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ADAPTI KELI HOOD DETECTI ON TECHNI CAL FI ELD Thi s invention
relateqmwmmﬂmmmmmmhikelihood detection of data recorded as anal og signals
represen |Q§ a firnite nunber of states, and, nore particularly, to

adapt i ng_meX®Hfim 1ikelihood detection to handle vari @?MQWMM s.
BACKGROUND OF THE | NVENTI ON Maxi mum | i kel i hood det ect Po - “ecor ded
as anal og [ Mmm mmmmetected frompartial response sanples is highly 2 F
E B 2004 ijmum B in magnetic disk drives, where the disks and

heads are fixed.ggd»non-renovabl e. The characteristics of the channel are
fixed, including the pardi rodisS, j icul ar recordi ng and
read heads, the Iinearq$%?30| ;“§%§KW¢F$$$EE%%§5ﬁ?ﬁﬁéﬁﬁﬁgn t he di sk nedia
and the recording and read heads, and the recording and read el ectronics.
The channel characteristics can be neasured and, once known, tend to
remai n constant. Wth constant channel characteristics, the detection
capability of maximum |ikelihood detection can be designed so as to be

highly error free. The received partial response sanples are equalized so
that the signals provided to the

TECHNICAL FIELD

This invention relates to maximum likelihood detection of
data recorded as analog signals representing a finite number
of states, and, more particularly, to adapting maximum

likelihood detection to handle variable data channels.

BACKGROUND OF THE INVENTION

Maximum likelihood detection of data recorded as analog

signals and detected from partial response samples is highly



maxi mum:| i kel i hood detector tend to precisely match the expected signals.
Additionally, a specific code may be enpl oyed which nmaxim zes the

di stances between the sensed states. Only |inmted changes are taken into
account, such as differences in data rates. betmeenJZI Ehﬁ@ﬁ&uter tracks
m nor servo offtrack operation, mnor disk defects, and some head wear
over time. Thus, a specific maximumlike}ihood detection <circuit can be
designed which is specific to the type of disk drive and which will have a
|l ow error rate at high recording densities. Further, such m nor changes
have been accommodated by enploying digital FIR (finite inpulse response)
filters - 2PEB2OBRNCRS\HHsBagRREFG Cisfkt dThYRS pro§rantBsl ¢ Skh @@ hangi ng t he
frequency response of the filters to better equalize the signal being read
to match t heagaxarrurhixekeRnfoteh demerebte . Biamshasarherirle,cusiPabent No.
5,321,559, Nguyen et al., US Patent No. 5, 365, 342, Abbott et al., and US
Pat ent No. chgnadP 60 fixbPeot in@tudiing khe beroreslgsr é1gk fiedid t e use such
maxi mum | i kel i hood detection with recording devices which have renovabl e
medi a. Repovhbtelaediezoddingeznd aeddt bepds mgde diiopagevelerdides apki ch al | ow
data to be recorded on portable nedia that is renoved fromthe device and
stored el séWréne, hsigit detivaen hithe stiskaged shelndeshef reeozditrsn@ngd dat a
storage library, or in true archive storage outside of a drive or library

on storageread heads, and the recording and read electronics. The
channel characteristics can be measured and,  once known, tend
to remain constant.

With coﬁstant channel characteristics, the detection
capability of maximum likelihood detection can be designed so
as to be highly error free. The received partial response
samples are equalized so that the signals provided to the
maximum likelihood deteétor tend to precisely match the
expected signals.

Additionally, a specific code may be employed which
maximizes the distances between the sensed states. Only

} limited changes are taken into account, such as differences in
data rates between inner and outer tracks, minor servo
offtrack operation, minor disk defects, and some head wear
over time. Thus, a specific maximum likelihood detection
circuit can be designed which is specific to the type of disk
drive and which will have a low error rate at high recording

densities. Further, such minor changes have been accommodated

by employing digital FIR (finite impulse response) filters



shel veés:or in boxes and other containers. The anpunt of data so stored
qui ckly becones very large and, if a new and upgraded portable nedia is
introduced, there is a desire on the part of the user to resist

re-recording all of the archived data onto the upgra I | e nmedi a.
Hence, a backwards conpatibility is typically -requHﬂggE% mvabl e

nmedi a devi ces. The characteristics of portable nedia thus vary between the
types of nedia, but also tend to vary beBween ones of the sane type of
media, and within the sane nedia. 2 FEB 2004 4 Exanpl es of renovable nedi a
devices include optical disk and optical tape storage, which may be

read- onl y, whibké ecantfid cieand a&eavwprncgirhemaeté a,tharsdchendifd erfent t ypes of
medi a, such as nol ded, nagneto-optic and phase-change nedia. Optical nedia
i s subj ect freguatdaticspohsom frediea flid taedi to het teeceoqgdall Tattaeout put
characteristics based on the type of nedia, above, variation in nedia
materi al s beyneenve imnueaat us efist @ndhevesax true,l i&ed i bedavesat dcear.di ng
densities. Optical nmedia is al so subject to change as the recordi ng noves
bet ween tragksplakers e, et epdtiere Neadsf st a0k Speeen nety alchamge, or as
the recording noves fromone side of the disk to another, where the

ef fective haadnt onsli 5K 33ur Bage miglte wayabe, 4dnd vedrafant hes. exanpl e of

renovabl e medi a devi ces includes nmagnetic tape recording, which have nedi a
to nedia varihapjPe0, Abbott et al.

It becomes more difficult to use such maximum likelihood
detection with recording devices which have removable media.

Removable média devices tend to be mass storage devices
which allow data to be recorded on portable media that 1is
removed from the de&ice and. stored elsewhere, such as in the
storage shelves of an automated data storage library, or in
true archive storage outside of a drive or library on storage
shelves or in boxes and other containers. The amount of data
éo stored quickly becomes very large and, if a new and
upgraded portable media is introduced, there is a desire on
the part of the user to resist re-recording all of the
archived data onto thé upgraded portable media. Hence, a
backwards compatibility is typically required for removable
media devices.

The characteristics of portable media thus vary between

the types of media, but also tend to vary between ones of the

same type of media, and within the same media.



based on different data densities on the sane type of nedia, different
types of media such as chrom um based, nickel-based, ferrous-based nedi a,
or between materials used by different manufacturers. Addi hﬁ ally, tape
medi a may have differing thicknesses and thereforée FEB B Redi a to head
(flying and contact) characteristics over the reco¥drng and read head,
resulting in differing head to nedia spagings. The tape nedia nmay also fly
at differing head to nedia spacings as the tape noves fromone reel to the
next and the tension or angle of 2 FEB 2004 5 the tape to the head vari es.

Further, the flying characteristics of the tape, nedia may .vary t he tape
head i s noved Freowmleneosi FRIQYEPLReMEGHR qed’ltcleéckgcg‘f&t I tlcﬁérdg?]éle of

the tape. Maxi mum |li kel i hood detection in such differing circunstances is

exceedi ngl yndliddtiicallt apadsrespgeequhieh anaiver &LaAT O M & REFFhood
detector for each circunstance. The incorporated Hutchins et al. United
States Passditredppltiabaei nadSer iaald ResdDOfENt4tYPERICHINSHR 454Ch 35
applications provide maxi num | ikelihood detectors which allow the

progr anmi ngo1d¥d S etaginegp-opt nurend phRsaeEhitdecdePiPei ents, adjusting the
response of the maxi mum |ikelihood detector. The coefficients are.
preferably deriogddaiometha i ffurenteto beaniedd oref FPR gNefiied ffedia
associating "0" and "1" states of the recorded signal. The coefficients

are respechhvetyorppl idadat out pac rhdirgict ari s das6dgenett &Y% &fnat i ve
metrics, and each
media, above, variation in media materials between

manufacturers and over time, and between recording densities.
Optical media is also subject to change as the fecording moves
between tracks, where the effective head to track speed may
change, or as the recording moves from one side of the disk to
another, where the effective head to disk surface angle may be

tilted.

Another example of removable media devices includes
magnetic tape recording, which have media to media variation
based on different data densities on the same type of media,

i i different types of media such as chromium-based, nickel-based,
ferrous—baséd media, or between materials used by different
manufacturers. Additionally, tape media may have differing
thicknésses and therefore differihg media to head (flying and
contact) characteristics over the recording and read head,
resulting in differing head to media spacings. The tape media
may also fly at differing head to media spacings as the tape

moves from one reel to the next and the tension or angle of



respective alternative netric is conpared to a previous netric. Based on

t he conparison, one of a plurality of. provided nmetrics is selqgigﬂ%ﬁ%ich
remains within defined positive and negative bounds. Then, the’ : he
finite nunber of states represented by the selected netric is identified,
and in response to the identified one of the finite states, a nmaxi mum

| i keli hood state detector is increnented to a maxi numlikelihood state
dictated by the - 2 F E B 2004 6 identified one of the finite states, the

i ncrenent ed hgBxbpuM ol ikelideodastate defeals: t hges §§9F9§d anal og signal's.
The nunerical netric coefficients of the maxi mum 1|1 kelihood detector are

based on sampkacteasssi cMichrar  apdepbyed f4,0m e putpuLs for, expected
wavef or ms of é cpartic}ﬁar nedia,agnd t he neﬁ?i€§gg§%fF@?é§#&%dﬁgf¥éﬁl

val ues  ar okaboukahegnd ar; e cexpected, saml e Qut put oy, Speei fically,  the

sanpl e outputs of the expected waveforns are ermne &, by
measur i ng %h@qugg_of actual outputs for sanple points of the waveforns,
and cal cul ating the mean values of each of the sanple points, and the

metric coefficjgRt HneriLalhowal Hes lcuyl ated.for the nean values of
the sanpl e outputs, thereby pfbvidin8@¥ %*2ﬂh§#?&ag1%g%f}?% coefficients.

The equal i onschat: U6 Y10 bhe et coefdicl ens plpi fize the mean
squared error between the received signal an t hei 434l STYrdl 2 which is
the noi se-14i88¢r8h9MNAkximum 1ikelihood detector for each circumstance.
The incorporated Hutchins et al. United States
. Patent Application Serial Nos 09/282,419 and 09/282,420
applicatipns provide maximum l;kelihood detectors which allow
the programming, or setting, of numerical metric coefficients,
adjusting the response of the maximum likelihood aetector.
The coefficients are preferably derived from the difference
between metrics directly associating "0" and "1" states of the
recorded signal. ' The coefficients are respectively applied to
each digital sample to generate alternative hetrics, and each
respective alternative metric is compared to a previous
metric. Based on the ‘comparison, one of a plurality of
provided metrics is selected which remains within defined
positive and negative bounds. Then, the one of the finite
number of states represented by the selected metric is
identifiéd, and in response to the identified one of the

finite states, a maximum likelihood state detector is

incremented to a maximum likelihood state dictated by the



Once det er ni ned, the nunerical netric coefficients are stored in a | ookup
tabl e and sel ected when the portable nmedia having the characteristics is
identified as |oaded into the device. A portable renovable nedia nay be

identified externally by a |label, or internally by readj ry chip,
readi ng a universal nodul ated code fromthe nedia, OP%EEQB?Z[ﬁWeW byt es

of the nedia to be read may have nore 2FEB2004 7 universal characters
which are easily read which identify the” nedia. A nedia detector nay
conprise an optical reader or scanner for reading a | abel, a wireless

interface fqr _readi a chi ro. onprise |lagic associated with the
read chanﬁg ?gﬁﬁlcfcpgwg ﬁgntﬁ?c‘gﬁnﬁ%ﬁ éggﬁmtfe}fecil FEENGPECL IRMET  from

t he | ookup.tab for the detected dia. Thus, the nunerical coefficients
for the spé&??i@"% iséa%ﬁué?t%‘ét%ntg%nrleﬁoﬁa?/‘in%‘@ﬁoﬁnalﬂ%li)r edet er ni ned
nunmeri cal coefficients nust be stored and available for use. Further, the
characteristics & THReIIFaLi P rediogifistentt Ye thealpable so that the
same nunerical coefficients may he used for the nmedia wthout change.
However, a lg?%brﬂ%%dedje&ﬁé’\‘@? Bt ikeAeheli 32TRI S ulREeE "t W idhaige as t he
recordi ng ves between tracks, where the effective head to track speed

may change®CbtVeS L4 SERBLEI AYPYRSV 9T PERFOIRI diryeTerms el di sk to

anot her, where the effective head to disk surface angle may be tilted.
Tape particular media, and the metric coefficient numerical values

are calculated for the expected sample outputs. Specifically,
the sample outputs of the expected waveforms are determined,
for example, by measuring a number of actual outputs for
sample points of the waveforms, and calculating the mean
valges of each of the sample points, and the metric
coefficient numerical values are calculated for the mean
values of thé sampie outputs, thereby providing the numerical
metric coefficients. The equations for deriying the metric
coefficients minimize the mean squared error between the
received signal and the ideal signal, which is the noise-free
\y signal.

Once determined, the numerical metric coefficients are
stored in a lookup table and selected when the portable media
haviﬁg the characteristics is identified as loaded into the
device. A portable removable media may be identified
externally by a label, or internally by reading a memory chip,
reading a universal modulated code from the media, or the

first few bytes of the media to be read may have more



media may fly at differing head to nedia spacings as the tape nmoves from

one reel to the next and the tension or angle of the tape to the head

varies. Further, the flying characteristics of the tape nedia nay vary as

the tape head is noved fromone side of the tape to tracks at the other

side of the tape. -2FEB2004 8 Further, the specific por novabl e
g EERZT

media may not have an identification character that ha
identify the nedia and sel ect predeterm’ned nunerical coefficients. Even
if the nedia is identified, the read/wite interface my change. For
exanpl e, the single biggest change: in a tape read/wite interface is due
to head weaiMVEiped WhRLagkese Whalshasgireneadl hachdadhier ddieng ithet MR r ead
head material, whereas the nmetallic pole tips of the wite el enent are not
eroded as riR$ia-The net result is that the transfer function changes and
differs fromtape to tape depending on the age of a tape head when the
data was witter® &®diphdetgretwf maysanepoise dinf beteasl (iddeer ert drive) tape
head when the data is read. SUMVARY OF THE INVENTION It is an object of the
present in@&RINST ttorpresides & ladapt ableimexissuimt ékeddhdod debgchd on.
Anot her object of the present invention is to provide maximumlikelihood
det ecti on fdrchigdi arwhesecqrmetisse 1oghar asd@riiaskhcsi ai eHenkpgwn so t hat
there are no predeterm ned nunerical coefficients.
. channel, and, the numerical metric coefficients are selected

from the lookup table for the detected media.

