc drive of c¢laim 10 and
further comprising a third logical AND circuit for
receiving the equalized input signal, the signal
representative of a twice-delayed equalized input signal
and a third offset signal based on the first and second
post cursor inter-symbol interference terms, the third
logical AND circult providing an output to the logic
circuit.

12. The magnetic disc drive of claim 11 wherein
the logic circuit includes an AND gate and an OR gate

R0
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wherei n t hév@aB/piiRe of the second and third | ogical AND cir cRET/USISH1160 s
provided to the AND gate, and the outputs of the AND gate and the first
logical AND circuit are provided to the OR gate, which provides the stream
of detected data. 13. The nagneti_ Sy di sc drive of claim1ll wherein the
outputs of the logical AND circuits are each provi de through slicers
operabl y COUpldﬁQ %Be%ggnl eﬂécoﬁté gétof 1t4he sec n Tr&% gﬁ‘i'td‘ (ing)'l%:% drl ve of
claim8 wherein the bit stream ata i s enco maxi transition
run length cod¥D 1Bircuit axe pprawidedf o Eb?ee”tl‘ﬁhggaéﬁgl tafnd  tést a,

conpri sing st epg ths def i \HHRg ﬁﬁya@a?t@ hﬁEUttk%’n?Q!étreﬁ&@ﬂ?l/eAm a
sanpl ed i nput si %nal rep resentgtlve of  a bit streamof data stored on a

magnetic nmedi GhECYeti AFRgPEREESEENSPeli® R 1HRL Svg Wit e O RiKiSse thGundari es
based on the safphedofndetesicgdaldatat. | east two of the three boundaries

bei ng nonot on gal ly rel gted _and ne, c{ﬁ)t hed boundar i eg hav:lgg constrai ned
sl ope; mappi na the equali e(i]na\gﬁlp o1 S The“adelsion% «?d:ie&ﬁ]s; and

generating estheabedpsyﬁbof s:ltms'lexgmlt A&Dnappedieguete zetth puatvisienbol s.

16. The];h%h 0510t BLBrakly WAGLED (et Aacdecisbon houndar es
conpri ses: defining four boun rles onb rlestoforma
new t hird The magnetic disc drive of ClalHIB whereln the

bit stream of data is encoded with a maximum transition
run length code.
15. A wmethod for detecting digital data,
comprising steps of:
deriving equalized input symbols responsive
to a sampled input signal representative
of a bit stream of data stored on a
~ magnetic medium;
defining decision regions having at least
three boundaries based on the sampled
input signal, at least two of the three
boundaries being monotonically related
and one of the boundaries having a
constrained slope;
mapping the equalized input symbols into the
decision regions; and
generating estimated symbols based on the
mapped equalized input symbols.
16. The method of claim 15 wherein defining
decision boundaries comprises:
defining four boundaries; and
combining two boundaries to form a new third

boundary.
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PCT/ US98/ 01100 - 23- 17. The method of claim 15 wherein deriving '
equal i zed i nput synbol s conprises: whitening noise in the sanpl ed input
signal. 18. The nethod of claim 17 wherein whitening noise conprises:

|l ow pass filtering the sanpled input si@%%] to provide a first filtered
sional ooy Precul sat. N aNial LoLer! eLence. Lo e Lirstal e
i nter-synbol iettuer esehciEngier neymiamis comprises t he second filtered signa
‘(’a"'qhgl |t dip?ﬁghfugi%ol ;%ﬂeé&’fﬁ’é"mié‘é ef § §LROCE ST IF §. R Vi gEat he
18. The method of claim 17 wherein whitening noise
comprises: '
low pass filtering the sampled input signal
to provide a first filtered signal;
removing precursor inter-symbol interference
from the first filter signal to provide
a second filtered signal;
feeding back post-cursor inter-symbol
interference terms; and
combining the second filtered signal with the
post-cursor inter-symbol interference
terms ko provide the equalized input

symbols.

[ .



