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detection of data retriq (&M stpagy Oi..nto paged a?gjst ns. 5
Digital data nmagnetic r€ﬁb%@§¥?%§%...§l.%%awi.t-ﬁl data by

recordi ng same in a novi r&; ma%ﬁ% ic nedial yeé?edjsi ngj a storage, or
"write", el ect rlit& APSEEh r 6 PRIFL - wagRet e 118l H transducer, or
"head", positioned i medratety adj acent thereto. The data is

stored or witten to the magnetic media by sw tching the direction
of flow in an otherw se substantially constant nmagnitude wite current 10
that" is established in coil windings in the wite transducer in accordance
with the data. Each wite current direction transition results in
a reversal of the ASYMMETRIGGEANNEL DATAIDEFECTION COMPENSAPIONi on of the

magneti c nedia just then passi F&W er during this
directional sw tching of the cﬂﬂﬁgﬁGﬁ‘?‘&b{P%iﬁﬁ (o] t he
magneti zation direction it tTieipresesii invéntidt eelatedto ihfofmation\stoRae syStern nd,

opposite 15 direction. In one recordjing schene, often terned
nonret urn-to-zero MUERarticylarly, to detection\pfdata retsigved fram sterage in sughsystemsct i on

reversal occurrg ng over a Sfﬁfgftalp&[é ixﬂ&ngﬁc tdd6rdin Jes=Tolgh) itaﬁ&@'b?
nmovi ng past the transducer represents a binary nunber systemdigit

"1", and the | ack odcorling samehinrac:moYing imagnefict media jlayer ising a storagecon Ywrite'hi nar y

digit "0". electrical current-to-magnetic field transducer, or "head”, positioned immediately

adjacent thereto. The data is stored or written to the magnetic media by switching

the direction of flow in an otherwise substantially constant magnitude write current

10  that is established in coil windings in the write transducer in accordance with the

data. Each write current direction transition results in a reversal of the

magnetization direction, in that portion of the magnetic media just then passing by

the transducer during this directional switching of the current flow, with respect to

the magnetization direction irt that media induced by the previous in the opposite

15  direction. In one recording scheme, often termed nonreturn-to-zero inverted

(NRZI), each magnetization direction reversal occurring over a short portion of the

magnetic media moving past the transducer represents a binary number system digit

"1", and the lack of any such reversals in that portion represents & binary digit "0".

Recovery of such recorded digital data is accomplished through

20  positioning a retrieval, or "read" magnetic field-to-voitage transducer, (which may

be the same as the storage transducer if both of these transducers rely on inductive

coupling between the media fields and the transducer) or “head”, is positioned to

have the magnetic media, containing previously stored data, pass thereby. Such

passing by of the media adjacent to the transducer permits the flux accompanying

25  the magnetization reversal regions in that media either to induce a corresponding

voltage pulse in forming an analog output read signal for that retrieval transducer

or, alternatively, change a transducer circuit parameter to thereby provide such an

output signal voltage pulse. In the coding scheme described above, each such



. Recdvery of such recorded digital data is acconplished through 20
positioning a retrieval, or "read" magnetic field-to-voltage transducer,

(whi ch may be the sane as the storage transducer if both of these
transduces wal9s/eaes2i nducti ve coupl i ng between t hepoptssmndios! ds and
the transducer) or "head", is positioned to . have the magnetic

nmedi a, containing previously stored data, pass thereby. Such
passing by of the nedia adjacent to the transducer permts the fl ux

acconpanyi ng 25 the nmgnetization reversal regions in that nedia either
to induce a correspondi ng vol tage pulse in form ng an anal og
output read signal for that retrieval transducer . . or,
alternatively, change a transducer circuit-3araneter to thereby provi de
such an out put signal voltage pulse. In the coding schene

descri bed above, each such WO 98/ 04032

PCT/ US97/ 13106  voltage pulse in the read transducer output. s:gnal due to the reversal of- 2-
vol tage pulse in the read tran er output signal -due to the reversal of
magnet i zati on di r S3gP ‘Efﬁé 3’8{“&‘8@3@ BPE“P%@% foyeatesent a

represent a bmar;mxgw' dmgm&absenceoataﬁthtm EotfeSpokling #6edicfpdtidna €
correspondlng nedla portions I s _taken to;ﬁepresent a binary digit
"0" 5 is taken to represent;ahinagy digit"d" nmgnet i ¢ recordi ng systens have

gﬁ?gege?ﬁ ?ﬁte%?telt ?lneved anall)oggi;ﬁgsﬁﬂg&rlilg‘IaérR %dﬂ&tﬁ “t ;'eﬂ%gs“ls?ﬁéglr‘ d#&?ﬂ?z I ng
this signal. Suchmethadsder the mgedfmhdmmmwd analog signal as

the basis for digitizing this signal. Such methods are based on determining which

peaks in that signal exwedaselectedttn'esholdtodetezmmethaxabmary digit “1”

related pulse occurred in the retrieved signal, and also use the times between those

10 voltageplﬂsestoreemsuuctﬂiehmmgmfommuonnsedmthepmdmgrwordmg
operation in which the data were stored in the magncucmcdlaasdescnbed above.

The analog retrieved signal is provided to a phase-locked loop forming a controlled
oscillator, or a phase-lock oscillator or synch:omw ‘which produces an output
timing signal, or "clock" signal, from the posmons of the detected peaks in this

15  analog retrieved signal. Absolute time is not used i nq _gpemmg the data retrieval
system portion since the speed of the magnetic medmvanes over time during both
the storage operation and the retrieval operation to
intervals, or nonuniform multipies thereof, occumng between the voltage pulses in
the analog retrieved signal. _'___'_.'

20 There is always a desire in magnetic: -ording systems to devote less
of the magnetic media along a track therein to the siorageofa bit to thereby permit
increasing the density of the bits stored. The use of f peak detection places a limit
on the density of bits along a track because in that density beyond some
point will lead to too much intersymbol interference which in tum leads to errors

25 i the recovery of data using such peak detection ods. Because of this limit,
recent increases in bit density alonganackmamagnehcmed:ahavecomemththe
acceptance of a controlled, or known, amount of mt«symbol interference which,
since known, allows detection of the pulses involved déspi

:result in nonuniform time




»peaké In that signal exceed a selected threshold to determ ne that a binary

digit "1" : rel ated pul se occurred in the retrieved signal, and al so
use the tinmes between those 10 vol tage pul ses to reconstruct the
timng infornWPi%M482ed i n t he preceding recording PCEIMESIHL3106) | N

whi ch the data were stored in the magnetic nmedi a as descri bed above.
- The analog retrieved signal is provided to a phase-|locked |oop formng a

controlled oscillator, or a phase-lock oscillator or
synchroni zer, which produces an out put timng signal, or "clock"
signal, fromthe positions of the detected peaks in this 15 anal og

retrieved signal. Absolute tinme is not used in operating the data retrieval
system portion since the speed of the magnet‘l-"c: medi a varies over tine
during both the storage operation and the retrieval operation to
result in nonuniformtine intervals, or nonuniformnultiples

t her eof , occurring Tad Jepsduceranglog output signal generated from the binatythitsam ajymbols
retrieved signal. : : - I.s-al ways .a.desire in
magneti c recordi ng g‘?/%?é“ﬁ%e?gygg%%afsggplegmﬁw%g b cravented;i o
al ong a track her ei to digitalidetagansk the) sampflescardiaken at af fatervelish lesds'th imore than one

I ncreasing the density,of the bits,stored., The use of ak detectign places
alimt oﬁ%eepeﬁ’gﬁﬁ ‘P@’“o%ﬁf gngle WI%P?PH'&R’E';% Would besuificieat ng
that density begondfospeak deMﬁonﬁsmﬂﬁig%\&édmér%.tmm&d}ifa@iﬁbo'
interface which in turn leads tq errors 25 _in the recovery of ta

usi ng such peak det Aoy part #B@Mﬁ%ﬂﬁ%ﬁp@mmﬁ,mawmmresm&cem
increases in bit depfdring @ siéifa ' -ap,eg%ﬁg@%;sﬁmr’re' di a have cone with

t he accept ance gf a cgg%?gﬂ&eﬁgfh or known, amount of intersynbol

i nterference which, A digital data magmetic racprding syisitme comprisesd bantipaspddts es

i nvol ved despite this.i . s 04 .
PCT/ USS7/ 13106 betridval Slahfidi SRSt it it Hfaable to transiife v%:%/ 194 H4uencies, and has an

10 upper frequency beyond which its transmission is also quite poor. Although there
are a number of possible alternative partial response system arrangements, there is
substantial value in matching the partial response spectrum to that expected for the
data to be transmitted in the channel. A relatively simple partial response system
that does not require transmission at very low frequencies is known as a class 4

15 partial response system, and is typically used in magnetic digital data recording
systems. Sucha response is obtained by providing an overall channel and filter
response equal to that of the sum of two opposite polarity Nyquist channel impulse
responses separated in time by two sample intervals. Such an arrangement will lead
to a filter analog output signal from which ideally can be obtained three alternative

20  possible sample values of -1, 0 and 1 foranipput-siénalbasedonbixmymorded
data if sampled at appropriate instants. The sequmce of resulting samples can be
viewed as comprising an interleaving of two subsequences, one formed of the odd
numbered samples and the other formed of the even numbered samples, in view of
each sample value having contributions from onlythc currently retrieved stored

25  datum and second preceding datum. -

A read transducer analog onti»ut slgnal provided through any kind
of a data retrieval channel is subject to containing errars therein as a result due to

noise, timing errors, gain errors, channel asyhlmeﬁiés and the like encountered in



-3 read transducer anal og output signal generated fromthe

bi nary bits or synbols stored in the magnetic nedia is sanpl ed
with the resulting sanples “bei‘'ng converted to digital data, and

t he sanpl eswowngrodoaken at a rate which | eads to nore than GRawse?13106
sanpl e per pulse rather than the single sanple per pulse which would be
sufficient 5 for peak detection if sanpling was used therewith. Since
each individual sanple R .reflects only part of the pul se response,
this process used in a systenlresults in referring to such a
systemas a partial response system A digital data
magneti c recordi ng system.conpri ses a bandpass data _ retrieval
channel in that it is unable to transmt w#y |ow frequencies, and has an
10 upper frequency beyond which its transm ssion is also quite poor.