Thus, the numerical coefficients for the specific media
must be known in advance, and the predetermined numerical
coefficients must be stored and available for use. Further,
the characteristics of the specific media must not be
variable, so that the same numerical coefficients may be used
for the media without change.

However, as discussed above, optical media is subject to
change as the recording moves between tracks, where the
effective head to track speed may change, or as the recofding
moves from one side of the disk to another, where the
effective head to disk surface angle may be tilted. Tape
media may fly at differing head to media spacings as the tape
moves from one reel to the next and the tension or angle of
the tape to the head varies. Further, the flying
characteristics of the tape media may vary as the tape head is

moved from one side of the tape to tracks at the other side of

the tape.



Di'scl osed are an adapter and a method for adapting a progranmable digital
maxi mum | i kel i hood detector to a variable channel output and a calibration
system for calibrating a 2 FEB 2004 9 programmabl e digital naxi num
| i kel i hood detector from unknown data in a known code gt vari abl e
channel output. The maxinmumlikelihood detector is t 5?8%901
incorporated Hutchins et al. '"019 and '020 applications and detects
digital sanples of data recorded as anafﬁog signals representing a finite
nunber of maxi mum |ikelihood states in accordance with a finite nunber of
maxi mum | i kel i hood sanpl e-to-sanple path cases. However, the digital
sanpl es representrthee, vahe appect wREEable plAM VPP ReM Pt Hed “anl 0g
signals at a predetermned timng with respect thereto. In the
i ncor por at kavéachidestef iadt iappihiagacitensthahaayePecterd tonptenddéva sampl e
input for receiving the digital sanples of the recorded anal og signals,
and progr anhé ngedicurapess skdect pridetieng inaderinesiogdt £pef Ebefaitsi-ent s.
Sanpl e logic applies the programred nunerical netric coefficients to each
of the digital Esanplfesheomgeneriat dcaintéfnadi vidargrepddsrifeldtteghare | ogic
provi des a previous netric which conprises a difference netric function of
a previ ousmdiygthalgsanpoe deaipbe fihemsidolé dvierusstnehpngs ¥epy €8/t i ng t he
di fference between netrics directly associating "0" and "1" states of the
recorded skgaahridhemeefotet he despechierd gerer atfegeal Yethatdwse netrics
is selected which mnimzes the nean squared error

abrasion to the head, eroding the MR read head material,

whereas the metallic pole tips of the write element are not
eroded as much. The net result is that the transfer function
changes and differs from tape to tape depending on the age of
a tape head when the data was written and the age of a same or

different (different drive) tape head when the data is read.
SUMMARY OF THE INVENTION

It is an object of the present invention to provide
.} adaptable maximum likelihood detection.

Another object of the present invention is te provide
maximum likelihood detection for media whose precise
characteristics are unknown so that there are no predetermined
numerical coefficients.

Disclosed are an adapter and a method for adapting a
programmable digital maximum likelihood detector to a variable

channel output and a calibration system for calibrating a



with respect to the previous netric and a maxi nrum|likelihood path nmenory
identifies the maxi mum | i keli hood case represented -2FEB2004 10 by the
selected nmetric, the set maximum|likelihood case of the path nenory state
detecting the recorded anal og signals. The adapter conprjses a detector

i dentifying the maxi num |ikelihood state corresponding 2 b EBRW4al sanpl e
of the recorded analog signals; an accunulator coupled to the detector
for partially accumul ating the detected 8igital sanple with prior detected
digital sanples corresponding to the maximum |ikelihood state; and |ogic

coupled to nul ator. _and_t0 t he .pr amm ng_sources, enploying the
accunulateagggﬁ?ﬁgﬁggéﬁgpgga o?a¥ﬂ%”%gﬁ&@igéﬁgghﬁg%ESSQﬁuﬁrqﬁ KE8KPA®DBA state
to deterniEg gngéor qug}e t.he nunerica% ne&ric coefficient for the

maxi mum | i kel hodd state. CPHE 21 bitirBhesGReRRT Eotiides 4h@et ect or
detecting igital. sanples of the recorded anal og signals corresponding to
one of themgﬁg?ﬁ%n*f%%2§qoﬁgoﬂe%?%ﬁQ£;lSaﬁhéﬁcﬂﬁu?%ﬁcﬁ“CQﬁﬂﬂﬁﬁéédto t he
detector fqr rtially . ac lating the detected digital sanples for the
correspondlH@gﬁ%&?rﬁﬁnah‘iE@Eyhﬂﬁ% gF%&é?Pléﬁ6t+?Eﬁ(?Qﬁnﬂﬂtéﬁtﬁodihtial
accumnul at or ang to _the progranning sources, enploying the accunul ated
digital s3RPPE8S1or 4@ CFPELHOMR RGanali mishd} kelaHiesensinges to

det er mi ne %he.gunerical netric coefficients matching the digital sanples
to the one 6P tRe"HIRG I MRKEThdddediiped saeR % ettt iasgorenpe ovi ded

numer i cal ne%ric coefficient to a _ _
da finite number of maximum likelihood sample-to-sample path

K cases. However, the digital samples represent the variable
channel output of the recorded analog signals at a
predetermined timing with respect thereto. In the
incorporated Hutchins et al. applications, the detector
comprises a sample input for receiving the digital samples éf
the recorded analog signals, and programming sources for
providing numerical metric coefficients. Sample logic applies
the programmed numerical metric coefficients to each of the
digital samples to generate alternative metrics. Relational

j logic provides a previous metric which comprises a difference
metric function of a previous digital sample derived from
difference metrics representing the difference between metrics
directly associating "0" and "1" states of the recorded
signal. The one of the respective generated alternative
metrics is selected which minimizes the mean squared error
with respect to the previous metric and a maximum likelihood

path memory identifies the maximum likelihood case represented



2 FEB 2004 11 value related to the determ ned matchi ng nuneri cal
coefficient. For a fuller understanding of the present invention,

ref erence should be nade to the follow ng detail ed description taken in
conjunction with the acconpanying draw ngs: BRI EF DES IhEBQQ\I CF THE o
DRAWNGS FIG 1 is a diagrammtic representation of g IAUU‘an enmenti ng
the present invention; FIG 2 is a repre§ﬁlntation of a streamof wite data
and its corresponding representation in NRZ and NRZI; FIG 3 is a diagram
of channel step response curves for a recorded signal of FIG 2 including
sanpl es of irst order detection; . FIG 4 is a diagramof an

he, sign for, f : .
exanpl e of éynﬁa? n%%lefcitl?éjl MREGHC 7 196 BRAAEHT ngt keldRP8Aecasdmtie the t he
next for first order detection; FIG 5 is a diagramof an exanple of
signal to nBPSB MERAPACTErPsPEeCHI tblimifF P4 iHGd@IdEt ke ton and of
peak detection; FIG 6 is a diagramof an exanple of variable channel
output of digi t af"SARARSTT EPFRERIRT iy dehEChEXI TARAYITNENBhbbY Matiavey 2 F E
B 2004 12 FIG .7 is a block diagramrepresentation of an enbodi nent
likelihood state corresponding to a digital sample of the
recorded analog signals; an accumulator coupled to the
detector for partially accumulatihg the detected digital
sample with prior detected digital samples corresponding to
the maximum likelihood state; and logic coupled to the
accumulator and to the programmihg sources, employing the

accumulated digital samples for the corresponding maximum
likelihood state to determine and/or update the numerical
metric coefficient for the maximum likelihood state.

The calibration system comprises a detector detecting
digital samples of the recorded analog signals corresponding
to one of the maximum likelihood states; an accumulator
coupled to the detector for partially accumulating the

detected digital samples for the cofresponding maximum

—

likelihood states; and logic coupled to the accumulator and to
the programming sources, employing the accumulated digital
samples for the corresponding maximum likelihood states to
determine the numerical metric coefficients matching the
digital samples to the one of the maximum likelihood states

and setting the provided numerical metric coefficient to a



of- a maxi mum | i kel i hood detector and adapter/calibration system of the
present invention; FIGS. 8A and 8B are a flow chart of enbodi nents of
adaptive/calibration of maxi mum | i kelihood detection of the present
invention; FIG 9 is a block diagramof programm ng inputs and logic for

appl ying programed nmetric coefficients to digital s channe
out put signals to provide netrics ther?of , In accor"dgﬁﬁﬁ zﬂn'{the

enbodi ment of the present invention o FIG 7; and FIGS. 10 and 11 are
bl ock diagrams of logic for providing selected first order difference
metrics fromthe nmetrics of the circuit of FIG 9, and selecting the
maxi num | i K&l ol 2tscakent ihi 48t SHARRT 283t ¢ W Irdfegdtat ed error with
respect to the previous finite maximumlikelihood state, in accordance
with the efPebfHermntof the present invention of FIG 7. DETAILED
DESCRI PTI ON OF THE | NVENTI ON This invention is described in preferred
enbodi ments i n Fehe ffolllew wedekss@ndpnponl wiheh prefsenénéevemtidie Figures, in
whi ch i ke nunbers represent the sane or sinmlar elenents. Wile this

i nvention refeesred Fdduild bermadeoftot hBebéstlemide deRafled Bl@godipti®nf or
achieving this invention's objectives, it will be appreciated by those
skill ed i nteken arit admgtungaipmtyidis tirey abeompooomel dshedngh. vi ew of these
teachings without deviating from the spirit or scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagrammatic representation of a channel
implementing the present invention;

FIG. 2 1is a representation of a stream of write data and
its corresponding representation in NRZ and NRZI;

FIG. 3 is a diagram of channel step response curves for a
recorded signal of FIG. 2 including samples of the signal for
first ordér detection;

FIG. 4 is a diagram of an example of a maximum likelihood
trellis branching from one sample to the next for first order
detection;

FIG. 5 is a diagram of aa example of signal to noise
characteristics of maximum likelihood detection and of peak
detection;

FIG. 6 is a diagram of an example of variable channel
output of digital samples representing one maximum likelihood

state;



Referring to FIGS. 1 and 2, a wite-read channel is illustrated in FIG 1
that inplenents the present invention for adaptive/calibration of maxi num
| i keli hood detection of wite data, such as that illustrated in FIG 2, as
supplied at an input 10. Typical binary data 12 is signaled as NRZ data
13, having a signal voltage for each one bit and no_(zq:ggrg@ ) signal

vol tage for each zero bit. Wen binary data is to be“re on data
storage nedia, the data is typically cbhverted to a recording format, such
as NRZI data 14 by <circuit 15 and supplied to a target channel 17. Thus,

it is this NRZI data that a maxi mum | i kelihood detector 18 nust use to
base its reconsfitetT orp af blhekwiiagragdatrapt@se vt igpiodakent anlged indretnnel 17
is designed to reproduce the data as faithfully as possible within

r easonabl e ofost magbmet rldiketls hodd tdmuegh oa bapeasysteamcanpbeythgna tape nedi a
20 and wite and read heads 21 and 22 is illustrated, optical or magnetic
di sk syst engsmay af sthdbererphoyetvedvioany of the systens, a wite
equal i zer 24 and a read equalizer 26 are enployed to offset to some extent
certain non-lineacst igs a0 BBFER 200 owléhbbe skdima@ntetdtkver syst ens and
to provide the read signals at the sanme anplitude. In maxi num|likelihood

det ection sysbeibe/cd i@ r@G8hVEH MUl ShgBalndsu taeRietaliby. of i1t
equalized by a read equalizer 26. If the read equalizer 26 is digital, an

anal og to girgiskat conariter: 27 is enployed to provide the digital sanples
of the output of the read head 22. The anal og
FIG. 9 is a block diagram of programming inputs and logic
for applying programmed metric coefficients to digital samples
of channel output signals to provide metrics thereof, in
accordance with the embodiment of the present invention of
FIG. 7: and
FIGS. 10 and 11 are block diagrams of logic for providing
selected first order difference metrics from the metrics of
the circuit of FIG. 9, and selecting the maximum likelihood
branch which minimizes the mean squared error with respect to

the previous finite maximum likelihood state, in accordance

with the embodiment of the present invention of FIG. 7.
DETAILED DESCRIPTION OF THE INVENTION

This invention is described in preferred embodiments in
the following description with reference to the Figures, in
which like numbers represent the same or similar elements.

While this invention is described in terms of the best mode



to digital converter 27 includes a clock recovery circuit and
interpolation logic to interpol ate between the actual sanples to provide
di gital sanples which have the correct timng. FIG 3 illustrates an

i deal i zed class PRI step response curve 30, and a n n-kﬂgggnftep response
31, which transition between a positive anplitude™s JF ( lbd a"l" '
state, and a null anplitude state, caljged a "0" state, and illustrates
idealized timng of the first order digital sanple points, where "yk"
represents the present digital sanple, "yk ," represents the previous
digital sanple, and "yk"" represents the next digital sanple. The ideal

di gital sarfplreapbievsnardisseheeriePnt's BEIGEtAvedd fidr HidlobR rate at a
multiple of the clock rate of the recorded data. The anal og signal

recei ved lpprheiahed dyy tthodiegskal Lebrivether adik | thatesEmilrg 1818 ey viifve
nore than the input square wave, and can be perturbed by noise signals.
The act ual ssampbésshakeim arievt ppi Claddey tapchippocki tiquq@endptang from
synchroni zed with the underlying bit boundaries of the recorded signal,

i nstead a phasepliotkedr | oape( PELYhe 2FEB20A4n .15 phase | ocks to the detected
data and restores (generates) this <clock. In the case of a digital PLL it
is essentially &efeating atd 61iG6f & @yhtthewi writeockegkrdhgdneThéssi gna
sanples are then interpolated to estinmate the signal at the synthetic

cl ock rate.ilThetedtpyatiofrichi 4 khteripgllaieonsi she heremant sawvphéistream yk,
which is valid at each synthetic clock period, thus yk is typically sent
out on a datx buspehivehcdiBi®v@ation of maximum likelihood detection of

write data, such as that illustrated in FIG. 2, as supplied at
an input 10. Typical binary data 12 is signaled as NRZ data
13, having a signal voltage for each one bit and no (or
another) signal voltage for each zero bit. When binary data
is to be recorded on data storage media, the data is typically
converted to a recording format; such as NRZI data 14 by
circuit 15.and supplied to a-target channel 17. Thus, it is
this NRZI data that a maximum likelihood detector 18 must use
to base its reconstruction of the write data 12.