Al t hough there are a nunber of possible alternative partia

response system abéaﬁgeﬂaflfeaxevhlheimpmsed to attempmigub%bﬁﬁhmaind{ﬁhmylﬂk
mat chi ng the partial respon: -;Espectrumto ai expected for_the

data to be transnYAYSIEPIPIFOIRBY EYREHPse n heread fignglas {n Reakdetections mpgimumbs ponse
system tiﬂé&llhﬂ&@%ﬁ@mrﬁqwqﬁ&cwaﬂﬁﬁhsﬂnﬂfés% & dstelllVidvoRAAENCI €5

Is known as a class 4 artial res onsemg/stem and 1s typically
used in magnetic matm b se¥erpliposgjble transmi gmb@rssqnmwausedéb@onse

i s obtained by pr a8 oy &h?gg ["”u'{" pnse
equal to thatyof t é sum: ot I%gépif)acsm pc?'l arl% @qw S umhanneh |rrpul se

responses separ at etbrlbntv!ae 1ee repeivedsamples and¢ach uﬁlhs poﬁtbdhsymbohsaqucx@esrent

will |ead filte | 0 t pu nal ich ideally can
be obtained thr ee‘hﬁﬁw %&Wg hl”é"‘gﬁ’m SUGRCCBIVING) and 1
for an input si gnmbsﬁamdmhebbﬂary recor ded data i f sanpled at
appropriate instants. The. se uence 0 resultl n es C be

vi ewed as conprising an int F %@8&% %?W of the
odd 10UNDRICRAIE AR HinalS tnd B?wﬁicﬂ?éeefv@i iﬂéfbv&i-n&ﬁﬂer&i/ﬁﬂuﬂéﬁﬁiﬂ% ed
sanples, in view of “wseach sarrpl e val ue having contributions from

only the current|§eqmmm therf aich reesives thejeddoprmbaeed dupubsample sequearn g

dat um dbeold agnf, QGR I mé
provi ded t hrough an ﬁ C?rm_two d él%‘;!?a re%‘ro?glsa annel 1S subject
to cont ai ni ng errmlemendad s each dicode changel mbedonemdepmm Swoki ;g

errors, gain erropg. Ji.%ik‘f § 85 thiS BetbobiiBn his't iBPAR RLSISE edul

15

separated in: ume fby one dicode data symbol interval based on a one-half full
chmnelsamplerate period, this dicode channel resulting in samples of the channel
output signa'l_--

e absence of random noise having values of

Yi= X=Xy

20 wherex,ma_datasymbolmputtakenashavmgbmaryavalneof“l” or "0" to the
channel that is obtained from the magnetic recording media at sample interval j, x,,
is a similar bmary ";.val_;je input to the channel but occurring a dicode channel rate
period earlier andreﬂectmg the channel memory, and y, is the channe! response
analog outptlx.t“'.stgxial at interval i after amplification and filtering. When such

25 channel gain and ﬁltermg are applied ideally, and the channel is noiseless, y; will
take on the 1deal-values of -1, 0 or 1. Otherwise, y, = x; - X;, + n, where n; is an
independent. random variable of zero mean representing the additive noise at the
sampling mstan
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the course of retrieval. As opposed to attenpting to determne individually
t he WOI84032 oy esent ed by every pulse in the read sPERYP7H3I06n peak
det ecti on, maxi num | i kel i hood detection of sequences of such
sanples is used instead invol ving estimating which of several

possi bl e transmtted synbol sequences caused the 5 recei ved sanpl e
sequence based typically on finding the m ni rum nean squared error

bet ween these received sanpl es and each of the possible synbol sequences
that nmay have generated these sanples and chgosing-that synbol sequence

gi vi_.ng the smal | est such error. A class 4
partial response system channel can be deconposed i'nto 10 t wo

hal f-rate channel s one of which receives even nunber ed i nput sanpl e
sequence and the other of m*’&‘ﬁ‘“?eé& °\F§§“"F amelqﬁmrsyawp@

sequence ey s fonst 9t posile uf&iié biiom PR bfie B mbRE

data represented by 't hese l'es pr OVI
can be done i ndepereerors: I'Ehlsmwdmsultmbeommmelymudmzﬂlgdmom

this deconpositi on Fﬁpﬂqu ! %@émﬁ‘ﬁ’“@@é‘d}é‘é’g& I[‘Be&&e%‘imm;n}e@ses sum

of two opposite polarl annel rnpu nses

separated in tige hyeﬂmeﬂ:racﬁhadddlmdyemmﬁngsublemeddehmdammwwlf
erJ od I s di code ch nnel esul, %ng in

full chan eI ate
sanpl es of the cha o st Beifis *@H{)ﬁs‘a‘%*‘%‘ﬁg‘ﬁ pwn i Rigyre } e possi
noi se having val Ue%e@fenceofdetechonsystemstatesresulungﬁomtmnsmonsthmbetweenthaf;%r]

evolve over time. Figure 1B shows two states, desngnated “0" and “1", after some
sample interval and the transitions between these states which can occur on

10  obtaining the next data symbol after the subsequent sample interval. Each
transition is represented by an arrow, or branch, thh a pair of values in parentheses
adjacent thereto showing a possible next expected_ data sample after being in the
preceding state on the left, and the corresponding data symbol value on the right.
The trellis diagram of Figure 1A is shown assn:igiug the detection system was

15 initially in the “0" state and is depicted for 2 sequence of samples of arbitrary
length, the diagram having each sample interval marked below the corresponding
states the system could be in at that instant. A sequence of contiguous branches
from the beginning to the end is a path through the diagram corresponding (o a
possible input sequence of data symbol values. ::

20 A maximum likelihood sequence detector for such a dicode channel
is provided by defining a branch metric based on finding the “Euclidean distance”
between an observed sample value and anticipated possible sample values for each
branch of the trellis diagram at each sampling interval multiple i as a measure of
how close the observed sample, y,, in the presence of random noise, is to the

25 possible expected sampie value at that branch. Thus, for a branch corresponding
to a transition from a "1" state to a "0" staleattzmex,ﬂxebmnch metric B, in view
of expecting a -1 sample value, is '



.20 ° where x[err] is a data synbol input taken as havi ng bi nay aval ue of
"1 "or "0" to the channel that is obtained fromthe nmagnetic
recording nmedia at sanple interval i, x[err] is a simlar binary
val ue i nput woesidaeszchannel but occurring a di code channel per®sy713106
period earlier and reflecting the channel nmenory, and y[err] is the channel

response anal og output signal at interval i after anplification
and filtering. When such 25 . channel gain and filtering are applied
i deal ly, and the channel is noiseless, y[err] wll take on the
| deal values of -1, 0 or 1. Oherwise, y[err]= x[err] - x[err] + n[err]
where nferr] is an I ndependent random vari abl e of zero nean
representing the additive noise at the -6- sanpling instant.

WO 98/ 04032
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Because of the channel nenory, the occurrence of errors in a class

4 partial response system can propd¥at @t 2he2etlecti on systemresul ting
in nore errors. This unwanted result can be obviated by _
appropriately pr C4ahiag alllifvél 3k mean noise is phébeliin HeQthithe], "nid adhHkedd ©
media prior to such storage. The detection process over tine for a
di code channel r eBgicofresgonding top teellisidiagram transition fromial "0l statecto @ 1 hytate at
atw state tgellj. i aqQk e as ot a Ej .0 Figure 1A show ng the
possi bl e 5 ﬁﬁggqﬁgﬁ,%@ﬁ rdet (?t"'lhon ?g\ﬁ@ﬁﬁ'gt ates resulting from
transitions therebetween that can eyol ve overtinme. Figure 1B
shows two states, designated "0" arﬁh"‘@"ﬁ?lgﬁﬁeﬂ%

Finally, the branch metric B, corresponding to either of the transitions from either
of the states in the trellis diagram to the same state, i.e. from either state "0" to state
10 "0" or from state "1" to state "1", at time i, in view of expecting a 0 sample value,

is
Bi; = (yi "'0)2 = yiz-

In the foregoing equations, the presence of common values in each

15  of the equations does nothing to aid the detector in distinguishing between the
values of the branch metrics, and thus, the term y;? can be dropped from each of
these metrics. Similarly, multiplying each of the metrics by a common factor does
nothing to alter the ability of the detector to distinguish between the distances
represcnted thereby, and so each of the metrics can be riitipled by a factor of one-

20 half A further possibility is to drop common factors in each metric to ease
computation. Hence, the standard metrics used for such & maximum likelihood
detector can be made quite simple to ease the computations of the branch metrics
by using the following metrics rather than the above or original Euclidean distance
based metrics yielding

25

Bin=yi+—



.sanmpfe interval and the transitions between these states which can occur on
10 obt ai ni ng the next data synbol after the subsequent sanple interval.
Each transition is represented by an arrow, or branch, with a pair
of val ues i n WoM8AdBLses adj acent thereto show ng ®qQroeey/AsIes next
expected data sanple after being in the preceding state on the

| eft, and the correspondi ng data synbol value on the right. The
trellis diagramof Figure 1A is shown assum ng the detection system was

15 initially in the "0" state and is depicted for a sequence of sanples
of arbitrary | engt h, the diagram having each sanple interva

mar ked bel ow the correspondi ng states the systemcould be in at
that instant. A sequence of contiguous branctkes from the begi nning
to the end is a path through the diagram corresponding to a

possi bl e i nput sequence of data synbol val ues. 20 A
maxi mum | i kel i hood smdjuence detector for such a di code channel S
provi ded by defining a branch nmetric based on finding the "Euclidean

di st ance” bet ween an observed sgnpjp_value and anti ci pat ed
possi bl e sanpl e val ues for each bfdﬁcﬁrof the trellis diagram at
each sanpling interval nultiple i as a neasure of how cl ose the
observed sanple, y[err], in the presence of randomnoise, is to the 25
possi bl e expected sanpl e value at that bramgghzgThus, for a branch
correspondi ng to a transition from™ "1" state to a "0" state at
time i, the branch netric B[err], in view of expecting a -1 sanple

\F/%le ?J,SQ '7/5 13106 WO 98/ 04032 13, maximum likelihood sequence detector could then calculate
such branch metrics for every branch in the trellis diagram. Each path through that
trellis diagram can have a corresponding path metric calculated for it which is the

5 sum of the branch metrics occurring therein. The path through the trellis diagram
with the smallest path metric is chosen as the most likely path, and the anticipated
channel output samples corresponding to that path are chosen as the most likely
sequence of binary inputs to the channel.

However, as the trellis diagram expands in length over time, resort

10 must be had to the Virterbi algorithm since continuing such calculations for the
entire path quickly grows beyond the capabilities of any reasonable calculating and
memory capacities provided for such purpose. As the path metric for any path
through any state node in the trellis diagram is the sum of the partial path metrics
for those portions of the path to the left of the node and to the right of any node, a

15  detector need only choose the smallest partial path metric to the left of the node, i.e.
the survivor path for that node. The detector needs to find and retain the survivor
path for each node until the final node of the trellis diagram is reached, for instance,
at the end of a code word, and then note the survivor path for that node to
determine the optimal path metric.