The typical target channel 17 is designed to reproduce
the data as faithfully as possible within reasonable cost
constraints. Although a tape system employing a tape.media 20
and write and read heads 21 and 22 is illustrated, optical or
magnetic disk systems may also be employed. In any of the
systems, a write equalizer 24 and a read .equalizer 26 are

employed to offset to some extent certain non-linearities of



corresponding valid signal, and they are both clocked at the original
sanple clock rate. The resultant sanple often bears |ittle resenblance to
the idealized digital sanple "y," for curve 30. Maxi num |ikelihood
detection has proven effective in interpreting the detected sanples for

decoding the data with a mninumof errors by basing.Qqﬁgﬁggﬂﬂﬁrwuion of
each digital sanple value on the detected pattern of Sa ch

includes the present sanple. The first 18rder maxi numlikelihood detection
of digital sanples of data recorded as analog input signals 14-of FIG 2,
and illustrated as having an exanplary output of FIG 3, is illustrated in

FIG 4, shewengelile anpsirive 5t dRbNanikebi peedhad reld ireabr anghing 4¢ om one
sanple to the next for first order detection of the "0" and "1" states of

the recordedeskgnal amdn thibie . eXaMhB i®funFh Gre finddb aeGEaBRESW Edhd he
incorporated Hutchins et al. 419 and 1420 applications, the p values used

2 FEB 2004 tnd6rt0e M £ W6 ﬁ%!ﬁialpr t Rephiagt Py Sri fhtt RGUARLLLG 1
cal cul ati ons, rfo? Cases bOF,S" ",'ﬁf‘ gﬁd V3gyi§Ldéie%#ined ?orye{_a

particul ar regBdegud 0f-4 RRILI ¢Hl @le ne3d BEAGL PYe d8leriW BiRY LE; Gn DY
cal cul ation or neasurenent) the nean value for each point.” The nean val ues

are then enpLoyedc) Ny MALLHC CBRYALIANS A 9. B35E55%.d NG YaLious Gases and then

the equations are s eterm ne particul ic coefficients,
rg;gri;gdtG?g@@gfaé@mﬁﬁgﬁo?ftﬁgng%Rkeo%eghg ?équk%dlézqo 99& Q%%%m}he
to digital converter 27 includes a clock recovery circuit and
interpolation logic to interpolate between the actual samples

to provide digital samples which have the correct timing.

FIG. 3 illustrates an idealized class PRI step response
curve 30, and a non-ideal step response 31, which transition
between a positive amplitqde state, called a "1" state, and a
null amplitude state, called a "0" state, and illustrates
idéalized tihihg of the first order digital sample points,
where "y," represents the present digital sample, "y,,"
represents the previous digital sample, and "vy,,," represents
the next digital sample. The ideal digital sample points are
selected to be at a uniform clock rate at a multiple of the
clock rate of the.recorded data. The analog signal received
by the analog to digital converter will resemble a sine.wéve
more than the input square wave, and can be perturbéd by noise
signals. The actual samples taken are typically at a clock

frequency not synchronized with the underlying bit boundaries

of the recorded signal, instead a phase-locked loop (PLL)



relationship of the signals 30. Idealized classes allow sinplified maxi num
| i kel i hood detection by having digital sanples that are integrally

related so that it is easy to calculate the appropriate netrics. As

descri bed above, maxi num | ikelihood detection of magnetic disk drives,
where the di sks and heads are fixed and non-renovabl e 02 gggigkgﬁ
equalizers 24 and 26 of FIG 1 designed so that the i@d® IF als are
provided to the maximumlikelihood detetior. As discussed above, renopvable
media may vary substantially in characteristics. The incorporated Hutchins
et al. 1419 and " 420 applications provide maxi mum likelihood detectors

whi ch al | owhake PHeRs BTN, detesedd idita ahd Bélgrecst@@ugr&terrbeegﬁemisci ents,
adj usting the response of the maxinmumlikelihood detector to the different

charact eri shicek. ofndifd erenat oﬁfegmarfé)ﬂtealrr@@maulDst&esén'%%rl@wgt ed Hutchins
et 2 FEB 60 17 al. 1419 and 420 applications, different nean val ues are

det er m ned k@@ Rfo ¥ af 159uenPPIL abl R d3ka ;s SHOT age Madia; thatare likely

to be loaded into the data Storage drive, and the coefficients are

det er mi ned Jfd-omnkbhe; ﬂ@ﬁﬂxM%k%@stotgﬁnﬂ%Q%fEh@'QPéﬁaﬁﬁﬁ:%%%rggntﬁ%€FAOOKUp

tabl e and are provided to the maxi mum | i kel i hood det ect or en the nedi a

of that typadey rhent idfie ggukoafi 19 LhEo Bl 2,00 age grive. FIGS 3

and 4 illustrate exenplary i i zed 8]ass tep response curves 30
and first ardenesappbgs .y, angh\aN-iid€ahia at each synthetic clock

period, thus_yk is typically sent out on a data bus which has a
corresponding valid signal, and they are both clocked at the
original sample clock rate.

The resultant sample often bears little resemblance to
the idealized digital sample "y," for curve 30. Maximum
likelihood detection has proven effective in interpreting the
detected samples for decoding the data with a minimum of
errors by basing the determination of each digital sample
value on the detected pattern bf samples which includes the
present sample.

The first order maximum likelihood detection of digital
samples of data recofded as analog inéut signals 14 of FIG. 2,
and illustrated as having an examplary output of FIG. 3, 1is
illustrated in FIG. 4, showing the possible maximum likelihood
trellis branching from one sample to the next for first order
detection of the "O0" and "1" states of the recorded signal.

In the example of FIG. 4, in accordance with the incorporated

Hutchins et al. ‘419 and ‘420 applications, the p values used



cases 31 for detection of the first order sanples, such as may be
encountered in an optical storage system As is discussed in the

i ncorporated Hutchins et al. 1419 and 1420 applications, other encodi ng and
sanpling systens are also enployed, such as class PR Il encodi ng and

second order sanples, as may be encountered in an opti zgggﬁzﬁgi system
such as class PR |V encodlng and second order sanpl es, s cl ass

Extended PR IV encoding and third order 4éanples, as may be .encountered in
a magnetic disk or tape storage system For the pur pose of disclosing the
present invention, the first order class PRI detection will be described,

and one of h I ble t.0 trapol ate t her maxi num
i kel i hood e?%ctllgt& §t§g& & tbﬁ §%ékp Eﬁ E%ryﬁcé?ﬁgﬁﬁFéanﬁhtchlns
et al. 419 420, appl paglqns ,,chann e_Yk of a PRl system
is the fundcti %)r?so fput bits 2ak3® dfalésld#ﬁémb’gg‘? B enearik Pibaf

| i kel i hood det.ect.or |s t o praoduce an accurate estimte of the channel

i nput sequ ar dRF Bypﬁﬁgﬁ?V@ﬁgr?ﬁ% BRA% &Yvani PEBYRI "droGulcar eBYsequence
{yk}. The m |.i kel i hood detector does this by maxinizing the

|'i kel i hood ‘%‘%‘ﬁ a&h%(%ﬂ%ﬁ@ﬂ{r&mt) B9 Waadk vatyr}§or sgcdr 8040t= t he
initial state, and sk = the current state. The probability of the given
out put sanpi L3Nt VABUKS dBife &N ofTEL Qifsh 1hBet fit ¢ epRUaitiaNe 6P t he system

and the pOSSIb|e input ak e {0,1}. The total I|ikelihood function
ssess the various Cases and then the equations are solved to

determine particular metric coefficients, which in the normal
case of removable media signals 14 do not have the idealized
relationsﬁip of the signals 30.

Idealized classes allow simplified maximum likelihood
detection by having digital samples that are integrally
related so that it is easy to calculate the appropriate
metrics. As described above, maximum likelihood detection of
magnetic disk drives, where the disks and heads aré fixed and
non-removable can have the.equalizers 24 and 26 of FIG. 1
designed so that the idealized signals are provided to the
maximum likelihood detector.

As discussed above, removable media may vary
substantially in characteristics. The incorporated Hutchins
et al. ‘419 and ‘420 applications provide maximum likelihood
detectors which allow the programming, or setting, of
numerical metric coefficients, adjusting the response of the
maximum likelihood detector to the different characteristics

of different removable media. In the incorporated Hutchins et



this system at any tinme k, there are two netrics: m0), = maxi nrum

m(0) k-, +In[ p(ykl sk = 0; a0) ] m(l)k-1+In[p(Y, sk = 1 a0) ] .

m(0) k- 1+l n[ P( Ykl sk = G al) ] n(l)k = maxi mum- n(l ;éliP Ykl sk = 1;al)]
where sk = 0 if ak , = a0 and sk =1 if a,-, al RQ? ous G 4, for
the first order maxi mum |ikelihood detector, there are four ways that the
trellis diagramcan branch from one sanﬂ?ing time to the next,
respectively called "Case 0", "Case 1", "Case 2", and "Case 3". 2 FEB 2004
19 As discussed in the incorporated Hutchins et al. 1419 and 1420

appll cati ong, LN TR 6o 60800 GLRTERL0Tal B k! REEACE VBRI L8 ar €

derived, enploying the cash > 0 |ng 02erence

> 1 +
TPy i éetfr"fmc%i%arzé%w%ézv%%c%ﬁ%i?arﬁ%%séw SBo¥ Xwerﬂlﬁg”‘m)k _
Mlﬂrﬂm > 2 (P2

" f‘aa b2 154537 Lo ks, Gaekad tnke RS Satal Sndtedn NS s oty
(1.13-110)

can be described as: P (Yk | SO; { ak } ) = 11k P (Y]] sk; { ak }) . For
h re t
I

the COéfflCle% spag determlned from the mean values. The
coefficients are stored in a lookup table and are provided to
the maximum likelihood detector when the media of that type is
identified as loaded into ?he data storage drive.

FIGS. 3 and 4 illustrate exemplary idealized class PR I
step response curves 30 and first order samples, and non-ideal
cases 31 for detection of the first order samples, such as may
be encountered in an optical storage system. As is discussed
in the incorporated Hutchins et al. ‘419 and ‘420
applications, othéf encoding and sampling systems are also
employed, such as class PR II encoding and second order
samples, as may be encountered in an optical storage system,
such as class PR IV encoding and second order samples, and
such as class Extended PR IV encoding and third order samples,
as may be encountered in a magnetic disk or tape storage
system.

For the purpose of disclosing the present invention, the
first order class PR I detection will be described, and one of
skill in the art will be able to extrapclate to other maximum

likelihood detection systems.



Defining: where g, =2 (p0 - P,) and P, _ -uo2 + ,2, where g2 = 2 (112 -
P3) and P2 = -P22 + P32, where g3 = 2 (P3 - lao) and P3 = -u32 + 1102; so
that DJk-, < g,yk + P1 ; and DJk-, > g2Yk + P2; then, Case 0 has occurred,
so that DO k = DJk-3 + g3Yk + P3 . - 2 F E B 2004 Zﬁ | { adk-l < 2 (uo -
ul) Yk + (-uo2 + ul2) ; and DJk-1 < 2 (u2 - P3) Yie ffEBZQU kp32) : then
Case 1 has occurred and DJk = 2 (u2-uo0) Yé +(-u22+uo2) Defining: where gl =
2 (uo - ul) and P1 = -u02 + ul2l where §: 2 (P2 - u3) and P2 = -u22 +
u32, where g4 =2 (P2 - uo) and P4 = -u22. + )]02 so that DJk-1 < glYk +
P1 ; and DJ),-, < 92Yk + P2; +then, Case 1 has occurred, so that DIk = g4Yk
+ P4. 3. |f DJkPér>tRe (UworpPtpYkd+iftaiOdstepla). ; ‘4 andJk420< 2 (u2 u3)
Yk + (-P22 + P32) ; then Case 2 has occurred and DJk = -0 k-1+2 (u2-ul) yk
+ ( - P22+Bbpp2iyabedbnsi ngie ovbenelgdampl2 (Woof A TPRI andtPh &=-td + 1112,
where g2 = 2 (112 - 113) and P2 = -P22 + P32, where g5 = 2 (112-Pl) and P5

=-P22+1112;function of input bits a,, and a,,. The goal of the maximum
likelihood detector is to produce an accurate estimate of the
channel input sequence {a,} by observing the pulse amplitude
modulated sequence {y,}. The maximum likelihood detector does
this by maximizing the likelihood function p(y,|sq; {a;}) =
D(Vilsk; {ac}), where s, = the initial state, and s, = the
current state. The probability of the given output sample at
time k depends only upon the current state of the system and
the possible input a, £ {0,1}. The total likelihood function
can be described as:

P(YelSoi {ax}) = I plyilsei {ax}) -

For this system, at any time k, there are two metrics:

= : .m(0) o +In(p{yc|sy = 0:a4)]
m(0), maleum’nul)kq+ln[p(ykSk = 1:a,)
. : m(0),,+In(p(vi|sx = 0:a;)]
N 1 = .
| m(l}), maleunlIn(l)b1+ln[p(yﬁsk = 1:a,)]
where s, = 0 if a8,, = @, and s, = 1 if a,, = al.

Referring to FIG. 4, for the first'ordér maximum
likelihood detector, there are four ways that the trellis
diagram can branch from one sampling time to the next,
respectively called "Case 0", "Case 1", "Case 2", and "Case

3m.



sorthat DJk-1 > 91Yk + P1 ; and DJk-1 < 92Yk + P2; then Case 2 has
occurred, so that DDk = -Di k-1 + 95A + P5. 2FEB2004 21 4 . If DJk.-, > 2
(Uo - pi) YKk + (-Po 2 + pie) ; and DJk-1 > 2 (u2 - P3) Yk + (-P22 + P32)
then Case 3 has occurred and DIk = 2 (P3-P1) Yk +(- P3 +P1 2) ; Defining:
where g, =2 (po - p,) and P, _ -p02 + pJ2, where 92 gh gggy,UB) and P2
= -P22 + u32 where g6 = 2 (u3-u,) and P6 =-P32+u, 2; Sso t , > glyk +
P, ; and DJk-1 > 92Yk + P2; then Case 3 HWas occurred, so that DJ k = g6Yk.
+ P6. The sanpl e out puts of the expected wavefornms are determned in the
incorporated Hutchins et al. "419 and 420 applications by nmeasuring a

nunber of sanpl ﬁso&@@éﬂ%efoorlnt RGe W@%ﬁx‘ﬁ’edangtgﬁi |t ;g theg nBan

val ues of each of the sanple points he metric coefficient nunerical
val ues. areq42bhgppeatsulced ther mbhe; dean prakyest 9 o haisSamplreromtput s,
thereby providing the numerical netric coefficients. Thus, the metric
coeffici enetanesderé v ifveam thplodidd enRnoeabetween met.riscs directly
associating "0" and "1" states of the recorded signal. The cal cul ated
nuneri cal coeffirohentendlaryiagpaiftetdm@te metrics:

1. For Case 0 to have occurred:
m(0) + 2ReYy=ho® > M(1) oy + 21y ,°

m(0)y + 2pyx~1° < m(1),, + 2pyy,—1,y°
Defining DJ, = m(1),-m(0),
if DIy < 2(1o = B Yk + (-Ro® + 1,%); and

DIy, > 2(hpy - ma)yx *+ (—p° + 132 ;

then Case 0 has occurred and DJ, = DJy; 2(u3-Hy) Y, +(-

Ha?+no°) 7
' Defining;
where g9, = 2(Re - Bn;) and P, = -p? + n,%,
where g, = 2(p, - p3) and P, = -u,? + p,3,
{ ) where g; = 2(p; - o) and P, = -p,2 + pg?s

so that DJ,., < g3¥x + P, ; and DJ,; > gaq + P,;
then, Case 0 has occurred, so that

Djx = DJy.y + gayx + Ps.



type of portable data storage nedia are stored in a | ookup table and
provided to the maxi mum i kel i hood detector when the type of nediais
identified as |oaded into the device. A portable renovable nedia nay be
identified, for exanple, 2 FEB 2004 22 externally by a |abel, or
internally by reading a menory chip, reading a unLyqng%Q ) ated code
fromthe nedia, or the first few bytes of the nedia ead nmay have
nore universal characters which are eas?Qy read which identify the nedia.
A nedi a detector may, for exanple conprise an optical reader or scanner in
alibrary for reading a label, a wireless interface for reading a chip, or
may conpri 8e | off D&RSs0d @t,ed pMivt h+ t hepot elad,hamndl , or, if in a library,
the library will know the nmedia type when sel ecting the nedia. Then,'

enpl oyi ng the nedi&..i dehti.ty, nillye hubrerf calwfletric coefficients are
selected fromthe | ookup table for the detected nedia. Thus, the nunerical
coefficients fothehéasgedi hpe orelizredmgst Bér knévH:1h) advdnee+uand t he
predeterm ned nunerical coefficients nust be stored and avail abl e for use.
Further, the cPefdti"éristics of the specific nedia nmust not be variable,
so that the sanme nunerical coefficients na% be used {for the nmedia w thout
change. However""¥€ di sclssed bhove opPfichl n®i a' i subject to change as
t he recording noves betmeen_t(ack§,%¥her§ Ehg _eufgctgve head to track
speed may changé.“or as Phe di'sk ~r'6faf@s, "t he Bffective head to nedia

surface angle my td 1t o = 5 - 1) and P, = 2 + p?s

'J so that DJ,, < g,y + P; 7 and DJ,; < gy, + Py,
then, Case 1 has occurred, so that

DJdy = guy« + Py.

3. If DI, > 2{p, - M) yx + (=12 + 1,%2); and

DJy.; < 2{(h, = P3)yx + (R + _P32)5

then Case 2 has occurred and DJ, = -Dj,,+2(p,-1;)yx +(-
LPSEAVIEY
Defining:
where g, = 2(py, — 1,) and P, = —-pg? + n,?,
! where g, = 2{y, - p3) and P, = -p,2 + n,?,
where gs = 2(n,-1,) and Pg =-p,2+n,%;

so that DJyx; > gy¥x + P, ¢ and DJyy < Quyyx + Py
then Case 2 has occurred, so that

Diy = -DJyy + Qgsye + Ps.



Tape nedia may fly at differing head to nedia spacfngs as the tape moves
fromone reel to the next and the tension or angle of the tape to the head
varies. Further, the flying characteristics of the tape nedia nay vary as .

the tape head is 23 - 2 F E B 2004 noved from one side 3§Ei£ pe to
tracks at the other side of the tape. Further, the sz ([ o imkﬁtable
renovabl e nmedia may not have an identification character that nmay be read
to identify the nedia and sel ect predetqﬁnined nunerical coefficients.

Referring to FIG 5, an exanple of signal to noise characteristics (SNR
gai n versus displacenment of the sanple fromideal 37) of maxi num

l'i kel i hood glet ectd @3 33 ang an anple,of .sigpal ;t® noise characteristics
of digital peak detéétioEHQZ é?g§?lldsy?age%prH% SNR gai n characteristics:

illustrate that thegjaccup of Xi |2i kel jzhood. detection 33 is
significantly greateF"lthaﬁg haﬁho Sggﬁhaetegi?on 32 when the digital
sanpl es are neartHehecexpestied aymRhirtedeady .pg, TAI s(jispihg Feasen Fhat
maxi mum | i kel i hood detection is highly desirable when it can be used.
However, maxi numdfiikehyhood detection 33 has a higher error rate and is
| ess efficient if the digital sanples are not at or near the expected
anpl i tude 37. Thusremaxi nunme Ri(kel- mebdardetRect i-o° Hag,’mot been used in
systens where the channel is highly variable or where the needed

predet erm ned niveeei cal @oef Rilgi entis) aared (PaavainAbt 6. The present

i nvention both provi des adaptabl e maxi num: N
where gs = 2(P3~1,) and Pg =-ps°+tp,~;

so that DJ,, > g,yx + P, ; and DJ,., > gyyx + P,;
then Case 3 has occurred, so tﬁat

Dij, = gy, + Pg.

The sample outputs of the expected waveforms are

determined in the incorporated Hutchins et al. ‘419 and ‘420
applications by measuring a number of sample outputs for the
waveforms, and calculating the mean values of eacﬁ of the
‘sample points; The métric coefficient numerical values. are
then calculated for the mean values of the sample outputs,
thereby providing the numerical metric coefficients.

Thus, the metric coefficients are derived from the
difference between metrics directly associating "0" and "1"
states of the recorded signal.

The calculated numerical coefficients for a particular
type of portable data storage media are stored in a lookup
table and provided to the maximum likelihood detector when the
type of media is identified as loaded into the device. A

portable removable media may be identified, for example,



| i kel i hood detection for a variable channel, and provides maxi num

| i kel i hood detection for nedia whose precise - 2 FEB 2004 24
characteristics are unknown and where there are no predeterm ned nuneri cal
coefficients. Still referring to FIG 5, digital peak detection 32,

enployed primarily with nmagnetic tape, or threshold defeotg - | oyed
primarily with optical nedia, are | ess aggurate than Er?a%ﬁﬁ@@@&ﬂ hood
detection if the equalizer for the M. det®ctor is properly set to equalize
to the target channel, but are capable of identifying a reasonable
proportion of the signals when the sanples are displaced fromthe expected
anpl i t ude. Rafensing vddi tizpeal | yrtntd@ally bhergaadisent navent i dnip,
conprises an adapter and a calibration system 34 for adapting a

pr ogr ammabl &= adiigigt al unbxd msah hbkel a beaddadist dcpor the rediar i abl ehehannel
output and for calibrating a programmable digital maxinmumlikelihood

det ect or framatnkKeewnydat avfi nha mkaoawt« dge rapdanamrtisatsl @ochannel out put ..
The adapter may identify the digital sanples of the recorded anal og

signal s corriespendi aatactare ohicheaygodanidy| rred ivoisdh d€apesipytifeans of
f eedback 35 fromthe maxi mum |i kel ihood detector 18 for, adapting the

maxi num | | Kegdifood Adee@Ea gtetegi obynagano e XamP ke nciRBa ivgntPi Rt $ood

detector 36 for adapting the maximum |ikeli hogd det e]c‘?teqoerl 18 gnd/ or .

cal i brati ngFIe TdEFeEFofner BXafplt &8 JFY n%?f F&2P it 3 i &Sithodd" Het Ector s 36
are dlgltalinterface for reading a chip, or may comprise logic associated
with the read channel, or, if in a library, the library will
know the media type when selecting the media. Then, employing

the media identity, the numerical metric coefficients are
selected from the lookup table for the detected media.

Thus, the numerical coefficients for the specific media
must be known in advance, and the predetermined numerical
coefficients must be stored and available for use. Further,
the characteristics of the specific media must not be
variable, so that'the same numerical coefficients may be used
for the media without change.

However, as discussed above, optical media is subject to
change as the recording moves between tfacks, where the
effective head to track speed may change, or as the disk
rotates, the effective head to media surface angle may tilt.
Tape media may fly at differing head to media spacings as the
tape moves from one reel to the next and the tension or angle
of the tape to the head varies. Further, the flying

characteristics of the tape media may vary as the tape head is



peak detectors for magnetic tape nmedia, and digital threshold detectors
for optical nmedia. 2 FEB 2004 25 As will be seen, the higher error rates
of the feedback of the maxi mum i kelihood detector 18 when identifying

di spl aced digital sanples 31, or of the non-maxi numlikelihood detector 36

when identifying displaced digital sanples 32 are redu <d-n rtance by
the present invention. Additionally referring to FIG.'Bifﬁﬂégkzgagance wth

the present invention, each digital sarfple identified as corresponding to
one of the maximum i kelihood states is partially accumulated with prior
digital sanples previously identified as corresponding to the maxi num

| i kel i hoodmsvatiefromhue, sEHG of tleprtepents brecksx @tpltbeodtlze s exiides obf
digital sanples (YK) 40-43. In the exanple, the sanples are separately

i dentifiedths tereesporrdbag. tohe mremiicuRrliXels FE8QVabae gnedia may jn

whi ch the present sanple represents a "1" and the inmediately preceding
sanpl e repnesehfye aan gdestaf écaipracdigrdghees Wath MaePpr 888HtES nventi on

when digital sanple 41 is identified as corresponding to the "0-1" maxi mum
|i kel i hood 168eAE&LY|%hq @eﬁé?t?%ﬁi|%F1§6&uﬁﬁﬁa?5ﬂrweda&éﬂgﬁéi?%bl i bration

system 34 with _the previous accunul ati on which includes prior digital
sanpl e 40. S8PATFGITYESwhen digital sanple 42 is identified as

correspondi ng t g phe, [0: 1, cexi uml ikeliboode state, b hsigartially
accunul ated wt fie 6%eV|ous accunulati on IC ncl udes prior digital
sanpl es 40characteristics (SNR gain versus displacement of the sample
: from ideal 37) of maximum likelihood detection 33 and an
example of signal to noise characteristics of digital peak
detection 32 are illustrated. The SNR gain characteristics
illustrate that the accuracy of maximum likelihood detection
33 is significantly greater than that of peak detection 32
when the digital samples are near the expected amplitude 37.
This is the reason that maximum likelihood detection is highly
desirable when it can be used. |
However, maximum likelihood detection 33 has a higher
error rate and is less efficient if the digital samples are
not .at or near the expected amplitude 37. Thus, maximum
likelihood detection has not been used in systems where the
channel is highly variable or where the needed predetermined
numerical coefficients are unavailable.
The present invention both provides adaptable maximum

likelihood detection for a variable channel, and provides

maximum likelihood detection for media whose precise



and 41. 'Further, when digital sanple 43 is identified as corresponding to
the "0-1" maxi mum li kelihood state, it is 2 FEB 200 26 partially

accurrul ated with the previous accunul ati on which includes prior digital
sanples 40, 41 and 42. A series of digital sanples is thus accunul ated for
each of the correspondi ng maxi mum | i kel i hood states. Tb'ezppgézﬂﬂ{f
accunul ati on preferably conprises accunulating a fracti én

identified digital sanple with 1 mnus 2he fraction of the previous
accurrul ation of the identified digital sanples. The accunul ati on may be
represented by the formula: Ak = (a) (yk) + (1-a) (Ak-1), where A

represent s chheaaesriBlidlsl aRe aNfk PowERMRSRAL Se theard raet hgn. As an exanpl e,
the fraction a may conprise 1/16th. Thus, each digital sanmple in the

accumul ati pregtastBimld inugebi ghesdoefifmeaehance to the accunulation, and is
then continually reduced in inportance by the fractional anmount (1-a) as
the next partiatiacoengrathontd srrades., dheipar tgaak @@@@ﬁﬂi@ﬁu@n in
accordance with the present invention insures that no one digital sanple
wi | | contrelplbeed detigramiingt vooh ofadriee igutepe cabr ddefebhol @éndestedidionat nost
wi Il have an inportance of (a)(yk). Thus, even should the detected
di gi tal safpPéobed eprigiiaddy, Wi He qmisidetianedaecumifl dieisena¢Akdateanitihlanbe
accurate. _ ) o ) ‘ ,
' maximum likelihood detection if the equalizer for the ML

detector is properly set to equalize to the target channel,

but are capable of identifying a reasonable proportion of the

signals when the samples are displaced from the expected

amplitude,

Referring additionally to FIG. 1, the present invention

comprises an adapter and a calibration system 34 for adapting

a programmable digital maximum likelihood detector to a

variable channel output and for calibrating a programmable

digital maximum likelihood detector from unknown data in a

known code at a variable channel output. The adapter may

identify the digital samples of the recorded analog signals

corresponding to one of the maximum likelihood states by means

of feedback 35 from the maximum likelihood detector 18 for

adapting the maximum likelihood detector, or by means of a

non-maximum likelihood detector 36 for adapting the maximum

likelihood detector 18 and/or calibrating the detector.

Examples of non-maximum likelihood detectors 36 are digital

peak detectors for magnetic tape media, and digital threshold

detectors for optical media.