20 Although additive random noise of zero mean value was considered
in the foregoing, data retrieval or read channels, including dicode read channels, are
subject to deficiencies in addition to random noise. Such deficiencies can include
gain errors across the channel and offset errors or other asymmetries in addition to



[erT] assum ng additive, zero nean noise is present in the channel.
The branch netric Bl err] correspondl ng to a trellis diagram
transition froma "0" state to a "1" state at 5 time i, in view of
expecting awelsemdpl e value, is PCTmsy'm:{mﬁr r]
Finally, the branch netric B[err] corresponding to either of the
transitions fromeither - of the states in the trellis diagramto the
sane state, i.e. fromeither state "0" to state 10 "0" or fromstate "1"
to state "1", attime i, in view of expecting a 0 sanple val ue, IS
[err] . In the foregoing equations, the presence of
common val ues in each 15 of the equations does~nothing to aid the
detector in distinguishing between the -8- values of the branch netrics,
and thus, the termy[err] can be dropped from each of t hese netrics.
Slmlarly, mul tiplying each of the nmetrics by a common factor does

not hing to alter suiterandonh nbiye. dhthdsecmmws,modﬂﬁtfommihghamwm&mht he

di st ances rese dt and, so e h.of the metr an be
nultipled by a f&ﬁ@?%pﬁ@“ﬁ%ﬁ&m‘% % frteotion, propqss. ﬂilsffto drop
common factors inRsgamed w:feﬂﬁ détectbdsing metrics wmaml ﬁkﬁlpﬁ rediﬁ@&&ror&bﬁ
standard netrics used for :such a nmaxi mum | i kel i hood det ector can be

made quite sinpl M%W@BMWMQMMWWMM%H rics by
LoLTG e 1014 g el o BRBESUMMIARY Or R rslv Ay ol Eucl dean
The present invention prowdesadatasymbol sequence detector for
choosing data symbol sequences likely to be xepresented by corresponding
sequences of samples received by the detector Mthtbesesample sequences being
formed by samphng data signals obtained from magneucally stored data through
10 achtaremevalchmneIWMchasymmemMyaﬁ‘ectsthemagrnnldesofthedm
signals. Thedetectorhasmexpectedsample valueesnmatortoprovnde estimated
expected magmtude values for at least one eoxres;:ondmg selected set of samples

inthe sequence of samples In addition, a magnitude dxﬁ'exeme determiner is used
for obtaining representat:ons of differences between: values of the samples in the
15  sequence of samples and the corresponding esnmated expected values received
from the expected sample value estimator. These dxﬂ'erences representations can
be found subject to selected algebraic form hmnanons on the samples and
estimated expected values involved.
BRIEF DESCRIPTION OF THE DRAWINGS
20 Flgures 1A and 1B show diagrams: representmg possible data
detector behavnor in a certain data retrieval channel cxrcmnstame
Fxgures 2A, 2B, 3A, 3B, 4A and. 4B show diagrams representing
possible data detecnor behavior in alternative data retrieval channel circumstances,
Fxgure 5 shows a diagram rcpresentmg possible data detector
25 behaviorin a certam data retrieval channel cnrcumstance,
Fxgures 6A, 6B, 6C, 6D and 6E show graphs with plots of probable
error rates associated with data detectors using. altemet:ve' detection arrangements,
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and [err]

det ect or coul WO%8@#32 3| cul at e
in the trellis diagram Each path through that

-7-
The maxi mum | i kel i hood sequence

have a corresponding path netric calculated for it which is the 5
of the branch netrics occurring therein. The path through the trellis

di agram

with the smallest path nmetric is chosen as the nost

path, and the antici pated channel output sanples corresponding
that path are chosen as the nost likely sequence of binary inputs

to the channel.

Howev®r, as the trellis diagram

expands in length over tinme, resort

10

15

20

25

Figure 7 shows a mixed block and logic diagram of a system
embodying the present invention, and

Figure 8 shows a logic diagram of a portion of the system shown in
Figure 7.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figures 2A and 2B show a trellis diagram that is more representative
of conditions in a practical magnetic recording device data retrieval or read channel.
As can be seen in Figure 2A, the trellis diagram is still that of a two-state channel
but the section of that trellis diagram shown in Figure 2B indicates the output
values of the channel are more typically

s; = Ay,

where s, is the sample value in the presence of possible gain and noise errors
because of errors occurring in the gain A and because of the presence of noise at the
sample instant represented by n;in y, = %, - x,, + n,. Such noise samples can be
considered independent random variables at each sampling instant having a mean
value of zero, as above, and a variance of 0>, The factor A is the gain across the
entire channe! from the recording media to the channel output. The section of the
trellis diagram in Figure 2B shows the expected sample value from the channel
response analog output signal to be u during transitions from a present state to an
opposite state with u representing the expected statistical mean value of magnitudes
of samples obtained from the channe] output signal for a channel subject to gain
error instead of the anticipated values of -1 and 1 that would be received from an
ideal noiseless channel,

A further problem which can occur in a read channel is asymmetry
in a channel response to the binary input values of "0” and "1". One typical source
of such asymmetry in a read channel occurs with the use of a magnetoresistive
Uansducermmereadheadwhichoﬁmpmvidcsadiﬂ'mmagrﬁmdeomputwhen
reading a magnetization transition from the magnetic media in going from a first

such branch netrics fRCT/ESMN0Gr anch
trellis diagram can

sum

likely

to



.10 *nust be had to the Virterbi algorithm since continuing such

cal cul ations for the entire path quickly grows beyond the
capabilities of any reasonable cal cul ating and ' menory capacities
provi ded fowesmaezaur pose. As the path netric for any pat hperusemsiest hr ough
any state node in the trellis diagramis the sumof the partial path

nmetrics for those portions of the path to the |left of the node and
to the right of any node, a 15 detector need only choose the snall est
partial path nmetric to the left of the node, i.e. t he survivor

path for that node. The detector needs to find and retain the survivor
path for each node until the final node of the trellis diagramis reached,

for instance, at the end of a coddOword, and then note the
survivor path for that node to determ ne the optinmal path netric.
20 Al t hough additive random noi se of zero nmean val ue was
consi der ed statei to ab bppoSite stage thay wheinmakings tramsitiah from anahemathesseing,

i ncl udi ng di code rgad, channel.s,  .are, . .Ssubj ect, to defjclencieg in
addition to randoffiolrs® °p§ﬂ"8% ’Efg?'i %F”éﬁé%‘%?‘k&ﬁa qﬁégure J ‘ﬁ“s“"“ﬁ%la'ﬁ
errors across t he deleetivhgrocesyin Shélcticumbtanyes with ties theflis dispr il Bdckib Showh in
addition to WD :?é/ 04032 S

such random ngj se.quigie 4T KiLFdiffeEeH %&75” b fardd? ' ard
branch rret?ri cs _??g | ead to ag%itl na un@%ﬁfﬁ??ﬁ@%ﬁmﬁ‘g{m

det ection process ideghuniselespichagnel, and each ppssibljediffening by different smowhss feard suchusi ng
et 1 Cs Wi Ch i | lonf G5kl bl LEEIAEH réHleb3héh kumetry, Tn these circumstances, the

output sample can be written as

10 u+ ni, if xi - xi_|= 1
8= n, ifx -x,=0

v+n, ifx - x_,=-1

with u representing the expected statistical mean value of magnitudes of samples
15  taken from the signal received at the channel output 'fbr a channel subject to gain
error and asymmetry instead of the anticipated values of 1 that would be received
from an ideal noiseless channel. In addition, v represents the expected statistical
mean value of magnitudes of such samples instead of the anticipated value of -1
that would be received from an ideal noiseless chap__pel. Here, n; is again an
20  independent Gaussian random variable with a mean of 0 and a variance of 0 2,
The corresponding branch metrics in thae circumstances reflect
these altered expected sample value means. Thus, fora branch corresponding to
a transition from a *1" state to & "0" state at time i, the branch metric B,, in view
of expecting a v mean sample value, is N

25
B, =(s',-VP=5"] -2vs’; +v2

The branch metric B, corresponding to a trellis dxagramtransmon from a "0" state
to a "1" state at time i, in view of expecting a u mean;éample value, is



. Wi t Hout undue data nanipul ati on and conputational conplexity. 5

BRI EF SUMVARY OF THE | NVENTI ON The present invention
provi des a data synbol sequence detector for choosi ng data synbol
sequences | i WaB32phe represented by corresponding PCHUSRIAMOE of

sanpl es received by the detector wth these sanpl e sequences being
formed by sanpling data signals obtained frommagnetically stored data

t hr ough 10 a data retrieval -channel which asynmetrically affects the
magni t udes of the data - signals. The detector has an expected
sanpl e value estimator to.provide estinated expect ed magni t ude
val ues for at |east one correspondi ng selecifd set. of sanpl es in
t he .sequence of sanples. In addition, a magnttude difference determner is
used for obtaining representations of differences between val ues
of the sanples in the 15 sequence of sanples and the corresponding
esti-mat ed expected val ues recelved - fhnghgh%zexpected sanpl e val ue
estimator. These differences represéhtafloAs can be found subject

to selected algebraic formlimtations on the sanples and
esti mated expected Fmﬂuéhcbmﬁbm&wmspondmgto either of the transitior3frdi cither

DESCRI PTI ON OF THE ‘,Pe&g;és[démmﬂwsamges[ate&gkﬂﬁ: either st i 07

di agrans representing pOSSI-_
data retrieval Schafifedr fionr statertit aostate *1", at time i, in view of expecting a (Rampleeatatl, 2B,
3A, 3B, 4A and 4B show di agrans representing ' possi bl e data
detector behavior *h alternative data retrieval channel circunstances,
Figure 5 shows a di agram representing possible data detector 25

behavior in a certain data retrieval cbaa(gal-o |=rsc11mstance

Fi gures 6A, 6B, 6C, 6D and 6E show grapﬁs Wi t pI ots of probable

error rates associ %@sﬂc% gais ﬂ%@ﬁﬁﬁﬁdﬁh%mm%%eyﬂﬁbegdlﬁm
arrangenents, : 04032
PCT/ US97/ 131060 s, B.,,., u/2 =s;and B,=0.

*." However, the representation for s can be simplified without loss of
genemhtybyforcmg u to equal 1 in the detection system to correct any gain error
thereby leavmg v to represent the effects of cha_ﬁnel asymmetry. The trellis

f Figure 4A illustrates this situation with the trellis section shown in

15  Figure 4B ind catmg the expected sample values from the channel response analog
output s:@d_ﬂl differ from oaly the anticipated value of -1 at the output of an

ideal nonseless channel Correspondingly, the magnitudes of the samples from the

channel response output analog signal can be written as

20 1+n, ifx - xi-i:.:; 1
r= n, ifx - x!-l= 0
v+, if X - X j?;‘l

with r; now des:gnatmg the recovered sample magmtude The full Euclidian
25 distance branch metncs in this situation become, ﬁrst, for a branch corresponding
to atranmt:on ﬁ'oma "1" state to a "0" state at time l,B,,,,mvwwofexpectmg av

mean sample value, is



.-9- Figure 7 shows a m xed bl ock and | ogic

di agram of a system enbodyi ng the present invention, and

Figure 8 shows a | ogic diagramof a portion of the system shown in

Figure 7. wOosm4032 DETAI LED DESCRI PTI ON OF THE PREFERRED picyRfsb¥/ighdyTS
Figures 2A and 2B show a trellis diagramthat is nore representative

of conditions in a practical magnetic recording device data retrieval or
read channel . As can be seen in Figure 2A, the trellis diagramis
still that of a two-state channel but the section of that trellis
di agram shown in Figure 2B indicates the output 10 values of the
channel are nore typically

[err] where s[err] is the sanple vBR-ue in the presence of possible
gain and noi se errors because of errors occurring in the gain A
and because of the presence of noise at the - sanpl e instant

represented by n[err] in y[err] =x[err] - x[er] + n[err]. Such noise
sanpl es can be 15 consi dered i n?&hﬁéﬁﬂ@%frirﬂﬁﬁdﬂavari abl es at each

sanpling instant having a nean val ue of zero, as above, and a

variance of o[ err ] Thelt#snch ety B con®spoR@ng @ 4 treRfs’ diiprant Bhsition from a "(P'Hatd ©
channel fromthe recording nedia_to the channel output. The section of the

trellis di agram i ntom "dliplateaptime s, indew ofexpeeting sarisnean sample valueis t he

channel 5 response anal og output signal to be u during transitions
froma present state to an 20 opBios'(rtel;?t:q?-QrgAmh u representing the
expected statistical nean val ue of magni t udes ' of sanpl es obtai ned

fromthe channel t put .Si,an f or channel subj.ect_.to. gaib . error
i nstead of the an?ﬁgﬁg’afhee%ﬁlggmﬁ-w &‘ﬁs{‘“%ﬁﬁ&‘a"g‘é"?%‘ééi"%ﬂ“‘ﬁ om an
i deal noi sel ess chofthestates in the trellis diagram to the same stat®, if ¢, frof @ithdy s@atel "oMowkatec h can
occur in a read chapnel.is asTIe try .25 . .in.,a channel _response to the

bi nary i nput val ue@lcﬂ’m“ﬂﬁd " E"s.'x‘bné' PWH‘?:h%BS’&YI‘%"fe"P“‘Q’ng af} sagp
asymmetry in 3greaghigd)anel occurs with the use of a magnetoresistive
transducer in the read head which often provi des a different magnitude

out put when B, =(r;-0)*=r’.