Next , adapter/calibration system 34 enpl oys the accunul ated digital
sanpl es for each of the corresponding 2 FEB 2004 27 maxi num | i kel i hood
states, to determne the nunerical nmetric coefficients nmatching the
accunul ated sanples to the maxi num [ikelihood state, and sets (for
calibration) or updates each provided nuneri cal netric-q@é?Eﬁf?gQ& to a
value related to the determ ned matchi ng gfnerical coefficiéent. e
determ nation of the matching nunerical co€fficients is nade in accordance
with the cal culations of .the incorporated Hutchins et al. 419 and 1420
applications, enploying the accumulated digital sanples . as the nmean val ues
of each of the Asanjllebposedrs,. theehighet cecoef fiatieent f ntnericeabaval ues are
then cal cul ated for the accunul ated sanpl e values of the sanple points,
t her eby pre¥idisgadisunuieké tidloocbektiectentsy whedentift etlyiabove as "g"" and
as "P" As a specific exanple, in the equation where gl = 2 (po - pl) and
P1 = -pot dpatacachdigétahusandles ¥al uer ¢oOrthpo nos-mapinyed itkelphocess and
calculate the numerical coefficients gl and P1. The accunul ati on val ue for
po is al sodeEAVYSE rBeeal dantdtfyiagcAliopladnd Mimditneasamulets B8i anes in
which po is ghconstituent. Thus, each accunulation is for a single sanple

oint p", BAYECH " adBBREF A TOP W EPGePEPF Rt STIeNtiAlmeri cal coefficients
ah' h f il h I ' Furt ' d ith th t

ich utilizet .Sa point. FEur ger cardance e _presen

i nvention, if tﬁé?f%%gg?gl%aﬁﬁé?xﬁggi 8nfi$i§% iR 8693h%¥ ] e thnFEfal
values of rosent invention, each digital sample identified as
corresponding to one of the maximum likelihood states is
partially accumulated with prior digital samples previously
identified as corresponding to the maximum likelihood state.
Thus, FIG. 6 represents one example of a series of digital
samples (y,) 40-43. In the example, the samples are separately
identified as corresponding to the maximum likelihood state

"0-1", in which the present sample represents a "1" and the
immediateiy preceding sample represents a "0" state.

In accordance with the present invention, when digital

sample 41 is identified as corresponding to the "0-1" maximum
likelihood state, it is partially accumulated by

adapter/calibration system 34 with the previous accumulation
which includes prior digital sample 40. Similarly, when
digital sample 42 is identified as corresponding to the "0-1"
maximum likelihood state, it is partiaily accumulated with the
previous accumulation which includes prior digital samples 40

and 41. Further, when digital sample 43 is identified as

corresponding to the "0-1" maximum likelihood state, it is



the coefficients may be set to a null or to assunmed generalized val ues,
and a set to a very high fraction, such as 2FEB2004 28 1/4, so that the
coefficients are adjusted very quickly. Once the ML detector is running

snmoothly, the a is reset to a nornmal value, such as J.L%F@Bsmgﬁ
accordance wth the present invention, if the nedia doe ge

characteristics rapidly, but rather chal§es over a large string of
recorded data, the step of determ ning the progranmmbl e nunerical
coefficients may conprise setting a to a very small fraction, such as

17100, or ey, Gquprise responding fo. very iLh.ong.ofde greupul at ed

digital s rates an ‘enbodi nmen a maxi num i kel i hood

det ect or and .adapt er/cal jbr.ati,o f th resent, J tien, and
FIGS. 8A and %% Pﬁ%??a?%9€§ﬁia Pné%%%qgg fﬁegn§e§%bd'ﬁﬁééy{gg bF

adaptiVE/C'|ﬁg&ﬁtE§§P9£53B§Hﬂgg%kkégﬁ%y < det-eckipnor ofnd he present

i nventi on. e enb ment of i mplemented by logic circuitry

or in a COmPUAN, PLIRESRLE:mBl 1iR%18nE6QMakison. Asynchronous digital
sanpl es may be provided froman equalizer (26 in FIG 1) for the maxi num

l'i kel i hood det egic0raratal tdumlQBri6al pesgke Mu@ITokeri alt put to the maxi num
| i keli hood detector. In the illustrated enbodi nent, the interpolation to

t he synchraneus: ditgingak saapd @s o esaducied i fhydadignter pehatorwlOi. 1t is
al so possible to equalize after

1 minus the fraction of the previous accumulation of the

identified digital samples. The accumulation may be

represented by the formula:

A = (o) (yx) + (1-a) (Aea),

where A represents the accumulation and o represents the
fraction.

As an example, the fraction o may comprise 1/16th. Thus,
each digital sample in the accumulation starts at its highest
importance to the accumulation, and is then continually
reduced in importance by the fractional amount (l-a) as the
next partial accumulation is made.

The partial accumulation in accordance with the present
invention insures that no one digital sample will control the
determination of the numerical coefficients, but at most will
have an importance of (a) (yx). Thus, even should the detected
digital sample be erroneous, the resultant accumulation (&)
will be accurate.

Next, adapter/calibration system 34 employs the

accumulated digital samples for each of the corresponding



i nt'erpol’'ation. Thus, the asynchronous digital sanples are delayed by del ay
102 to match the propagation of clock signals 2FEB2004 29 which are
supplied at inputs 105. Interpolator 101 enploys the clock signals to
provi de the interpolation between asynchronous digitgquggz§2zgﬁpo to
provi de the estimated synchronous digital sanple yk on®l'i T which is’
the estimted signal anplitude at the point as the cl ock phase <crosses a

synthetic synchronous time boundary. A 27gnal on |ine 107, called
"t _qual", indicates that the digital sanple on line 106 is valid and is
"qualified". In a synchronous environnment, such as many magnetic hard di sk

drives, i pbgipohat Ofe lidboandtseday t0dcakenn¥ fRAWRRH  candyde ¢ di gi tal
sanpl es are provided directly on line 106. The synchronous digital sanple

yk I's thencpeayideent® ratenihl tiletecion1il8s Fhe disgicbak hsampl Buirs al so
del ayed to conpensate for ML state identification by delay 108, the

del ayed safpkelibsogrataae, asndksedn @Fecordansceatid) heupnsospasasred
Hutchins et al. 1419 and 420 applications, the digital sample yk is
suppl i ed t prokédedemsreatiicaddmeexi orurodfifkeli ehooth detvadtier ré18ted tids sanpl e

i nputs. The maximum |ikelihood detector nmay operate as an adaptive maxi mum
| i kel i hood tHet determigrsh mahabled bynexisignabef Dirildnte 1The or may operate
as a non-adapting maxi num |ikelihood detector with programmbl e
coefficien9§ ppmination of the matching numerical coefficients is made

in accordance with the calculations df the incorporated

Hutchins et al. ‘419 and ‘420 applications, employing the

accumulated digital samples as the mean values of each of the

sample points. The metric coefficient numerical values are

then calculated for the accumulated sample values of the

sample points, thereby providing the numerical coefficients,
identified above as "g," and as "P;".- As a specific example,
in the equation where

gy = 2(py, - 1) and P, = -ps® + p,?%, the accumulation.value
for p, is employed to process and calculate the numerical
coefficients g, and P,. The accumulation value for p, is also
employed to calculate each of the numerical coefficients in
which yp, is a constituent. Thus, each accumulation is for a
single sample point p,, and each accumulation value affects all
numerical coefficients which utilize the sample point.

Further in accordance with the present invention, if the
media cannot be identified in advance, the initial values of
the coefficients may be set to a null or to assumed

generalized values, and o set to a very high fraction, such as



accordance with the incorporated Hutchins et al. 1419 and 1420

applications if not enabled by a signal on |ine 111. The 2 FEB 2004 30
programed nunerical coefficients may be provided froma mcroprocessor on
lines 112. The nunerical coefficients are provided to the r ogr anmabl e

regi sters 114. The registers 114 and i nput 106 are-provi@ ZHU# sanpl e
|l ogic of the multiple difference netrigdecision block 118 Ich al so
conprises the relational |ogic and sel €tor of the incorporated Hutchins

et al. 1419 and 1420 applications. The relational |ogic of block 118
provi des a previous netric which conprises a difference netric function of
a previousldigi sal tsanpihe deef fedi drtemadief féj esioad vieatyr gasckBpr eanki ng t he
di fference between netrics directly associating "0" and "1" states of the
recorded sitfAa¥/L Thetedsiredsoruisi nousloetihl v, t tree sanpl ecbegito and to t he
relational logic for selecting the one of the respective generated
al t er nat i vBOEBRE | €314ghi ctichi AP Zk&s t he nean squared error W th respect to
the previous nmetric and for selecting one of the derived difference
metrics. AdditidhaPI3n agrerdaretdd d8ei PEYSH T Harientéonet ¥F Cheonpri ses
the previous netric for a followng the dl%ital sagple. A maxi mum

0

i kel i hood™BatR JAeHOIF £17P8 CHIAEE t6the S¥1iétdtior PUt oF2ihfent i fyi ng t he
00 oL NEpEhLLSHIATEeL 9h T I kel hood £ascs [enresented by, (e
finite casgs:apdihfnd&he Rry FBXAIBAY numerical coefficients may
comprise setting o to a very small fraction, such as 1/ib0, or
may comprise responding to every nth one of the accumulated
digital samples.
.FIG. 7 illustrates an embodiment of a maximum likelihood
detector and adapter/calibration system of the present
‘invention, and FIGS. 8A and 8B illustrate embodiments of the
method.of adaptive/calibration of maximum likelihood detection
of the present invention. The emquiment of FIG. 7 may be
implemented by logic circuitry or in a compufer processor, or
by a combination.
1_' Asynchronous digital samples may be provided from an
equalizer (26 in FIG. 1) for the maximum likelihood detector
at input 100, called "MLOUT" for output to the maximum
likelihood detector. In the illustrated embodiment, the
interpolation to the synchronous digital samples is conducted
by an interpolator 101. It is also possible to equalize after

interpolation. Thus, the asynchronous digital samples are

delayed by delay 102 to match the propagation of clock signals



| i kel i hood state dictated by the identified one of the finite states, the
set maxi mum | i kelihood state detecting the -2FEB2004 31 recorded anal og
si-gnal s. A decoder 120 is coupled to the maximum likelihood path nmenory
for signaling the set maximum |ikelihood state, converting the state to
the NRZ data. For enbodiments of the invention which ac@oRERPFAC PRV
channel s, such as class PR IV encoding and second order sanples, and cl ass
Ext ended PR |V encoding and third order 28anples, the path nenory 119 nay
be as long as 16. In accordance with the present invention, one accumul ator
122 is provided for each sanple point p,,. The accunul ators each conprises

both a registier hppudydbhdcandeai RFOG amwabl ene & 80 1@r 184 Epp1g§ach of the
sanpl e val ues. Once the accumrul ation is acconplished, the calculation of

the coefficgieenl 6ck Ss affaRPkbspesh e tdhe AHLé +pd @ tdidif eeeneenmetric
deci sion block 118 in accordance with the incorporated Hutchins et al.

"419 and " 429nappbhedd idIRS tatakbath Béd N@ot e preide teeebktehendéq numeri cal
val ues for the accunul ated values of the sanple outputs for the

cor r espondisygchaxhouindiddelkilheadplstgt es. 1 Fia 906, t heicorteatheaccunul at or
122 must be selected for accumulating the synchronous digital sanple yk as
del ayed, tketidelayesi @ aipkepdésidmattedhaspykat dan tdecoldahcehaw¢ h t he
present invention, and referring additionally to FIG 1, the adapter may
identify tK&ECaPgFt al SWHMsItés ¥n¢hecr@otdeg boundary. A signal on

line 107, called "t qual", indicates that the digital sample
on line 106 is valid and is "qualified". 1In a synchronous.
environment, such as many magnetic hard disk drives,
interpolator 101 and delay 102 are not required, and the
digital samples are provided directly on line 106. The
synchronous digital sample y, is then provided to the M/L
detector 118. The digital sample is also delayed to |
compensate for M/L state identification by delay 108, the
delayed sample designated as y,,.

In accordance with the incorporated Hutchins et al. ‘419

and ‘420 applications, the digital sample y, is supplied to the

R

generalized maximum likelihood detector 118 at its sample
inputs.

The maximum likelihood detector may operate as an
adaptive maximum likelihood detector when enabled by a signal
on line 111, or may operate as a non-adapting maximum
likelihood detector with programmable coefficients in
accordance with the incorporated Hutchins et al. ‘419 and ‘420

applications if not enabled by a signal on line 111. The



anal og signals corresponding to one of the maxi numlikelihood states by
means of feedback 35 fromthe maxi mumlikelihood 2 FEB 2004 32 detector

18, enploying the maxi num | ikelihood path nenory 119, or by neans of a
non- maxi mum | i kel i hood detector 36. Exanples of non-nmaxi mum i kel i hood
detectors 36 are digital peak detectors for magneti c'-t-aZJFErgd?@Qlfand
digital threshold detectors for opticalggmedia. Additional delays of the
digital sanple ykd corresponding to one of the maxi num|ikelihood states
to the adapter 122 are required to conpensate for the processing of the
multiple difference netric decision block 118 and for the maxinmum

| i kel i hood>ysettiemmedpnyndacalorcokSf i €hentpy dieys Hengrovidert e amaxi mum

| 'i kel i hood detector 36. Wth the various delays, the sanple is

synchr oni Z&¢ sAIeceRect dehtd ¥esattdn of the sanple. NRZI deskew 125 and
decoder 126 determ ne the maxi num |ikelihood state that corresponds to the
digital sanpl e Tor DHBeT}erbreRsd fARAPBES Fih& "o VEBRIsE? €S on of the correct
adapter 122 for a non-naxi mum | i kel i hood detect or ._The NRZI skew
synchr oni ZFLYREZ0L GaF e it 1§grrplr'éh‘ie r'om’ 3?6&6%3%‘%%% Iflﬁ s 127 and

128 to the data stre i th the. clock. si lL.s an_lines,. a 130, and
| oads the Uat z?,ro\}’iléje?run}?;A%I]%xsfrmpfﬁl?ggf%tcgp%hlgomﬁgﬂﬂ%?e 1%%%%ﬁggg%xarrpl e,

the data i .qvigd i , rd2 nd. L S ndi val i d
For | oadi ny oy S Eratlh HhoD: A R T Sl et e i e of
data, inclighing dnke sBRsttsL£CENtrhel $ntBHSo S QILUuLBNIRNE & BQ. 1419

’ j and ‘420 applications. The relational logic of block 118
provides a previous metric which comprises a difference metric
function of a previocus digital sample derived from difference
metrics representing the difference between metrics directly
associating "0" and "1" states of the recorded signal. The
selector is coupled to the sample logic and to the relational
logic for selecting the one of the respective generated.
alternative metrics which.minimizes the mean squared error
with respect to the previous metric and for selecting one of
the derived difference metrics. Additionally, the selected
derived difference metric comprises the previous metric for a
following the digital sample. A maximum likelihood path
memory 119 is coupled to the selector, for identifying the one
of the finite number of maximum likelihood cases represented
by the selected metric. The path memory responds to the
identified one of the finite cases and is set to a maximum

likelihood state dictated by the identified one of the finite

states, the set maximum likelihood state detecting the



132 and'is provided to decoder 126. The decoder 126 interprets the
sequence of data and determ nes the correct 2 FEB 2004 33 adapter 122
corresponding to one of the maximum|ikelihood states. Alternatively,
feedback 35 fromthe maxi mum |i kel i hood detector nay be |l oyed to
determ ne the maxi num |likelihood state that corresponds Ze?)EB)elzaUél t al
sanple. The maxi mum |ikelihood feedback _35 is selected by a signal on line
137 which switches nultiplexor 131 to géﬂe t he feedback 35 rather than
non- maxi mum | i kel i hood data 133. Qualification signal 107 sequences the
maxi mum | i kel i hood detector and is also enployed to sequence the

mul ti pl exorek3tqandafd f{d Rufghan s132n ddider148o of s thapaeheebeghd Nth) one of,

the adapters 122 is selected by the decoder 126 and accunul ates a fraction

of the iderkiifued) ded BpebddipdlhahefaplRrykdgimbtingl tHenystt hgxidumction of
a previous accunul ation of the identified digital sanples. As discussed
above, theldaceunubatii Stuiey daverepiesenrt edaby thefommil aatdk = (a) (Yk) +

(1-a) (Ak-1) where A represents the accunul ation and a represents the
fraction. The | @gircerfd®d ireuns smay toarpiriveatanni wiiali taecdonpubsee x@sponse
filter (IR for filtering or averaging the identified digital sanples. As
is known t #RMhosbaohebki |dudhnast heéasg tER [IVReheddiors araly sbeondpbeient ed i n
fixed | ogic or ' _

samples, and class Extended PR IV encoding and third order

samples, the path memory 119 may be as long as 16.