In the foregoing equations, the presence of common values in each
of the equations does nothing to aid the detector in distinguishing between the
15  values of the branch metrics, and thus, the term r? can be dropped from each of
these metrics. Similarly, multiplying each of the m_eﬁics by a common factor does
nothing to alter the ability of the detector to distinguish between the distances
represented thereby, and so each of the metrics can be multipled by a factor of one-
half to yield the optimal branch metrics B, = v*/2-vr1,B,, . % -r;and B, = 0.
20  Again,to eme computation, the common factor in tbeterms for B, as last written
can be dropped to provide simplified metrics for a maximum likelihood detector
to reduce the computations of the branch metrics by using the resulting metrics
rather than the original Euclidean distance based metrics, or the optimal branch
metrics just set out, to give the simplified branch metrics

Bm=l’i°\'/2



readi'ng a magneti zation transition fromthe magnetic nmedia in going froma

first WO 98/ 04032

PCT/ US97/ 13106

-10-

state to an oWP984082 st ate t han when naking a transition fr oOPGEMS97T/13106

alternative second

state to an opposite state. Again, the trellis

. diagramin Figure 3Aillustrates. the detection process in such

. circunmstances with

the trellis diagramsection shown in Figure 3B

i ndicating the expected sanple val ues fromthe channel response anal og

out put signal wll
out put of an

by different anobunts from such ant irt3-pat ed val ues to thereby
reflect such asymmetry. In these circunstances, the out put sanpl e
can be witten as [err] with u representing the expected

differ fromthe anticipated values of 1 and -1 at the
| deal noi sel ess channel, and each possibly differing

statistical nmean val ue of nmagnitudes of sagol_e&
iz~ Y

10

15

20

and

~ The suitability of these various branch metrics for use in obtaining
the proper data symbol sequence corresponding toa sequence of samples received
at the sequence detector system input can be gaﬁged by the relative error rates
resulting from such uses. There will be some correct state sequence, or path,
through the trellis diagram representing the detection process for the data symbol
sequence recovered from storage in the magnetic media, and there will be a state
sequence, or path, through the trellis diagram reflecting the selections of the
detection system using the Viterbi algorithm. Due to conditions in the retrieval
channel, errors can occur from time to time so that these two paths in the trellis
diagram will correspondingly separate and thereafter merge together again. Each
of such occurrences is termed an error event of a length depending on how many
incorrect states occur between such a separation and ﬂ:e subsequent remerging of
the paths. |
An example of such an error event is.shown in the trellis diagram of
Figure 5. An example path through all “0" states is shown in heavy or thickened
solid line form, and an alternative path from the initial “0" state to the final “0"
-ihickened dashed line form. Ifa
sequence of expected zero value samples extcndm or k samples is denoted by 0,,
the solid line path can be denoted by {0} and the dashed line path can
correspondingly be denoted by {1 0, v}. The nt;iétion E,.¢ is used to denote an

5



.15 = taken fromthe signal received at the channel output for a channel

subject to gain error and asymmetry instead of the anticipated
val ues of 1 that woul d be received from an ideal noiseless
channel . | nwIel4832n, v represents the expected statisticapcrmussmisios nean

val ue of magnitudes of such sanples instead of the anticipated value of -1
that woul d be received froman ideal noiseless channel. Here, n[err] is

agai n an 20 i ndependent Gaussi an random variable with a nean of 0 and a
vari ance of of[err]. The correspondi ng branch netrics
I n these circunstances refl ect these altered expected sanpl e val ue
means. Thus, for a branch corresponding to atransition froma "1"
state to a "0" state at time i, the branch-ldetric B[err] in view

of expecting a v nean sanple value, is 25 [err]
The branch metric B[err] corresponding to a trellis diagramtransition from
a "0" state should gesylt from sgmpling the chaupel output signal bagsed pn thepdata sympols u

mean sanpl e val ue,,1.S4 ; . . .
et Uso7l 15100 stdréd in the ﬂag&&%&%@& which expected sample sequence ¥ instead is

selected to have occurred by the detection system. Thus, Figure 5 shows two

possibilities for error events, the first represented bYBok-: o, » in which the dashed
5 line path should result based on the stored data but in which the solid line path was

incorrectly selected. In the second error event possibility represented by

E, WRITY the roles of the solid line path and the dashed line path are reversed.
The various possibilities for a dicode channel detection process
minimum distance emror events are shown in the following table. These
10  possibilities are sufficient to consider since, for sufficient signal to noise ratios, the
probabilities of symbol selection errors are dominated by the probabilities of
minimum distance error events. The minimum distance error event probabilities
to be determined below are assigned values P, and are listed in the table for each
error event under the different branch metrics set out above which give rise to those
15  probabilities for that error event.

20




.Final'ly, the branch netric Blerr] corresponding to either of the
transitions fromeither of the states in the trellis diagramto the
sane sate, i.e. fromeither state "0" to state 5 "0" or fromstate
"1" to state WPBOMR2:ine | in view of expecting a O sanpl ePEESHI/13106

S [err] These can agai n be
sinplified as in the manner descri bed above to yield B[lerr] =v/2 - [err]
However, the representations for s[err] can be sinplified without |oss of
generality by forcing uto equal 1 in the detection systemto correct any

gain error thereby leaving v to represent the effects of channel
asymmetry. The trellis diagramof Figure 4A illustrates this
situation with the trellis section shown in™"715 Figure 4B indicating the
expected sanple values fromthe channel response anal og out put
signal wll differ or—oR-y—t-he—arti-cipated.value of -1 _at_the output of
an - i deal nd] sel egs channel.] Corpespondi ngl.yr t he ' t he

sanpl es fromthe

%nmedel rdsponse’ out pdt analbg si
witten as [err] ' f 1 fest '

Wt (e Tow-gestgiratt

sanpl e magni t ude. ful,, Eyel i di gn 2B, dilst ancp, brang¢h Netp,i cs |
this situation becdne, firgt* for d branch corgesponding to a
transition froma "jl" state to a "Q" staje at thine .1, Blerf], 1n viewpf
expecting a v nmedan sappl evgl ue, 1% : P, P,
, | B P,
S. p3 Pa P; ,I
s - TS

Consider first the optimal branch:metrics set out above as B, = v¥/2 -

vr,B,_12-rand B, =0. 'l'heaocmnulatedopumal branch metrics over the two

10 paths in Figure 1, B, designating the accumulated optimal branch metric for the
solid line path and B, being the designator for the dashed line path, are

B, = V32 - v, +-;- -r;and B, =0,

where r;is the sample value corresponding to the initial path transition in the solid

15 line path from the dashed line path andr, is the sample corresponding to the final
path transition in the solid line path, and where terms for the separate samples in
both paths having zero value metrics are omitted. The Viterbi detector chooses the
top or dashed line path if B, <B,, i.e., if |

1 .
20 0<v2/2-vrj+-2—-rj,_

but chooses the bottom or solid line path if the mequahty is reversed. This is
equivalent to choosing the top path if '
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[err] The branch nmetric Blerr] corresponding to a trellis
di agram tr agsg dsioegzzf roma "0" state to a "1" st at echiisdriiame i ,
Blerr], in view of expecting a + 1 nean sanple value, is
[err] Finally, the branch metric B[err] corresponding to either
of the transitions fromeither . of the states in the trellis
diagramto the sane state, i.e. fromeither state "0" to state "0
or fromstate "1" to state "1", at time i, B[err], in view of expecting a O
sanpl e 10 value, is - [err]

In the foregoi ng equations, the presence ofigcomon val ues in each
of the equations does nothing to aid the detector in distinguishing between
t he 15 val ues of the branch netrics, and thus, the termr[err] can be

dropped from eaChLerAvr-!-r 'rheﬂmssam%iaﬁmﬂomﬂaﬁw@ﬁmvutiaﬂcébphm{m: each of
the netrics by a factor |ngto alter the abBility

of the detector t gﬁd} B O} Bé’t?wé'zeﬁz T Hé"”dﬁgt K thesolid lin r%ﬁﬂ‘%@ent ed
hal Tt yiel d t he SBSPEbiPEaiRY bofed, GAIWE ReVabloUeF R 2 *F?”fﬁﬁ*“*? B
Blerr] . [err] - mwevr1=hd V3] Fherdfore, the conditional probability of the error event
5 E“’k-z" o,» 8iven that the solid line path corresponds to the stored data, is given by
integrating the Gaussian probability density function for r over the range thereof in
which its value satisfies the last inequality above that corresponds to the erroneous
choice of the dashed line path by the detector rather than the solid line path, or

10

X

1 _(z-n, )
PIE,, ,.ol= z
e o 3 f 20} l

15  where z, as a dummy variable, is used in place of r and
a1V

is the detection threshold in view of the last inequality above. By making the
change of variable,
20

one finds that

25 -'ll
P[Ey, v-o)=—= ﬁ' f exp(-y>/2]dy.



.20 = Again, to ease conputation, the comon factor in the terns for B[err]

as last witten can be dropped to provide sinplified nmetrics for
a maxi mum | i kel i hood det ect or ' to reduce the conputations of the
branch netri WOP4®3i ng the resulting netrics r at PRIUSSAMNOS he
original Euclidean distance based netrics, or the optinmal branch
nmetrics just set out, to give the sinplified branch netrics 25
[err] WD 98/ 04032 -
PCT/ US97/ 13106 -13-
[err] and

-17-

If the dashed line path is corresponds to the stored data, then the mean of r is x, =
0. The probability of the error event E"t""m" is given by integrating the Gaussian
probability density function for r in the manner above over the range thereof in
which its value does not satisfy the last inequality above so as to correspond to the
5  erroneous choice of the solid line path by the detector rather than the dashed line

path, or
(z-nu,,)2
0.—10“ ‘/2_.'[
10
Making the substitution
yaZhe,
one finds that ’
x-j
15 - S - )
y
PIBy 100 =—= xp—z-]dy=--——— exp{-——]dy
>~ :{"_‘ 2 2 oz { 2
o’
20

These two probabilities can be expressed in terms of the error functions
B(w) - }exp[-é—]dz and erf(w) 2 } exp [-22]dz2.
ﬁ?t' - 2 ﬁ 0

25  The probability of the error event E"’k ey given above is then

P[ m“v-o,] Q[ -u‘]'

o,



The suitability of these various branch netrics for use in obtaining

"the proper data synbol sequence corresponding to a sequence of sanples
recei ved at the sequence detector systeminput can be gauged by

t he rel ati veygpdgfodgazr at es 5 resulting fromsuch uses. pdtygg®ngios! be
sone correct state sequence, or path, through the trellis diagram
representing the detection process for the data synbol sequence
recovered fromstorage in the magnetic nedia, and there will be a state
sequence, or path, through the trellis diagramreflecting the sel ections of
t he detection systemusing the Viterbi algorithm Due to
conditions in the retrieval 10 channel, errors can occur fromtinme to
time so that these two paths in the trell rE- di agram wi | |
correspondi ngly separate and thereafter merge together again. Each

of such occurrences is ternmed an error event of a |ength depending on how

many I ncPorang w sO0akeRaveccur bet ween such a separation and the
subsequent renerging of the paths. 15 An
exanpl e of such an error event is shown in thg trell s diagram of