-;'/ In accordance with the present invention, one accumulator
122 is provided for each sample point p,. The accumulators

each comprises both a register input 110 and a programmable

register 114 for each of the sample values. Once the

accumulation is accomplished, the calculation of tbe
coefficients is accomplished by the multiple difference metric
decision block 118 in accordance with the incorporated
Hutchins et al. ‘419 and ‘420 applications, célculating the
metric coefficient numerical yalues for the accumulated values
of the sample outputs for the corresponding maximum likelihood
states.

First, the correct accumulator 122 must be selected for
accumulating the synchronous digital sample y, as delayed, the
delayed sample designated as y,y. In accordance with the
present invention, and referring additionally to FIG. 1, the
adapter may identify the digital samples of the recorded
analog signals corresponding to one of the maximum likelihood

states by means of feedback 35 from the maximum likelihood



programed into progranmabl e | ogic processors. As one exanple, the
fraction a is set at input 148 and nmay conprise 2FEB2004 34 1/16th. Thus,
each digital sanple in the accumulation starts at its highest inportance
to the accunmulation, and is then continually reduced in inportance by the
fractional amount (1- a), which is set at input 149, e.Q. E\B f6ths, as
the next partial accumulation is nade. rein, the terns accunul ator ",
"accunul ate", etc., also conprise " averagzr ", "averaging", "filter",
"filtering", etc. In accordance with the present invention, the

accunul ation is made on a continuing basis for each identified digital
sanpl e anddptevtsed d,0 empeoyaid itplee mdiki @t enoe 1TBbbHCpatieGh&iay Bhock 118
to determine the matching one of the programmbl e nunerical netric

coef fici ents.by mddres alfouenoexanien 1 heel tenid tieedcdbgi 36l saapbessmy be
accunul ated to provide the accunulations Ao - A3 for po - P3 in the
equat i ons of oromeatarimuni hjkt hiharat detagt pro@armebbégntamerpead netric
coefficients g, - g6 and P, - P. If the conputation of the coefficients is
rel ativel ydes¢oprorfloy mgenstint Wagieginedlasany eigayabetmoeimildat ed under
the control of input 141 for determ ning the programmable nunerical metric
coef fi ci entREHREVH 91t RBLHFRY tidiganpl es to the one of said maxi mum

| i kel i hood. star{%f . .Thus, the required |logic to conduct the parti al
accumul ati on andf e 8gi deAys ¢ thl PPt disPrelBnde RRFFFPUEENSi on

bl ock 118 {8 8§g€ggﬁt%% &Qgimum likelihood states to the adapter 122 are
! required to compensate for the processing of the multiple
difference metric decision block 118 and for the maximum
likelihood path memory 119, or for the processing of fhe non-
maximum likelihood detector 36. With the various delays, the
sample is synchronized with the identification of the sample.
NRZI deskew 125 and decoder 126 determine the maximum
likelihood state that corresponds to the digital sample of the
recorded analog signals for selection of the correct adapter
122 for a non-maximum likelihood detector 36. The NRZI deskew
synchronizes the actual digital sample from detector 36 from
1ines 127 and 128 to the data stream, with the clock signals
on lines 129 and 130, and loads the data, via multiplexor 131,
into FIFO buffer 132. For example, the data is provided on
line 133, called "d2", and is indicated as valid for loading
by a signal on line 134, called "v2". The moving sequence of
data, including the most recent, is thus stored in the FIFO

132 and is provided to decoder 126. The decoder 126

interprets the sequence of data and determines the correct



mat ching (N) programmabl e nunerical netric coefficients may be relatively
i nexpensive and slow if desired. 2 FEB 2004 35 Specifically referring to
FIG 7, multiplexor 145, when set to "0" recycles a previous accunul ation
of logic 140 for the Nth accunmulator 122 at line 144 fromregister 146,
and, when triggered by input 141, gates a neM/partiaL-ép I ?n from
logic 140 to nultiplexor 147 and regi ster 146. The accunulation Is

provi ded at output 150 to the nultiple gifference netric decision block
118. As illustrated in FIG 7, a single accunulator 122 may be enpl oyed
for accunul ation of sanple values for the determ nation of certain

programmabl_e_nuner | netric coeff|C|ent chi n l'i kel i hood
state, or ﬁgaBF *gfixHFe§88BﬂuT%torémf25§ gﬁél&g@%\@ gﬁggﬁgbnu ation for
each of a gggglty of digital sanples natchlng a plurality of maxi num

i kel i hood™s The feedback 144 of the accunul ation of each of a

plural ity of acgymilalarng 122 atay. s tretapnd 1185 bA211 DL e out put

150 of the accunulation eac the plurality of accunulators 122 are

depi ct ed agiethbpgs A53 baMehopeeVi deidthemareumd aiad mdhgited) SR/HRl es to
the multiple difference netric decision block 118 in accordance with the

i ncor por at ed abdt €RhAScBtredbondd10c ank 120 taappdrisias.i onse horigal cul ating
the nmetric coefficient nunerical values for the accunul ated val ues of the
sanpl e out pukelfbsodt freedbacikesponsi swf arreidnmom & i kiedridiood 3tad €37
which switches multiplexor 131 to gate the feedback 35 rather
i than non-maximum likelihood data 133. Qualification signal
“ 107 sequences the maximum likelihood detector and is also
employed to sequence the multiplexor 131 and FIFO buffer 132.
Logic 140 of the selected (Nth) one of the adapters 122
is selected by the decoder 126 and accumulates a fraction of
the identified delayed digital sample y,s with 1 minus the
fraction of a previous accumulation of the identified digital
sanples. As discussed aboVe, the accumulation may be
represented by the formula:
Ay = (o) (v} + (1-o) (R,
where A represents the accumulation and o represents the
fraction.
The logic 140 thus may comprise an infinite impulse
response filter (IIR) for filtering or averaging the
identified digital samples. As is known to those of skill in
the art, IIR filters may be implemented in fixed logic or

programmed into programmable logic processors. As one

example, the fraction o is set at input 148 and may comprise



Conventi.onal calibration logic 160 is illustrated in FIG 7 for the data
det ector enpl oying the non-maxi mrum | i kelihood 2 FEB 2004 36 detector,

e.g., for averaging, and nay be provided for initial calibration or for
detection of the type of nedia and detection of the encoding format of the
medi a so that the correct maximum likelihood equati o-nQ E@chlfl cients
may be selected. Alternatively, signal 150 is a good estimate of the nean
for the bit sequence. Thus, a nean may Rg generated w thout a full sunmer
and counter by setting & to a | ow nunber and reading output 150, e.g., by
a mcroprocessor. Once the encoding format is determ ned, the nunerical

metric coefficlents I vedH 1;36¢91 danksL Mithh thBeactheorfraraat edalbuschi ns
et al. 1416J2%%$L428g§%bl$%%ti5%5 and stored in a |lookup table are

selected whan e pgptab! smdicd ochayi g thieuhanactsy i atd as isendent fi ed
as |l oaded into the “device. In accordance with the present invention, the

adapters 122,:0fn{h8yPLESEMJ 1RV aRbbeDaf®y Bl steberattiorzed a@uadapl -t he
maxi mum | i kel i hood detector fromthe predeterm ned nunerical coefficients.

Thus, ratheg) t han i nectéy $r avipditng4bhee. predet @i Aks nuarertiheainext
coefficients, the nmean val ues enployed for determ ning the nunerical
coef fi ci entgamrglprocudetat teamis medeookiigpreidabl éhsy tER8S mi cr opr ocessor at
line 112 to multiplexor 147. Input 154 then operates nultiplexor 147 to
gate the tabiecurodlaprial lectwnulediest efta46,2 i CORBT 68T pLdVoFR It
“averaging”, “filter”, “filtering”, etc.

In accordance with the present invention, the
-accumulation is made on a continuing basis for each identified

digital sample and provided to the multiple difference metric

decision block 118 to determine the matching one of the

programmable numerical metric coefficients. In the above
example, the identified digital samples may be accumulated to
provide the accumulations A, — A; for p, - ps; in the equations
for determiﬁing the matching programmable numericél metric

coefficients g, - geand P, - Psg.

Tf the computation of the coefficients is relatively
slow, only every nth digital sample may be accumulated under
the control of input 141 for determining the.programmable
numerical metric coefficients matching the digital samples to
the one of said maximum likelihood states. Thus, the required
logic to conduct the partial accumulation and the logic of the
multiple difference metric decision block 118 to determine the
matching (N) programmable numerical metric coefficients may be

relatively inexpensive and slow if desired.



the register conprises the feedback on Iine 144 to be -2FEB2004 37
partially accunul ated by logic 140 with the digital sanple provided on

| ine 109. Thus, the nmaxi mumlikelihood detector is initially preset wth
t he mean val ues which conprise the basis for the progrézggggféﬁﬁrlca
coefficients, and are then adapted by the digital sanpl ﬁatlvely,
t he programmed nunerical coefficients be directly provided to the
programed registers of the nultiple di-fference netric decision block 118
in accordance wth the incorporated Hutchins et al. 419 and 1420
applications, and the adapters 122 then selected by inputs on |ines 141.
Addi tional Iy, t$Reqifdsedtlyi pobaxiiong ﬁpoﬁﬂﬁes7rnﬂw#ﬁﬁﬂleﬁpﬁeiﬂﬁodﬂmﬂbtect|on
for media whose precise characteristics are unknown so that_ there are no
predet er ni A8 RANE}| d@FYCé8§f$|%V@Hﬁ§saﬁﬁcﬁﬁ%}%?6?bCﬁblPﬁbFe1%$t?Pbs I'n

either situation, the initial_ setting of _the register g ?

m cr opr oce§88r Ngk ?qQR?Uffﬁoﬁa§2%Hﬂé]H@etﬁé4a§§ gﬁigﬁér fPz e Val ues or
null. In which case, |n|t|a set . to_a high fra tion at |n ut 148,
such as 1/er8n8rﬁg%?5%9 |fP%TWyi¥heﬁ@$8Fe s%?wgba%ﬁL af CrHpua Y 2@‘ Once

the maxi mum |1 kelihagd det £t el,] 90" dn PO flokr 24 bhen reset to a
4

nor nal value

accumulation is provided at output 150 to the multiple
difference met;ic decision block 118.

i As illustrated in FIG. 7, a single accumulator 122 may be
empioyed for accumulation of sample values for the
determination of certain programmable numerical metric
coefficients matching one maximum likelihood state, or a
plurality of accumulators 122 may provide an accumulation for
each of a plurality of digital samples matching a plurality of
maximum likelihood states. The feedback 144 of the
accumulation of each of a plurality of accumulators 122 are
depicted as lines 152, and the output 150 of the accumulation
of each of the plurality of accumulators 122 are depicted as
lines 153, which provide the accumulated digital samples to
the multiple difference metric decision block 118 in
accordance with the incorporated Hutchins et al. ‘419 and ‘420
applications, for calculating the metric coefficient numerical
values for the acpumulated values of the sample outputs for
the corr?sponding maximum likelihood states.

Conventional calibration logic 160 is illustrated in FIG.

7 for the data detector employing the non-maximum likelihood



38 FIGS!' 8A and 8B illustrate an enbodi nent of alternative nethods in
accordance with the present invention which my be inplenented in the
adapter of FIGS. 1 and 7. In step 200, the type of nedia and the encodi ng
format of the nedia are detected so that the correct maxi mum i kel i hood
equations nay be selected. Step 201 determ nes whether_ Rhﬁ@ ?'éma tabl e
entry for the particular nedia. If there,js an entry:i t , "YES",
the table entries for the type of medi a3%r e provided in step 202. As

di scussed above, the table entries nmay conprise either the nmean val ues
whi ch conprise the basis for the programed nunerical coefficients which
are enterdttdntdr,ne.4l2 for midraoliayor add mayobemayoudagd i e tihetial
programed nunerical coefficients which are directly provided to the

pr ogr ammedcakigisttéos of fde daflddtploe dif flee enge wét mpdia dewl si on bl ock 118
in accordance with the incorporated Hutchins et al. 1419 and 1420 .
appl i cat i ogtedfianhefethe eemeodiald doeneties tfhor meHaat gpetlvit wdgi a, or the
type of nedia is undetectable, "NO' in step 201, but the encoding fornmat

i s known, SEfECIOBagéngmal bkl ihopd gpuasiqug angh@oedficberlenpraPy val ues
and sets the nultjplexor 147 to a null or_ a generalized value. Then, in
step 210, e Ue bttermat Al pideBrL 1450 i regPetefSuYB % °Luppfi ed on
out put 150 and the detector calibrates or_updates the progranmmmabl e

urer | cal R 11 GHEPEh SEROAICe GREh T HEThaaYpas o e A4IE

utchi ns et al.