Figure 5. An exanple path through al I@Q@ sta #? gown in heavy or

t hi ckened solid line form and’a erﬁ tn e path fromthe
initial "0" state to the final "O" sffatg off the previous path is
shown in heavy or thickened dashed line folm 1 frg 22 sequence of
expected zero~val ue sanples extending for % éqqp[es = enoted by O[err],
20 the solid line path can be denoted by [er nd t he dashed |ine
pat h can correspondi ngly be denotl rr] v}. The notation
E[err] is used to denote an WD 98/ 03 32

PCT/ US97/ 13106

10 So, for
1+v2_
wo Xt 2 (lwz):_,/lwz
o, (1 +v))a? 20
15 there results
\/1+v2] 1 1+v?
=Pl -1 | =—|1-erf| T—1 1
P[E,ol_z‘,_ok] tb[ P 5 er 2050
20

The probability of the error event E“u"‘ o, ,v &0 be reexpressed as

P[Ey-1q,)= 5 [1 -erf[ y1ev N

220

25

Thus, these two error events can be simply represented by defining



-14- - should result from sanpling the channel output signal based
on the data synbols stored in the magnetic nedia but in which
expect ed sanpl e sequence y instead is sel ected to have occurred by
the detecti onWOISPER Thus, Figure 5 shows two pos sPAX/US9TAIIEs f Or
error events, the first represented by E[err] in which the dashed 5

| ine path should result based on the stored data but in which the solid

| i ne path was incorrectly selected. In the second error event
possibility represented by E[err] the roles of the solid line
path and the dashed [ine path are reversed. The
various possibilities for a dicode channel §tection process

m ni mum distance error events are shown irf'the followi ng table. These

10 possibilities are sufficient to consider since, for sufficient signal
to noise ratios, the probabilities of synbol selection errors are
dom nated by the probabilities of m ni mum di stance error events.
The m ni num di stance error event probabilities to be determ ned
bel ow are assi gned val ues P[err] and are |i t | }hgﬁ bl e for each

error event under tPgadifB S h(feye MY aHove which give
rise to those 15 pr ob Blllt that erro zﬁﬁh .

The analyses for the error events E, 0,510, and E"k" 0, &€ similar, in that the
accumulated branch metrics for the alternative solid and dashed line paths are

1
B, =v2/2-vri+-5--rj and B, =0.

10
The Viterbi detector chooses the dashed line path if B,<B,, i.e., if

0<v?2-vr,+ 1 -r,
 d 2 J
but chooses the solid line path if the inequality is reversed. This is equivalent to
15  choosing the dashed line path if
1+v?

VI, +l'j< .

Letra vr;+ 1. Then ris a Gaussian random variable with variance 0,2 = (1+v*) o°.
20 Themeanofriseitherp,=1+viorpy,= Odependmgonwhchofthepathsthe
data stored in the magnetic media corresponds to, and once again,

P, =P [E,, —~vo, 1) ='P[Evu,‘_,l-o,‘]~

25  Forthe error events E, ey and E“k"‘ 00 the decision is based on the accumulated
branch metrics for the two alternative paths which are



[err] WD 98/ 04032
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10

15

20

25

-20-

1 1
Bs=3--ri and Bd=3-—rj.

The Viterbi detector chooses the {0,1} path if

1 i
—- j<——1~i,

2 2
which is the equivalent to choosing that path if

1} 'ri >EQ 0.

Letrary - r. Thenrisa Gaussian random variable with variance 0, = 20>. When
the path corresponding to the stored data is {0,1}, the mean p, = 1, but when the
recorded path is {10,}, the mean p_=-1. In either case, we can define

P,2P[E,, ] =P[Eokl']°h}=¢( _—‘/_;;] =.;.[l-erf(?lo-} ]

In the situations of emor events E"u"“' 0, and E, 0,07 the detector decision is based
on the accumulated branch metrics for the two alternative paths which are

B,=v?/2-vr, and B, =v"/2-vr,.

The Viterbi detector chooses the {v0,} path if

V/2-vi> V22 - v,

which is equivalent to choosing that path if

L-520.
Letr ar-r,. Thenris a Gaussian random variable with variance 02 = 20®. When
the path corresponding to the stored data is {0,v}, the mean p, = v, but when the
corresponding stored data path is {v0,}, the mean y_=-v. In either case, we can
define

[err]



.Consider first the optiml branch netrics set out above as B[err] =
vierr]/2 - v r[err], Blerr] 1/2 - r[err] and B[lerr] = 0. The
accurul ated optimal branch netrics over the two 10 paths in Figure 1,
Bl err] desi grii©onsggodhe accunul ated optimal branch nmetric f orPQINiS9?7/13106
solid line path and B[err] being the designator for the dashed |ine path,

are [err] where is the sanpl e val ue
corresponding to the initial path transition in the solid 15 | ine path
fromthe dashed line path and r[err] is the sanple corresponding to the
final path transition in the solid line path, and where terns for
the separate sanples in both paths having zero value netrics are
omtted. The Viterbi detector chooses the -21- top or dashed line path if
Blerr] < Blerr] i.e., if [err] 20

but chooses the bottomor solid line path if the inequality is reversed.
This is equi val ent to choosing the top path if

[err WD 98/ 04032 v i v

PCT/ US97/ 13106 P,aP[E -o,v]=P[Eo,‘»"vok]=‘I’[7§;] =3[1 -e,-f( -_2;] ]

5  These conditional probabilities are weighted by the probability of using the pattern
corresponding to the stored data and summed to get the overall probability of error
events. Given random binary inputs, the overall error event probability using the
optimal metrics is given by

I
10 Pe.opt = -E[ZP, +P, +P;).

In Figures 6A, 6B, and 6C, theoretical curves are shown for the emror event

probability P,,,, and the components thereof, versus signal-to-noise ratio

(20log10v2/20) for optimal detection of asymmetric signals. Figure 6A depicts the

15 emror event rate when there is no asymmetry, i.e., when v=-1.0. The curve without

plotting point markings thereon represents P, and the curves for the conditional

probability components P,, P, and P, are identical. In Figure 6B, v=-0.75 with the

curve without plotting point markings thereon again representing P, . When the

absolute value of v is smaller than one, probability P, dominates the performance,

20  and causes severe degradation in error rate compared to the v = -1.0 situation, i.e.

P, ., bas greater values across the signal-to-noise ratio range shown. In Figure 6C,

v = -1.25 with once more the curve without plotting point markings thereon

representing P, ... When the absolute value of v is larger than one, probability P,

dominates the performance, and an asymptotic improvement of 1/4 in the error rate

25  is seen compared to the v = -1.0 situation over most of the signal-to-noise ratio
range shown. .

Next, the error events are analyzed when the simplified branch

metrics, given above as B, =1, - v/2, B, = 0, and B, = 1/2 - 1;, are used. Consider



-16- - Let r [err] v[err] + r[err]. Then r isa Gaussian random

variable with variance o[err] = E{[1(r[err] - [err]. If the solid

| ine path represents the data synbol s actually stored, then the
mean val ue ONO®8/04837 €r 1 ] =v-v +1=1+v[err]. T 06 NE
conditional probability of the error event 5 E[err] [err], given that

the solid line path corresponds to the stored data, is given by
cintegrating the Gaussian probability density function for r over the range

thereof in which its value satisfies the last inequality above that
corresponds to the erroneous choi ce of the dashed line path by the
detector rather than the solid Iine path, or 10 [err] 15
where z, asa dunmy variable, is used in pk28e of r and
[err] is the detection threshold in view of the |last inequality
above. By nuking the change of vari abl e, 20
[err] the error events E.,k., 0 . E, O™ E, 010, and E‘“x“' 0,1 where the accumulated

branch metrics for the paths are

Bg=122-r;+1;-v/2 and By4=0.
The Viterbi detector chooses the solid path if B, < B,, Le., if

rj_ri<v--1

10 Letra -, Then ris a Gaussian random variable with variance o= 202, and
conditional means ¢, = v-1 and p,=0.
The equal conditional error event probabilities are

. o 23| f-er(122) ]

The analyses for the simplified branch metrics are unchanged from the optimai
branch metric analyses for the error emm E, 0,0 and E.,t,_, o t0 again yield the
conditional error event probability P,.

20 ConsidernexterroreventsB,kmu.,kandBuok...,kufor which the
accumulated branch metrics using the simplified branch metrics are B, = r-v/2 and
B,=1;- v/2. The viterbi detector chooses the dashed line path if B, <B,, ie., if -
r,<0. This results in equal conditional error probabilities for these error events of
P,.

25 Given random binary inputs, the overall error event probability using
the simplified branch metrics is given by




.one finds that WD 98/ 04032

PCT/ US97/ 13106 -17- ' I f the
dashed |ine G?th is corresponds to the stored data, then the nean of r is
[err] = QP probability of the error event E[err] PST/ESNARHy

I ntegrating the Gaussi an probability density function for r in the
manner above over the range thereof in whi ch its val ue does not
satisfy the last inequality above so as to correspond to the 5
erroneous choice of the solid line path by the detector rather than the
dashed |ine pat h, or [err] 10 Maki ng t he
substitution 03

1
Peimp =5 [2P P, +Py].

€,

In Figure 6D, the conditional probabilities P, and P, and the overall error event

5  probability P, ,,, are plotted for the simplified branch metrics, along with the
overall probability P, ,, for the optimal branch metrics for v =-0.75. Although P,

is slightly larger than P,, its overall contribution to the error event rate is small so

that the net increase in error rate is approximately 1% at a 16 dB SNR resulting in

the curves for the overall probabilities P, ,, and P, ,,, appearing to be the same ve

10  in that figure,

Finally, the error events are analyzed when the standard branch

metrics, given above as B, =r; + 1/2, B, =0, and B;, = 1/2 - 1, are used. Consider

first the ervor events E"u“ o, v and El Oz ¥~ okwhere the accumulated branch

metrics using the standard branch metrics are

15 and

The Viterbi.detector chooses the solid line path if B, <B,, i.e., if r; - r; <-1.
Letr a1, - r; so that r is a Gaussian random variable with variance 0,” = 20°, and



Clerr] one finds that 20 These two probabilities can

be expressed in terns of the error functions [err] 25 The probability

of the error event E[err] gi ven above is then [err] WO

98/ 04032 WO 98/04032 PCTAGDIAE0&/ 13106
-24.

conditional means p, = v-1 and py=0. The conditional probabilities then fouﬂd

are
. P[Eg-1q, ] = P[Eg g 1 =@ -é;)
=%{l-erf(-2-1;] -p,,
and
10 P[E, ,.]1=PIEy ;] =¢(75!;) % [: -erf( %] } =P,

For error events E, 00,1 and E"x“' 0 the accumulated branch metrics using the
standard branch metrics are unchanged from the accumulated branch metrics found

15  inusing both the optimal and the simplified branch metrics resulting in conditional
probability P,.