~419 and \ﬁfgkdﬂgﬂg %ﬂﬁ&ogﬁmmé¥f%%d %o%%tégﬁgﬁ%ggiing & to a low number

oy and reading output 150, e.g., by a microprocessor.
z Once the encoding format is determined, the numerical
metric coefficients derived in accordance with the

incorporated Hutchins et al. ‘419 and Y420 applications and

stored in a lookup table are selected when the portable media
having the characteristics is identified as loaded into the
device.
In accordance witﬁ the present invention, the adapters
122 of the present invention may also be utilized to adapt the
maximum likelihood detector from the predetermined numerical
/ coefficients. Thus, rather than directly providing the
predetermined numerical coefficients, the mean values employed
 for determining the numerical coefficients are provided from
the lookup table by the microprocessor at line 112 to
multiplexor 147. Input 154 then operatee multiplexor 147 to
gate the table lookup value to register 146, and the output of

the register comprises the feedback on line 144 to be



accordanice with the incorporated Hutchins et al. 419 and " 420
applications, the programmabl e nunerical netric coefficients are applied
in step 211 to each of the digital sanples of step 212 to generate
alternative netrics. In step 213, a stored previous netric is provided
whi ch conprises a function of a previous digital sanp#eZl?EE?Q@ 4214 t he
one of the respective generated alternagive netrics is selected which

m nimzes the mean squared error with respect to the previous netric of
step 213. The selected netric is then stored in step 213. In step 215, the
one of the finite nunber of maxinmum|likelihpod cases is |[dentified which
i s represeRBEHIBYY tAFEVEELBERR PG E SAOsYED 2% dAE%Ba]st%aé“pzlfS in
response to th |dent|f|eg ne of the finite maxi numlikelihood cases,
sets the nHxPHH ?l%bﬂﬂﬁSO gath nennry to a naxinun1 Iikelihood state

di ctated by the dentified o 0Q
set HBX|nun1I|kel??uxﬁ? snglmumci lho e ?%E%ﬁt 1 lﬁné 65 s%f] ‘§°and t he

dat a r epr ese0l et By, e goor &ﬁdchar 2893 8b 9081 S48 Prgyi fed at data out put

step 220 accordance w I'nvention, as alternatives, the
mexi mum | 5%1;9%%&%%@&9516@&&1@&%&9 Lhe ékeé(tth@'ngbégﬂ)t&ﬁw enykd is
provi ded erthér by feedback from the detected maxi mum i kelihood state for
that digitalqsanpl &amgdirsstep 225 or by detection by a non-nmaxi num

| i kel i hood 3etector and decoder 126, in step 226. Connector 227 leads to
40 ° 2 FEB 2004Atterraarntilfi calié girafraihednaxhatindli kekifivotkratsatmayof step
225

naxi nu d cases. The

be directly provided to the programmed registers of the
multiple difference metric decision block 118 in accordance
with the incorporated Hutchins et al. ‘419 and ‘420

applications, and the adapters 122 then selected by inputs on

lines 141.

Additionally, the present invention provides maximum
likelihood detection for media whose precise characteristics
are unknown so that there are no predetermined numerical
coefficients and therefore no table entries.

In either situation, the initial setting of the register

V:f 146 by the microprocessor at line 112 may thus be the assumed
generalized values or null. 1In which case, o is initially set
to a high fraction at input 148, such as 1/4, and 1-u is
initially therefore Sef to 3/4 at input 149. Once the maximum
likelihood detector is running smoothly, o is then reset to a

normal value.



or 226 in step 230. In step 230, the accunul ator 122 for that identified
maxi mum | i kel i hood state is selected. In step 232 at the selected

accurul ator 122, logic 140 partially accunmulates the identified digital
sanple Ykd from step 233 with the previous accunul ati on. As di scussed

above, the previous accunul ati on conprises an accurrul_az Eglgfzgfgf
identified digital sanples, alternatively conprises a'v f eps 205

and 210, or alternatively conprises an BBitial nmean value which conprises
the basis for the programred nunerical coefficients of steps 202 and 210.
The accunul ation of step 232, as discussed above, may be represented by

the formula: Akrrsd.alal ¥k B (ilra)stiAkelhn Wari®s ifeh€PbeSENE Srridte ve
accurul ation and a represents the fraction. The accumul ation value is

stored in neghsderinl4Gcandahed wihackhtopbespat tiralehny iascumbrateg weth the
followng identified digital sanple. Al so as discussed above, each
i dentifi edidpbértealt eslanpl ehevyddye eacofmaiatedl @rd dach nth digital sanple
may be accunulated. In step 240, the nultiple difference netric decision
bl ock 118 det erin rgspt RE0pr Dy srmpeblod mades i ena ddfef porediny farowtt hé out put
150 in accordance with the incorporated Hutchins et al. 1419 and 1420
appl i cat i ohBe mdiPFERR004t Sobere it h2%0 thhepo Bsfite 85 iman skide 12hgod or
calibration or,updatin% of the programuabl e nunerical netric coefficient
equations may be selected. " Step 201 determines whether there

is a table entry for the particular media. 1If there is an
entry in the table, "YES", the table entries for the type of
media are provided in step 202. As discussed above, the table
entries may comprise either the mean values which comprise the
basis for the programmed numerical coefficients which are
entered by line 112 to multiplexor 147, or may comprise the
programmed numerical coefficients which are directly provided
to the programmed registers of the multiple difference metric
decision block 118 in accordance with the incorporated
Hutchins et al. ‘419 and ‘420 applications.

If there are no table entries for the type of media, or
the type of media is undetectable, "NO" in step 201, but the
encoding format is known, step 205 sets o and l-a inputs 148
and 149 to temporary values and sets the multiplexor 147 to a
null or a generalized value. Then, in step 210, the value of
the multiplexor 147 in register 146 is supplied on output 150
and the detector calibrates or updates the programmable

numerical coefficients in accordance with the incorporated

Hutchins et al. ‘419 and ‘420 applications. Also in



determned in step 240. Step 251 determ nes whether the a of step 232 was a
tenporary setting. If so, "YES', step 252 determ nes whether the |ast
accurul ated sanple or all of the accunul ated sanples of seteps 232 have
stabilized so that the maxi numlikelihood detector is running snoothly.

This nay be acconplished by counting the nunber of sampl g have been
accunul ated, e.g., 100 of each sanple { nt, or by. nggJﬁE£$ epﬁe changes

in the accunul ated val ues against thresholds. |If the detector is not yet
snooth, "NO' in step 252, the tenporary a setting is nmaintained. If the
detector is snooth, step 253 resets a to the normal setting. If only the

| ast accunmakatedaseapliehpohat in¢erpastted Hntshiops 282 alst epl 258 dnl4¢0r eset s
a for that sanple point. If all sanple points were tested in step 252,
then stepaRB3icesklss altheapseyrdmgd lieo nnoehbtal THISict heehbthigdhténd t he
adapter/calibration systemof the present invention provides adaptable
maxi mum | i RER| pBRHLed dinesteBn2 bhd pregvdndes BFasi famitslk ERMASSY Aetd€Pi on for
media whose precise characteristics are unknown or for which there are no
predet er m Réd hAnEic@tec8eF BFRP EhiS Me$6 1 F8ng B 45 2dAcodi NP HSt nat i s

known and for which the naxinun1k&§§kjhogd de}ector Egs iqglqunted
adapt er s 1§§?V20¢E§E§GG§ HA2PRPG ieig bFB%@.H?ﬁth _Bftb bgtarthi ng .
o o) B O MR P TIEE B L B8 g gt oererm e i
respective generated alternative metrics is selected which
minimizes the mean squared error with respect to the previous
metric of step 213. The selected metric is then stored in
step 213. 1In step 215, the one of the finite number of
maximum likelihood cases is identified which is represented by
the selected metric of step 214. Also step 215, in response
to the identified one of the finite maximum likelihood cases,
sets the maximum likelihood path memory Lo a maximum
likelihood state dictated by the identified one of the finite
maximum likelihood cases. The set maximum likelihood state
detects the recorded analog signals and the data represented
by the recorded analog signals is provided at data output steé
220.

In accordance with the present invention, as
alternatives, the maximum likelihood state corresponding to
the next digital sample vy, is provided either by feedback from
the detected maximum likelihood state for that digital sample

in step 225 or by detection by a non-maximum likelihood

detector and decoder 126, in step 226. Connector 227 leads to



channel output signals to provide netrics thereof; and FIGS. 10 and 11 are
bl ock diagranms of logic for providing selected first order difference
nmetrics fromthe nmetrics of the circuit of FIG 9, and selecting the

maxi mum | i kel i hood branch which mnimzes the nmean squared error with
respect to the previous finite maxi numlikelihood stat%%éggﬁsgﬁh ctor of
FIGS. 9-11 is one enbodi nent of the inq@gporated Hut cTii 2‘419 and
"420 applications. The nunerical netric efficients are programed, or
set in accordance with the present invention, thereby adjusting the
response of the maximumlikelihood detector to the variable nedia. In FIG
9, programtbe mdeeritalatienr b€ coeffaxdinent $ibélildwel presentri syvantiosn are
provi ded at progranm ng inputs 401, 402, 411 and 412, and conpri se
suppl i ed pPdgeabmied stestr i280. cobf fitaipe 239, " ghte , adgRulatvPli2antb R atwhi ch
are supplied respectively to registers 421, 422, 431 and 432. The netric
coef fi ci entt§epliibirr gmxdrennmli ke bilicad Eproduts )satestatiec. coefficients, and
the netric coefficients P1 and P2 are additive (offset) netric
coefficients. THe Pridyrammal B ricdtectser prevematogr d2Respedic il appl i ed
by logic 441 44f 451 and 452 to each digital sanple of channel output
signal s y, P5hppH e FSAUPdBEES g andedtdf dadf Sroidadl SeRPEGcYe FFOR egi ster 2

FEB 2004 é§ﬁ§123;h§ quhgcatigﬂmpf %he n tEic co fficients provides .
alternative netfics therdst Pat 14 & &"'glngﬁ A 5%,5 dﬁé§b§%?$\/?§l%}’eat
out puts 54tﬁ@dp§g5ious accumulation comprises an accumulation of the
identified digital samples, alternatively comprises a value of
steps 205 and 210, or alternatiQely comprises an initial mean
value which comprises the basis for the programmed numerical
coefficients of steps 202 and 210.

The accumulation of step 232, as discussed above, may be
represented by the formula:

Ay = (o) (yx) + (1-o) (Agy),

where A represents the accumulation and o represents the
fraction.

The accumulation value is stored in register 146 and fed
back to be partially accumulated with the following identified
digital sample. Also as discussed above, each identified
digital sample may be accumulated, or each nth aigital sample
may be accumulated.

In step 240, the multiple difference metric decision
block 118 determines the programmable numeric coefficients

from the output 150 in accordance with the incorporated

Hutchins et al. ‘419 and ‘420 applications.



The alternative netrics are enployed in a maxi num |ikelihood detector for
conparison to a function of the current sanple and a prior selected netric
in order to select the metric which mnimzes the nean squared error with
respect to the previous netric. Thus, the programm ng inputs 401, 402,
411 and 412 allow the alternative netrics to be adapted in accordance with
the present invention to the sanples which are bei ngZE@B Z{ﬂ(g)lgramﬁ ng

i nputs 403. - 406 and 413 - 416 respectidkely supply programred netric

coefficients "g3" - "g"", "P3" - "P to registers 423 - 426 and 433 - 436,
whi ch are enployed to calculate the various difference netrics for the

various cases. Agalf,, td¥ MRkhi sotneftfd coentepgBl0 fpr apdlhtdeignier
(product) netric coefficients, and the netric coefficients P3 and P" are
addi tive (gf f@%ta)ciﬂstéfctrc@qfﬂoig@bmme Theerpragresimed ROeffectde ficients
are respectively applied by |ogic 443 - 446, 453 - 456 to each digital
sanpl e of ghannghedqouhpstesizral s yk supplied at input 50 and del ayed by
register 51. In the instant exanple, 4 sets of netric coefficients are
enpl oyed to théeal oblatiéommines dhétheeride reffi 85e® (3% “3508si bl e cases.

Thus, registers 460 - 463 respectively supply - 2 FEB 2004 %ﬂ QEéPUtS 465

- 468 represepiiag sespecyi velfy so93YKES" PFL PR +IC B BV 'E-P5; and

96Yk + P6. Since the netric coefficients "g," - " a I =
the last accumulated sample or allg%f the gccu@ ted sampleés

of seteps 232 have stabilized so that the maximum likelihood

\ detector is running smoothly. This may be accomplished by

| counting thé number of samples that have been accumulated,
e.g., 100 of each sample point, or by measuring the changes in
the accumulated values against thresholds. If the detector 1is
not yet smooth, "NO" in step 252, the temporary «& setting 1is
maintained. If the detector is smooth, step 253 resets o to
the normal setting. If only the last accumulated sample point
is tested in step 252, step 253 oniy resets o for that sample
point. If all sample pqints were tested in étep-252, then
steb 253 resets all « settings to normal.

Thus, the method and the adapter/calibration system of
the'present invention provides adaptable maximum likelihood
detection and provides maximum likelihood detection for media
whose precise characteristics are unknown oOr for which there

are no predetermined numerical coefficients, so long as the

encoding format is known and for which the maximum likelihood

detector has implemented adapters 122.



are derived fromthe difference between netrics directly associating "0"
and "1" states of the recorded signal for first order maxi mumlikeli hood
detection, this insures that no accumulation of metrics is unbounded, and
there is never an overflow at the difference nmetric register. The
programmed netric coefficients "g,"-"96" and "P1"-"P6&6" ngE% fromthe
above are supplied, in FIG 9, at programm ng inputsz8 - 411-416
to registers 421-426 and 431-436. The pgegramed netric coefficients are
respectively applied by |logic 441-446 and 451-456 to each digital sanple
yk supplied at input 50. The resultant outputs are stored in registers

460- 463 and on ul Pyt £, 4031408 bealhsh |0k ogafihhg Hpukl EhE 10di the

out puts 465-468 are her "processed and sel éctively conbined with a

previ ous nefd.i eg ) | 0Gide £ 1449472 . deluminkheidi f f erence
metrics aré&%;%v%ggghgng%%%%%gég4g§¥r480,'481 a%d 46§éto énnul%iplexor 64,

the metric Quedidi8cedBich eL$8RELNY CREMLION, toNdidiusl 466plepresenting,
for exanple, case "1", on input 480 representing case "2", and on input
468 represemidriCasepud siddaillsheor psevide meerpeovilecofimetndcEl@de rel ated
to the alternative netrics and to the previous netric 68. 2 FEB 2004 45
Use of the 1o f4rer ancarsebrécs drdreesubf dmgidi fherenceidimst sedeebed i ci ents
allows a selector 60 of FIG 10, which responds to the inputs at lines 61

and 62, to Setectomert Heffeidfaer anteinetiicn thekmebliat HulthrpFekeri®4 from
bet ween t he _ ' ' _
of FIG. 9, and selecting the maximum likelihood branch which

minimizes the mean squared error with respect to the previous
finite maximum likelihood state. The detector of FIGS. 9-11
is one embodiment of the incorporated Hutchins et al. ‘419 and

‘420 applications. The numerical metric coefficients are

programmed, or set in accordance with the present invention,
thereby adjusting the response of the maximum likelihood
detector to the variable media.