For error events E,,k,_, o and E, o P° Jghe accumulated branch
metrics in the standard metric situation are B, = 1/2 + r;and By= 1/2 + ;. The
Viterbi detector chooses the dashed line path if By < B,, i.e. if r;-r;<0. This results

20  in the conditional probability of error P,. '
The overall probability of error events using the standard branch
metrics is given by
P, quniars = P2 + Py
Referring to the table set out above, Figure 6B and Figure 6D, one can compare the
25 use of standard branch metrics on asymmetric channels with the foregoing optimal
or simplified branch metrics. By using standard branch metrics, the conditional
probability component P, of optimal probability P, ,,, or the conditional probability
component P, of simplified probability P, . is effectively degraded to either



.-18--

For any w < 0, we have [err] [err]

WO 98/04032 PCT/US97/13106

10

15

20

25

-25-

probability P, or P, as can be seen by comparing the equation for P, gy With the
equations for either P, ,, of P, 4. Since probability P, dominates the exror event
rate in Figure 6B for optimal probability P, ,,, for instance, and since with standard
metrics twice as many error events have probably P, as seen by comparing the
equations for P, ,and P, e the overall error event rate becomes degraded from
P o 10 P, esuturs by approximately a factor of 2. This is shown in Figure 6E where
the error event performance of the standard branch metric is compared to that of the
optimal branch metric. The use of further coding schemes in the stored data, such
as trellis codes, also lead to error rates degrading when using standard branch
metrics rather than optimal or simplified branch metrics.

Figure 7 shows a system for using the simplified or optimal branch
metrics in a'Viterbi detector in the presence of data retrieval channel asymmetry in
a dicode channel. In the system of Figure 7, a magnetic material covered disc, 10,
contmmngpluralrnes of magnetization direction reversals along each of a plurality
of more or less concentric, circular tracks, is rotated past a data retrieval transducer
arrangement, 11, or “read head”, positioned adjacent a selected track by a “head”
positioner and initial signal processor, 12, about a spindle, 13, to provide an initial
analog read signal x(t). This signal is subjected to further processing in a signal
processing block, 14, including variable gain amplification and linear channe!
equalization. The output from signal processing block 14 is an analog output signal
y(t) which 1s provided to a sampler, 15, based on a sample and hold circuit which
is operated by a sample acquisition timing signal prov:ded by signal processing
block 14 that is derived from the samples provnded by sampler 15 to that signal
processing block. |

The analog samples, y, obtained by.' sampler 15 are sent to an
analog-to-digital converter, 16, where they are converted to digitized samples
having six bit digital values in 2's complement form After these digital samples
are passed through a magnitude limiter, 17, each such constrained sample, r; is



_The probability of the error event E[err] can be reexpressed as

98/ 04032 PCT/ US97/ 13106
-19- [err] 5 The anal yses for the erraor events Eferr]
E[err] arewossd4es2, in that the . accumul at ed branch NPCT/USS7/13006

alternative solid and dashed |ine paths are

10

15

20

25
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passed to a branch metric generator, 18, as part of a Viterbi detector comprising
metric generator 18 and further comprising a subsequent path metric updater, 19,

and a path memory updater, 20, implemented in well known configurations. The
output signal from path memory updater 20 oompnses the estimates by the Viterbi
detector of the binary non-return to zero inverted (NRZI) digital data values, %;, of
the stored data values, x;

The samples 1; are also provided to a delay line, 21, comprising
delay elements each providing a delay of one samplmg period duration, T. The
number n of delay elements present is that which is necessary for delay line 21 to
match the delay in providing samples to, and obtmmng oorrespondmg data values
from, the Viterbi detector. Thus, the digital samples’ emergmg from delay line 21,
1, are correlated in time with the estimated data values provided at the output of
path memory updater 20. These digital data value esumates at the output of path
memory updater 20, in addition to being supplied to the subsequent system portions
using such data for the purposes for which the magneuc ‘storage system is desired,
are also supplied to two further delay elements, 22 and 23, which each delay the
samples one sampling period duration T. Thus, if the output of path memory
updater is an estimated stored digital data value &, the output of delay element 23
will be delayed estimated stored digital data value %,,.

The estimated stored digital data values % provided at the output of
path memory updater 20 are also supplied to & logic inverter, 24, from which the
resulting inverted logic values thereof are further supplied to an input of an AND
gate, 25. The delayed estimated stored digital data vams atr the output of delay
element 23 are provided to the other input of AND gate 25. Thus, AND gate 25

receives logically inverted estimated stored digital ¢ data values of %; at one input
thereof, and delayed estimated stored digital da 'ues %, at the other input
thereof. When an output estimated stored dlgxtal data alue from path memory
updater 20 equals a logical “0" value at the sameium‘u the two sample period

WO

and
t he



Jerrt

Blerr], i.e. (
inequality is reversed. This is equivalent to 15

path if [erWP9804032 | ot  [err] vr[err] + r[err]. Then r BCIMESIBIAINE| an

The Viterbi

, 1T [err] but chooses the solid |line path if the

det ect or chooses the dashed Iine path if B[err]

choosi ng the dashed |ine

<

. random variable with variance o[err] = (1+v[err]) o[err]. 20 The nean of
''r is either [err] =1 + v[err] or [err] = 0 depending on which of the pat hs
t he data stored in the magnetic nedia corresponds to, and once again,

[err] 25

based on the accumnul at ed

whi ch are

For the error events E[err], and E[err] the decision is
branch netrics for the two alternative paths

10

15

20

25

27-

delayed estimated stored digital data value %;, equals a logical “1" value, the
corresponding channel sample value is expected to i:ave a negative as described
ﬂxwe.OmﬂumeoamﬁomgﬂwcmﬂnnofA}u)ngZicmmummdtodwsdemkm
input of an analog multiplexer, 26, goes to a logwal *1" value to thereby shift
which of a pair of inputs of that multiplexer is connected to the output thereof.

In the situations in which the output of AND gate 25 presents a
logical “0" value at its output, a zero value represented by the ground symbol
cmmmmuhoazuovdhcMmmenmhbhmnz6kéﬁmeﬁuhoﬂmompmﬂummﬂ
In the alternative situations in which a logical “1* value is provided at the output
of AND gate 25, the signal value at the other input, the difference input, of
multiplexer 26 is connected to the output thereof, this value representing the
dﬂﬁmumehwwumﬂuumnmnﬂmnmwdvﬂweﬁnv(ﬁeemxmmdvdmeofﬂmmks
when a sample value of -1 is expected to occm' jin the presence of channel
asj'mmety) and the value of the delayed sample 1.

This difference is obtained in a subtractor, 27, having its output
connected to the input of multiplexer 26. One input of subtractor 27 is connected
to delay line 21 to receive delayed sample 1,,. The-other input to subtractor 27 is
the one sample period earlier estimated value of v as will be seen in the following.
The dlfference found in subtractor 27 is supphed to the difference input of
nmmmherGuﬂnpmwﬂuhoﬁmommnﬂmmmﬁMMmANDgmmzsmuakmwd
“1" value at its output. This difference value passed through multiplexer 26 is
provided to a step size limiter, 28, to keep changes in the estimated value for v
sufficiently small for loop stability purposes. and then provided to an input of an
adder, 29. The one sample period earlier estxmate for v is supplied to the other
input of adder 29, and that estimate of v is corbined with the limited value of the
difference determined in subtractor 27 to provxde ecurrent estimated value of v
at the output of adder 29 This output is delayed through a further delay element,
30, of a duration equal to one sample period and provxded as the next estimate for
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[err] The Viterbi detector chooses the [err] path if 5

[err] wo9sk403t i s the equival ent to choosing that pat¥crdser13ies

[err] Let r [err] rf[err]. Then r is a Gaussian random vari abl e
with variance o[err] = 2[err]. Wen 10 the path corresponding to the
stored data is {O[err]} the mean [err] = 1, but when the recor ded
path is {10[err]}, the nean [err] = -1. In either case, we can define
[err] 15 In the situations of error events E[err] [er]r and Eferr],
the detector decision is based on the accurml ated branch netrics

for the two alternative paths which are -28-
[err]
v that is supplied to subtractor 27 and, as stated previously, to the input of adder 29.
In addition, this next estimate of v is provided mbmnchmeMc generator 18 for the
purpose of being used in forming either optimal or 'éimpliﬁed branch metrics.
Since simplified branch metrics requlre considerable less signal
5  processing than do the optimal branch metrics, they are preferred for use in branch
metric generator 18. Figure 8 shows an xmplcmentanon for branch metric
generator 18 using the simplified branch metric. Two S!Xblt adders, 40 and 41, are
provided each having an upper six inputs and a lOWGI six inputs on the left side
thereof with the logical values an these two sets of inputs being added together in
10 the coxmspondmg adder to provide the logical values at the six outputs thereof on
the right-hand side thereof. In addition, a further carry-in input is provided on the
left side of each of these adders below the lowest six inputs thereof. Adder 40
provides the calculation for the branch metric B,, = 112 - 1,, and adder 41 provides
a calculation of branch metric B,, =1,-v/2. No calculation is required for the branch
15  metricB,=0.

A sample value 1; is supplied to the six:upper generator inputs, 42,
on the left side of Figure 8. These values are directly supplied to the upper six
inputs of adder 41, and they are further applied to the inputs of six corresponding
logical inverters, 43 through 48. The outputs of logical inverters 43 through 48 are

20  connected to- the lower six inputs of adder 40, Thus, the complements of the bits
of sample r; are provided to the lower six inputs of adder 40 to provide the negative
thereof in 2's complement form. The estimate of v from delay element 30 is halved
and supplied to the lower five generator inputs, 49, ¢ “én the left side of Figure &.

These binary dx_gus for v are thus supplied to the _low __ﬂve inputs on the left side
25  of adder 41. The sixth of the lower inputs is conﬂécteﬂ to ground to give a zero
value since the value of v will be negative as supplled so the sign bit for that

quantity is set to the logical value “0" for 2's complement purposes.



The Viterbi detector chooses the {v[err]} path if 20

[err] whi ch is equivalent to choosing that path if

[err] Let r [err] r[err] - r[err]. Then r is a Gaussian random

vari able wi t h WRP#¥e o[err] = 2[err]. Wen 25 the pat hpcwmsempBedi ng

to the stored data is {O[err]}, the mean [err] = v, but when the

- corresponding stored data path is {v[err]}, the nean [err]= -v. In either
case, we can define - WD 98/ 04032

PCT/ US97/ 13106 :

[err]

-21-
-20.

Finally, the value of 1/2 is provided to the upper six inputs on the

left side of adder 40 by connecting the fourth digit to the voltage value assigned for

a logical value of “1" with the remainder of those inputs connected to ground to

provide logical “0" values thereto. The carry-in input of adder 40 is set to a logical

5 “1" value, and the carry-in input of adder 41 is set to a logical “0" value. The

addition action of adders 40 and 41 then allow the digits of the branch metric B,

to appear on the generator outputs, 50, on the right side of adder 40 and the digits

of the branch metric B;, appear on the generator outputs, 51, on the right side of
adder 41.

10 Although the present invention has been described with reference
to preferred embodiments, workers skilled in the art will recognize that changes
may be made in form and detail without departing from the spirit and scope of the
invention.



5 These conditional probabilities are Weighted by the probability of
using the pattern m m t he stored data and summed to
get the overall probabili tm' mﬂﬂ' "ﬂ””m events. Gven random bi nary
i nput's, the woesmdosz error evefit probabilitty using the PCT/UDYII®
metrics is given by 10 [err] In
Figures 6A, 6B, and 6C, theoretical curves are shown for the error event

probability P[err] and the conponents thereof, versus signal-to-noise ratio
(20l og10g[err]) for optimal detection of asymetric signals. Figure 6A

depicts the 15 error event rate when there is no asynmetry, i.e., when v
= -1.0. The curve w thout pl otting point markings thereon
represents P[err] and the curves for the cg0ditional probability
conponents Plerr] Pl[err] and Plerr] are identical. InFigure 6B, v = -0.75
with the curve wi thout plotting point markings thereon again
representing P[ergLAIKKSR the absolute value of v is smaller than
one, probability P[err] dom nates the perfornmance, .20 and causes severe
degradation in erfder rate cOnfi8ip feuenc -dem &rtehﬂpm data gymbol

Plerr] has greatersed@héégﬁkag qﬂ;’&a’ t5d B Gl %ﬂ ﬁlﬂif" _ W
Fi gure 6C, 25 wth once nrore e curve vmt(ﬁou plotting

poi nt mar ki ngs th@@ﬁdmrofmmmmmm@mwmwwwa val ue
of vis larger th domin es t erformance
and an asynpt otlcm}?p‘?@egﬁéﬁ%g %@gﬁ“l‘%mg . gsauf'lfl@a

conpared to the v said-dbtebtostdmymisingn over nost of the signal-to-noise ratio
range shown. Next the error events are anal yzed when

the si ITp|Ierd branch an exnected  sample \yalye Jpstimatos fop nIpviding esphimated

vi2, Blerr] =0, and Blerr] = 1/gkpectéd Magditdé 9alti€Nr atGeds bk orresponding V\O
98/ 04032

PCT/ US97/ 13106 sclected set of said samples in said sequence of samples;

and

a magnitude difference determiner for obtaining representations of
dlﬂ'eremecbetweenvalmofsmdsamplamsmdsequencc
of samples and conespondmg ‘estimated expected values
received from said expected sample value estimator.

C 2. The apparatus of claim 1 wherein sald representations of said
differences are formed by squaring at least some of sa:d differences.

3. TheappMmofclmmlwheremsmdrepresenmﬂomofdxﬂ’erenoes
for each of said samples in said sequence of samples:: are magnitudes at least some
of which are formed using said value for that said sampleandﬂxose said estimated
expected values corresponding thereto without squanng that value of that said
samplc

4. The apparatus of claim 1 wherein said representations of differences
_ magnitudes at least some
of which are formed using said value for that sa:d sample and those said estimated
cxpected values corresponding thereto without squanng values of those said

Been. Re‘laced
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-22-" the error events E[err] E[err] and E[err] where the

accunul at ed br anck 'mml,#ﬂ";l"" "nrm'nat hs are

[err] and B[err]— B T . detect or chooses the solid path
if Blerr] Bfewosq e., if . PCT/US97/13106
[err] 10 Let r [err]"r[err]- r[err]. Then r is a Gaussian random
variable with variance o[err] = 20[err], and condi ti onal neans
[err] = v-1 and [err] = 0. : The equal conditional
error event probabilities are [err]

The anal yses for the sinplified branch netrics are unchanged fromthe

opti mal branch netric analyses for the error events Eferr] and
E[err], to again yield the conditional error event probability
Plerr]. 20 . Consi der next error events E[err] and E[err]

and E[ err] for whi Ch tspm'tdn'ag estimated expected values in any of those representations of

dlfferences_m which that sample is involved.

5. . The apparatus of claim 1 wherein said expected value estimator is
an averagerthat provides an estimated sample value by determining an arithmetic
average value from samples in said sequence of Sam;»les determined to be in said
correspond_iég sample magnitade range.

6. - The apparatus of claim 2 wherein said representations of differences
for each of smd samples in said sequence of samples are magnitudes at Jeast some
of which are formed using said value for that said sample and those said estimated
expected values corresponding thereto without squaring values of those said
coxrespondmg estimated expected values in any of those representations of
differences i m which that sample is involved.

—_———
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accunul at ed branch netrics using the sinplified branch netrics are Blerr] =

rlerr]v/2 and Blerr] =r[err] - v/2. The viterbi detector chooses
the dashed lipe path if Blerr] < B, i.e., if rj - rferr] <0. This
results in eq‘ﬁ'&’g@ﬁﬁai tional -error probabilities for these epemosonswés of

. Plerr]. 25 . @Gven randgybbinary i nputs, the overall error

" event probability using : the sinplff®ied branch netrics is given by
WD 98/ 04032 y . =
PCT/ US97/ 13106 . - -23-
[err] In Figure 6D, the conditional probabilities Plerr] and
Plerr] and the overall error event 5 probability Plerr] are plotted
for the sinplified branch netrics, along with the-:. overal |
probability P[err] for the optimal branch netrics for v = -0.75. Although
Plerr] is slightly larger than Plerr], its overall contribution to
the error event rate is small so that the net increase in error
rate is apprgxjmately 1% at a 16 dB SNR resulting in t he curves
for the overﬁa‘ probaBFIit{es Plerr] and P[e(’ appeaﬁ#ng to be the sane

ve ~3




.10 in that figure. Finally, the error events are
anal yzed when the standard branch nmetrics, given above as B[err] =
rlferr] + 1/2, Blerr] =0, and B[err] =1/2 - r[err], are used. Consider
first the er'W¥P%8¥k s E[err] and E[err], where the accunuPETaSIBIMeCHh
metrics using the standard branch netri ?? ar e [err] 15 and

The Viterbi detector chooses the solid ge path if Blerr] < Blerr], i
if rlerr] - r[err] <-1. -Let r [err] r[err] - r[err] so that r
Gaussi an random variable with variance o[err] = 20[err], and WO

98/ 04032 ' ' PCT/ US97/ 13106

.e.,
is a




-24- conditional neans [err] = v-1 and [err] = 0. The conditional

probabilities then found are [err] and [err]
For error events E[err] [err] and E[err], t he accunul ated branch netrics
using the WO 984932 dar d.“br anch netrics are unchanged frompth@sisio6
. accunul ated branch netrics".found 15 i 8/9si ng both the optinmal and the
- simplified branch netrics resulting in conditional probability
Plerr]. i For error events E[err] and Eferr], t he
accunul at ed branch “metrics in the standard netric situation are
Blerr] =1/2 + r[err] and Bferr] = 1/2 + r[ert]l_.The Vi t er bi
det ect or chooses the dashed.line path if &e re] ¢ rg‘, il e. iff [eTT s >
This. results 20 in the conditional probRyiEis e ra@or| Pledr]e N
The overal | probability of“error events usiNE tHeé =8 d—b-r-a-‘eh{ - -
i % =3 s (
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,metrics is given by [err]
Referring to the table set out above, Figure 6B and Figure 6D, one can

conpare the 25 - wuse of standard branch netrics on asymetric channels
with the for®m8040383pti nmal or sinplified branch net PEBESIIAOGS| ng
standard branch netrics, the conditi o4y probability conponent

Plerr] of optimal probability P[err], or the conditional probability
conponent P[err] of sinplified probability P[err], is effectively degraded
to either WO 98/ 04032

PCT/ US97/ 13106 ' - 25-
probability P[err] or P[err] as can be seen by conparing the equation for
Plerr] wth the equations for either Pl[err], or P[err]. Since
probability P3 dom nates the error event rate in Figure 6B for

optimal probability Plerr] for instance, and since with standard
metrics tw ce as_ngny error events have probably P[err] as seen by

conparing the 1% T or
event rate becones tegraded“froni : : i
approxi mately a factgor: oi~2~~Th|s Ai-5: shomn ‘1A Flgure 6E where LU the
error event perf oo : hat

of the opt IEN ES res in
the stored data, Sulh ”ﬁﬂﬁfl"SIS”fférlTe"ﬁﬁdéﬁ“"af"ﬁ”Péad“PO”errOT Tdtes




10 - netrics rather than optimal or sinplified branch netrics.

Figure 7 shows a systemfor using the sinplified or optimal branch
metrics in a Viterbi detector in the presence of data retrieval channel
asymetry i nwoesn43z a di code channel. In the system of Fi BEWES7/13186

magnetic material covered disc, 10, §/9 containing pluralities of
magneti zation direction reversals along each of a plurality 15 of nore
or less concentric, circular tracks, is rotated past a data retrieva

t ransducer arrangenent, 11, or "read head", positioned adjacent a
selected track by a "head" positioner and initial signa

processor, 12, about a spindle, 13, to provide an initial anal og
read signal x(t). This signal is subjected to further processing in a

si gnal processi ng bl ock, 14, including variable gain amplification
and |inear channel 20 equal i zation. The output from signal processing

bl ock 14 is an analog output S|gnal y(t) mhlch S prOV|ded to a
sanpl er, 15, bas &0 omre - : - ' werfpfeGnleyr .ted
by a sanpl e acqui si e,
block 14 that is derfwe
si gnal

sanples, y[err],
anal og-to-digital cf
sanpl es 102 Hv
After these digita
limter, 17, Sy ) ¥ eF.. 5.
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_passed to a branch netric generator, 18, as part of a Viterbi detector

conpri si ng nmetric generator 18 and further conprising a subsequent
path netric updater, 19, and a path menory updater, 20, inplenented
in well knowWawW3urations. The out put si gnal froR?Hgﬁﬂ ry

updater 20 conprises the estinmates by g Vi t er bi 5 detector of the
binary non-return to zero inverted (NRZI) digital data val ues, x[err], of
the stored data values, x[err]. - : e The sanples r[err]
are also provided to a delay line, 21, conprising: . del ay el enments
each providing a delay of one sanpling period duration, T. The

nunber n of delay elenents present is that which is necessary for del ay
line 21 to 10 mat ch the delay in providing sanples to, and obtai ni ng
correspondi ng data val ues from the Viterbi detector. Thus, the
digital sanples emerging fromdelay Iine 21, . rlerr] are correl at ed
intime with the estimated data val ues prOV|ded at-the output of

pat h nenory updat‘&ri 20 Thpqp digital _data value esti Lntes af the output of

pat h menor updatef 20, in addition to belng_supplled to the
subsequent system pgrtions 15 usi ng such data for the purposes for jwhich
the magnetic stora '*n. ftemis desired, : are al so supplied to jtwo

further delay el g g el 3 -whi-ch-each-del ay:-the - ... .sanpHes
one sanpling period duratlo 5 &, i f the output of path nennry
updater is an estingted .toreo 0 #gla Value [err] the output of {del ay

el emrent 23 " will be zelayeo 3sl, dstored digital data val Ue
[err]. 20 10 e e esti ey st Ongd d1g1ta1 ‘dat-a*val-ues
[err] provided at tHe out put: of : pathe M updater 20 are allso
supplied to a Ioglc i nverter, 24, fromghich 0 B . resul ting
inverted | ogic %f%'“ s thereof are .fur.th.e,. \ pp'..i..e..?;i; : an hput of an AND

gate, 25. The dE )
of delay . o eI enent 23: are prOV|ded to ‘tMe ot her TRL .
25. Thus, AND gate 45 25 sain\/ €S ' Ioglcally I Nt ed eS™Ng8 orled
digital data vggqgé of. [ errl] patg gne.. input ... e s DRer.eof , “agd del aygd
estimated stor idital da ﬁﬁvalues [err] at: the ot heENgi nput g

t hereof . When an outjput est}i td stared digital data: valNge from¥

menory pqddt er 20 jefuk g a l:ogi cal ™0" val.ue: at thg sane thyrg t he
two sampl e per|odoqf- ............ g 41 SSRGS T N St N
107k f ................ ; ................ ;nununﬂgg ................ ; ............. .
: .. ) t
” ; : S g
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del ayed estimted stored digital data value [err] equals a | ogic "1
y g [err] eq ggwg%w

val ue, the wo98/04032 correspondi ng channel sanple value is %o have
a negative as described abovy 9Ch t hose occasi ons, the out put of
AND gate 25, connected to the selectio i nput of an anal og

mul ti pl exer, 26, goes to a logical "1" value to thereby shift 5 which

of a pair of inputs of that multiplexer is connected to the output thereof.
In the situations in which the output of AND gate 25 presents a

| ogi cal "0" value at its output, a zero value repréesented by the ground
synbol connected to a zero value input of multiplexer 26 is
connected to the output thereof. In the alternative situations in
which a logical "1" value is provided at the output. 10 of AND gate 25,
the. signal value at the other input, the difference i nput, of

mul ti pl exer 26 ??f ~annected to.the autput hereof . this valu e_representing
t he di T emegge:ibetween: fhe i SN Bt eY 60 VAl R Tar v L The
expect ed val ue of Barpreeg s i WHéh'é"ééhbléTVéIUé"bf“?1?F§”ékpé'ted to
occur in the prese ur,_ t he
del ayed sanpl e egr] ifned in
a subtractor, 2 QO EEE L “=h TR
mul ti pl exer 26. Cn--lnput Gf : todgl ay
line 21 to receivetdel-ayed- saﬁpl~' e @{hef‘1nput to Subt ractior 27
is t he one‘§aﬁﬁl """" Rated:val-ue ofv-as-wil} be
seen in the fol lgWng:: :: :-eﬂﬁﬁuis.ﬂﬁuiﬁnﬁHQL§§QLQK“§Zﬁ'S
supplied to the dif Farenes fape ; "Qlli@lﬁg‘f"2§“LQ"§Q“@KQML£ed to
t he out put thegeof [:Wh&n: “BND: gate 25 has;all oy I:;al ................. Ghrtvaluesgt its
output. This dEffefence-vakue. passed through tlplex- 20 b S

§10 JH ' NG

Enor




provided to a step size liniter, 28, to keep changes in the estimted val ue
for v sufficiently small for |oop stability purposes and then
provided to an i nput of an adder, 29. The one sanple period earlier
estimte for WQQBQ‘B%I ied to the other 25 input of adderp@fyssansies hat

- estimate of v is conbined with the Iini@zg val ue of the di fference
t determned in subtractor 27 to provide current estimted val ue of v

at the output of adder 29. This output is delayed through a further del ay

el enent 30, of a duration equal to one sanple period and provided
as the next estimate for WD 98/ 04032 ;

PCT/ US97/ 13106 - 28-
v that is supplied to subtractor 27 and, as stated previously, to the input
of adder 29. In addition, this next estimate of v is provided to
branch netric generator 18 for the pur pose of being used in
formng either optinmal or sinplified branch netrics.

Since sinplified,dranch netrics require considerable |ess signal 5
processi ng than J RIreoptii:ndl: inranel: et ¢S n tney ek e prer.erned. 1.0r: juse

"0 branch BT RGN geH e at o L8 R gure 8 shiows  an: li:nplement at ton
for branch nmetric [...0...0.0S gene.at.ar. .18 using. tHe sinplified branch metric.
Two six bit adders, }40.and.-417NQMe ceieeeeeeeeAbOVI ded . each. . havi.ng..an . upper
six inputs and a | gper six inputSSNQMN\{he left: side t hereof wilth
the | ogical val ud® @e:thede:iinn: seuSgbNerputs: being added: together:in 10
the corresponding agder::to::pr-ovi:de:t'he ™ Qg TVOlgesat L RE sl IoUt Ut S

t her eof on

Error event rate




the right-hand side thereof. In addition, a further carry-in input is
provided on the | eft side of each of these adders bel ow the | owest
six inputs thereof. Adder 40 provi des the cal culation for the
branch netri (?V%P@'P“PZP = 1/2 - r[err], and adder 41 provides PCT/US97/13106

cal cul ation of branch nmetric Blerr] =r] ]-v/2. No calculation is
required for the branch 15 metric Blerr] =0. . :

A sanmple value r[err] is supplied to the siyx upper:.generator inputs, 42,

on the left side of Figure 8. These valuesjare directly supplied to the

upper six i nputs of adder 41, andjthey are further applied to the
i nputs of six correspondi ng | ogi cql inverfers, 43 through 48. The
out puts of logical inverters 43 through 48lare | 20 connected to the
| ower six inputs of adder 40. Thus, the cofplenents of the fpits
of sanple r[err] are pr towerTstx nputs of adder 40 to
provi de the negative thereof in lenent forfm The estimate
of v fromdelay elenent}!30 is hal ved and ‘supplied to the | ower
five generator inputs, B9, on the left sidp of |Figure 8. These
binary digits for v areftmusSupptied—to—tfre—tower .five induts on they eft
si de 25 of adder . xthof thellowar inputs is 0
ground to give a zero val ue sincelthe jval'ue of v w ive
as supplied so the signfbit for that quantiity is det_to the
| ogi cal value "0" for 2}s COFT#TREﬂn-1nnﬂmﬂ&egr— SntBnAMﬂbﬂa/04032 529
PCT/ US97/ 13106 _ 00"
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Finally, .the value of 1/2.is provided—to tThe upper siXx inputs on the

Ief-'t;;ﬁ:__s;ii'dﬁe of adder 40 by con i urth digit to the voltage val ue
assi §ned fowoesi4032 2 IEM“E‘““\‘“‘H“ m lTl" wi thithe reRGVHE¥/1348 t hose
i nputs connected to groundi®® ™" . " w s pfovide logical "0" values thereto.

The carry-in input of adder 40 is set to a | ogical 5 "1" val ue, and
the carry-in input of adder 41 is set to a logical "0" value. The
addition action of adders 40 and 41 then allow the digits of the branch

metric B[err] to appear OQHB@EA nerator outputs, 50, on the rigpt
side of adder 40 and the digits f the branch netric B[err] appegr
on the generator outputs, 51, on the right side of adder 41. 1p

Al t hough the pregent inverk data sisabolsequente sietectoe forvihonsing detacsymbol
to preferred enbodi nents,..,workers skilled,if t 1) | ni,ze that
changes SHIFIEE M\é@ Fch HﬂoFW%fﬁatgﬁeﬁ&ai‘{a?’v%%’é’W 38%‘§§€%n|§%f romth
SC‘:EIAIr :VE S;ind i cope sﬂhpteberecgiv:ad by shiallv alatecton. of chti sigtnals fobtain_ed from .
; : . at a ol sequence det.ector .for g data
synbol sequences mar%?l?ﬂﬁyo“‘ﬁ@d aéﬁn?@%a? gﬂa{:}geglml@iim i#ﬂ“@gﬁ’%@r&es of
sanpl es recei ved Jppohi Magatuded 6f satf dlsignals, gaid detsetir2ompeisigom

magnetically stored data through data retrieval channel. asymmetcically
af fecting nagni tudes of smxa@&t%@amwgl}wsﬁmﬁtafe@éef%'ﬂ Gr%tn“r‘@ﬁg:

an expected sanple val ue esti ”Ei&&teﬁorm&érﬁ’éﬁh@i Reluest fgrat £d least one
expect ed magni tude val ues for at |east one . . )
corresponding selected set of said samples in said

D

sequence of samples; and _

a magnitude difference determiner for obtaining
representations of differences between values of said
samples in said sequence of samples and
corresponding estimated expected values received
from said expected sample value estimator.

2. The apparatus of claim 1 wherein said representations of
said differences are formed by squaring at least some of said differences.

3. The apparatus of claim 1 wherein said representations of
differences for each of said samples in said sequence of samples are
magnitudes at least some of which are formed using said value for that
said sample and those said estimated expected values corresponding
thereto without squaring that value of that said sample.

4, The apparatus of claim 1 wherein said representations of
differences for each of said samples in said sequence of samples are
magnitudes at least some of which are formed using said value for that
said sample and those said estimated expected values corresponding

thereto without squaring values of those said
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gga&:zggng:‘ ngarsrgl :gtegnze“lmlmmI“IfMI lﬁglnlnt 3giadd| fference determ ner for

obt ar ni ng Tonst bepredlenfations of differen val ues
of said wosalomz sarrpl es in said sequence of sggpﬁ E?Igﬁ
correspondi ng estl mat ed expected val ues received from
sai d expect S r gof clalim
1 wherein sg‘lqrdé?g%ar'e ent a%?egnésﬂd@%ga‘fagméiz?f %r%yer?getgosaere f& lrl)&g&%suyésquarl n
at | east sodiffepdncssindwbich that savople is invalved. The apparatus of claim
wherein said representations of differences for each of said sanples in
sai d sequence of sanples are nmagnitudes at | east sonme of which are forned
usi ng sai d Jal ue: f or Theappaatus of alxjrh 'ﬁhdehl“saﬁbembﬁdml\iemtimimmect ed

val ues correspond| nig thher et o, wi thout, s ar| W?} of .t.hat said
sanple. 44N averager that, proyides, 29 estipa £ Y e 3F1 FHRBE B ent at i pns

of differengggnletic a0efBe ValusFHdi SAAPES I édid %@q&n&?élﬂ ePHetermiimeds are |
magni t udes at | east. sone of which are formed using said value for that spid
sanpl e and ol s3id eereesponding.sempie Bagnithdo ag8s cor r espondi ng t heret o
wi t hout squaring val ues of those said WO 98/ 04032

-PCT/ US97/ 13106

—QJ

6. - The apparatus of claim 2 wherein said representatnons of differences
for each of sa_ld samples in said sequence of samples are magnitudes at least

some of whichare formed using said value for that said sample and those said
estimateci' expected values corresponding thereto without squaring values of
those sald -'T;co:'rfe'_sponding estimated expected values in any of those
represe_nt;}tiéijs' of differences in which that sample is involved.

7. E '_'_"The'_apparatus of claim 1 wherein said detector is a Viterbi detector
and said magnitude difference determiner provides said representations of
differences for determining branch metric values therein.

8. '_’_I‘he‘-apparatus of claim 5 wherein said arithmetic average value is
obtained bycombmmg estimated sample values and differences between
samples in said sequence of samples an previously estimated Sample- values.
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‘correspondi ng estimated expected val ues in any of
differences in which that sanple is invol ved. 5.4y
of claim| wherein said expected value estimator i's an aver agegg@Rat
provi des an estimted sanple val ue by determ ning an arithnet (s
value from sanplEFL N sai d s@QHORIELZETU. PERTY ORGANZATIPMed t O DNg
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rbi detector and said magnitude

di fferdnce determ ner provides said repre w.im('?mnsf_____ﬁ of zdi fferences for
det er m| oy oty BN Metric val ues therein. 8. pop Lreranona f'."’rTﬁ‘ rat us of
claim? mhemgzmasai d ar2hign®é 2zo7asser ageus/pl ue ?ﬁzeﬁﬁ?ﬁ"&mﬁgﬁﬁ“fﬁéﬁ%}?
estimated sanple values and differences b tweewemqmpl es in said sequence of{
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(57) Abstract

A data symbol sequence detector (18-30) for choosing data symbol sequences likely. to be represen i ences

of sam;.:les__;( 15-17) received by the detector (18-30) with these sample s:ggences fonneﬂby sampling dﬂbzmmdm from

moagnetically sbol_nq data (10) through a data retrieval channel which asymmetrically affects the magnitude values for a selected set of

samples (19-20) in the sequence, and a magnitude difference determiner is used for obtaining representations of differences between values

:lf ﬂ:aisa!?ples in the ‘sequence and the comesponiding estimated expected values. These differences representations can be limited in
gebraic form. e