In FIG. 9, programmed numerical metric coefficients of
the present invention are provided at programmihg inputs 401,
402, 411 and 412, and comprise supplied programmed metric
coefficients "g,", "g," , "P," and "P," which are supplied
respectively to registers 421, 422, 431 and 432. The metric
coefficients g, and g, are multiplier (product) metric
coefficients, and the metric coefficients P, and P, are
additive (offset) metric coefficients. The programmed metric
coefficients are respectively applied by logic 441, 442, 451
and 452 to each digital sample of channel output signals yy

supplied at input 50 and stored for a clock cycle in register



cal cul at'ed metrics of inputs 468, 480, 481 or 466 of nultiplexor 64. The

signals on lines 61 and 62 have binary values, which, when taken together,
represent the four cases and operate the nultiplexor 64 to gate the one of
the outputs 465-468 represented by the particular case. The cases encoded

by the state of the lines 61 and 62 fromFI G 11, a ati i gna
indicating a binary "1" and a positive signal indﬂEé?FﬁSBaZ@ﬂ;a?y "0o",
resulting in the two lines representind3he four cases. The selection of
one of the provided difference netrics of inputs 468, 480, 481 and 466,
insures that the resultant netric on output 63 remains in defined bounds.

The cases dgsi gpgtegyoniddines 61 @and e rakecodenesiained Byosoddaring the
alternative netrics on inputs 54 and 55 to the previous difference netric.

The differengerABt i€ mddki'cs68hatedfuladti pbgxofe Bt 525 andebayed in register 68
and supplied on output 69 after one delay tine as "DJ(kl)" to adders 70
and 71 of RkbpettivEnghat rRspecti e ald esnative netric "g,yk + P," and
"g,yk + Pz" from outputs 54 and 55 is supplied to inverters 490 and 491
for rmultiplyi nghbyahtewstdve aadriarse aggdedptoydchdanprevasusundi fference
metric "DJ(k_1)" 69 by adders 70 and 71 to provide - 2 FEB 2004 46 the
respecti ve lgdeilt hved atek ewgat fve statagd son batputun@dioandf ©2e whi ch
identify the one of the finite nunber of cases represented by the selected
accumul at edurEepitcsamp fecanidvel Priox melegder snyorghd 7 PrArEVEYeSH npari son

of the netrics to |, _ L ,
the metric which minimizes the mean squared error with respect

! to the previous metric. Thus, the programming inputs 401,
402, 411 and 412 allow the alternative metrics to be adapted
in accordance with the present invention to the samples which

are being read.

Programming inputs 403 - 406 and 413 - 416 respectively
supply programmed metric coefficients "g," - "g,", "Py" - "P_."
to registers 423 - 426 and 433 - 436, which are employed to
calculate the various difference metrics for the various
cases. Again, the metric coefficients g, - g, are multiplier
(product) metric coefficients, and the metric coefficients P,
and P, are additive (offset) metric coefficients. The
programmed metric coefficients are respectively applied by
logic 443 - 446, 453 - 456 to each diéital sample of channel
output signals y, supplied at input 50 and delayed by register
51.

In the instant example, 4 sets of metric coefficients are
employed to the calculation of 4 difference metrics for 4

possible cases. Thus, registers 460 - 463 respectively supply



the previous difference netric. The states on outputs 61 and 62 are used
to select the next difference netric "DJ," 63 at nultiplexor 64, and are
used to select a trellis path in path nenory 80 to a maxi num |ikelihood
state dictated by the identified finite state. The path nenory 80 nmay

conprise the path nenory 119 of FIG 7, and provides mﬁzpegrl ate data
bit at output 81 to decoder 120 for signaling the set ' I'i kel i hood

state, converting the state to the NRZ ddta. |In sunmary, netrics are
cal cul ated using equations involving both sanples yk and coefficients.
Conpari sons are nade, and a case is chosen as being the nost |ikely, from

the yk sanpl.es .avgi.lLabl t_that int. But each, case allaws for L one of
two pat hs E%gﬁfﬁgﬁG.sé). %ﬁg]ﬁﬁfisﬁgﬁ%?% E%1|$C§é§%} béhytﬁéq%MDgﬁﬁth down

to one aftes syffigignt ti synchronous cl ock periods) has passed. The
key is that‘évgf§ cag% 5%P2§§& ¥o§“that bit to be either a 0 or a 1 {right

side of each casg§,coMpd Koo Q))gl];fié{e,f]t erg 4 S ad eng, stvgd g consi sting
then t t i :

of only Case 0 and Case 2, e path nmenbry cannot resol ve ich of

two paths has QfEYRERDrr{RSER Li3RdrSnHOWRMGEen Ghe/eri &ORMEEEENGE and thus
all ow the path nenory for PRIV or EPRIV - Cases 0 and 2 can occur for

extended pesdds aefingi M 2hdEB 2004t bVidreascoiian bagabilneoghannel
al nost all transitions will map to Cases 1 and 3. In the context of
adapti on, tfierpr eselrt maxnuvent ilokeeshoomtdes epeans, Wiiis amshulkRsf thaernaisi ng
detected (M or otherwise) bits. Wth each noisy sanple there is a new
accumulation of metrics is unbounded, and there is never an
overflow at the difference metric register.

The programmed metric coefficients "g,"-"g." and "P1"—"Pg‘

derived from the above are supplied, in FIG. 9, at programming

inputs 401-406 and 411-416 to registers 421-426 and 431-436.

The programmed metric coefficients are respectively applied by
logic 441-446 and 451-456 to each digital sample y, supplied at
input 50. The resultant outputs are stored in registers 460-
463 and on outputs 465-468 to the logic of FIG. 10. In FIG.
10, the outputs 465-468 are further processed and selectively
combined with a previous metric from register 68, by logic
470-472. Thus, the difference metrics are provided on inputs
468, 480, 481 and 466 to a multiplexor 64, the metric oﬁ line
481 representing case "0", on input 466 representing, for
example, case "1", on input 480 representing case "2", and on
input 468 representing case "3". As the result, the provided
metrics are related to the alternative metrics and to the

previous metric 68.



estimate of the mean, but not necessarily a better estimate (depends on
the noise at the sanple factored in). These estimates are then used to
change the coefficients which change the nmetric equations used by the M.
detector. Whereas M. detection itself gives a maximumlikelihood or

m nimum square error estimation of a bit sequence, ion of the
mean (or p) is not maxi mumlikelihood. The man| nmum leg}gﬁiﬁﬁ&et ector of
FIGS. 9-11 thus, in accordance with thggpresent invention thus provides
adapt abl e maxi mum |i kel i hood detection for a variable channel, and

provi des maxi mum | i kel i hood detection for nedia whose precise

charaptgristicaégéfguﬁgnown nd E%?é?tggg%qﬁme%gggggggrga ﬁer}léggrlcal

coefficients Fesent “i hvention —cali brates

and adant snb b, TR LKE é’% g, det @gigg?tos@%aoha% i _ORET 3hg8,33 tovards

the point © e di acenen ile the preferr enbodi nent s

of the presenloidqyentign 19;@&@3 bgen shELUBH el nidel@idor T Shoul d be

apparent t nodi f1 cations an aptatlons to those enbodi nents nmay occur

2 FEB 20044; #8c f&h Qneeski k! eslyisngbher anty twiph Beut elepardid Bacheom e scope
of the present invention as set forth in the follow ng clains. -49

- 2FEB2004 -YMécd aida mbtrAchedhodifers aeyj meo,l ideel bhooek det ecti on of
digital sanples of data recorded

multiplexor 64. The signals on lines 61 and 62 have binary
values, which, when taken together, represent the four cases
and operate the multiplexor 64 to gate the one of the outputs
465-468 represented by the particular case. The cases
encoded by the state of the lines 61 and 62 from FIG. 11, a.
negative signal indicating a binary "1" and a positive signal
indicating a binary "0", resulting in the two lines
representing the four cases. The selection of one of the
provided difference metrics of inputs 468, 480, 481 and 466,
insﬁres that the resultant metric on output 63 remains in
defined bounds. The cases designated on lines 61 and 62 are
generated by comparing the alternative metrics on inputs 54
and 55 to the previous difference metric.

The difference metric "DJ," 63 at multiplexor 64 is
delayed in register 68 and supplied on output 69 after one
delay time as "DJ.," to adders 70 and 71 of FIG. 11. Each
respective alternative metric "g;¥, + P," and "g,y, + P," from
outputs 54 and 55 is supplied to inverters 490 and 491 for
multiplying by minus one and are added to the previous

difference metric "DJ.,," 69 by adders 70 and 71 to provide



as -anal og signals representing a finite nunber of maxi mumlikelihood states
in accordance with a finite nunber of maxi numlikelihood sanpl e-to-sanpl e
path cases, said digital sanples representing channel output of said
recorded analog signals at a predetermined timng with respect thereto,
conprising the steps of: providing at |east two progra n rical
ne??ic coefficients, said nunerical netric coefficieﬁgg??afﬁkﬁﬁ§4to t he
probability of said digital sanples conﬁﬁising a data seqguence;
respectively applying said at |east two progranmmbl e nunerical coefficients
to each of said digital sanples to generate alternative netrics; providing
a previ ous:HetdelspeWni 64 SOMIiveesna ﬁéﬁgﬁﬂd%nngtﬁsFgﬁﬂﬂngﬁtg'gipﬁﬂd sanpl e;
sel ecting the one of said respective generated alternative netrics which

M ni m zes @zhenmeaniggues 8d el 8heWbt Ne K£SNRGE of RuSRd d J3F ¥iQYS metri c;
identifying the one of said finite nunber of maxi numlikelihood cases

repr esent ecphry seai dd sie} enicedelettbd; acaspABcAgnt Or Sai d fedeptifdpd one of

said finite nmaxi mum |ikelihood cases, setting a maxi mum Iikelihocod path
menory to thenexideum 70 keld Waodrstvate aicimgtzedsby saitthe indenti&ies one of
said finite maxi mum | i kel i hood cases, said set maxi mum |ikelihood state
det ect i ng 9@ dreetondedt Hraleogesingnal ¢, iMhentsitbyéngrones pot ssed dardi gi t al
sanpl es corresponding to one of said maxi mum |ikelihood states; partially
accumul at i%fg 3¢&i 4spdettt iTilegtdihpt aexsatipifesenoe e ccsPPgsgGnaitng

maxi mum | i kel i.hood stétes, a fraction of each-said identified digital
sanpl e beinwgtlg EOREI 8l edNH PRE1VFEHUL SHLGCEr act i it Pathr bviml
accumul at i

f ididentified,. digital, sanple;. responding to said
accunul at é‘%g‘é’i%g’i ?gl g%aarrp“iae"s}"‘f%rl%g‘fg”b"&dr é%%g_ﬁd?h Farexi RNt T i kel i hood
states, detnmiRipg AfniiAst.ope of,s3id pravidedspragr ammabl e nynerical

path memory 119 of FIG. 7, and provides the appropriate data

bit at output 81 to decoder 120 for signaling the set maximum

likelihood state, converting the state to the NRZ data.

In summary, metrics are calculated using equations
involving both samples.yk and coefficients. Comparisons are
made, and a case is chosen as being the most likely, from the
Yx samples available at that point. But each case allows for
one of two paths (see FIG. 4). The path memory then resolves
the two paths down to one after sufficient time {synchronous
clock periods) has paséed. The key is that every case allows
for that bit to be either a 0 or a 1 {right side of each case,
m(l)k or m(0)k}. If there is a long string consisting of only
Case 0 and Case 2, then the path memory-éannot resolve which
of two paths has occurred. Cases 1 and 3 however, give
convergence and thus allow the path memory for PR IV or EPR IV

- Cases 0 and 2 can occur for extended periods of time.



metric coefficients matching said digital sanples to said one of said

maxi mum | i kel i hood states; and updating said at |east one provided
programuabl e nunerical netric coefficient to a value related to said
determi ned mat ching nunerical coefficient. -50- ." 2 FEB 2004 2. The nethod

of claim1, wherein said identifying step conprises |de%tF€B| nggai d
digital sarrpl es as corresponding to said maxinmumli kel i hoo

f eedback of each said maxi mumlikelihoot! state. 3. The nethod of claimi1,
wherein said partial accunul ation step additionally conprises maintaining
a separate accunul ation of said identified digital sanples for each sai d

maxi wm'lhﬁ&@ 04 31k o 1 T IR0 106 £ 2 Mbanthiet 610 5ahd ppact i on

isinitially se i'rst val ue an seq uent y reset to a sec

val ue. thecye é@gld a(?]fd %' ali mlthmn%'eatsatdaaacﬁqtohfytﬂg d;ﬁte%%nq"_o”p“ ses

i denti fy| ng said I gital sanples as corresponding to said maxi num

l'i kel i hood;stahe;by afhenhcbbape sad dvitishmimk| § keldhogdndeiadddien. 6. The
met hod of claim 1, wherein said partial accunulation step conprises

accunul at i ngreyery:id v isaidpk dent idited cdicgi hal s\sadppee Whereiis @ ngwgr eat er
than one. 7. A nethod for adapting a progranmabl e digital maxi num

| i kel i hoodedetimet®roft aha meanj abhte rchameekssat put ,a deitdeneddrachacenpri si ng
the steps of. said nmaximum|likelihood detector detecting digital sanples of
dat a recor dedprasds amaltdg sidgnpal st repr eseptenfreat diedi tte ) numerseof maxi num

| i kel i hood states in accordance wth a finite nunber of maximumlikelihood
sanpl e-to- safphetpatdrcades, U§9@dtfdi°g§iaﬂ1ﬁle té%niﬂﬁlﬂéﬁfl%émli% sai d

vari abl e channel out put of said recorded anal og si gi&al s at a__predeterm ned

tinming witRNPBIPeth® tHfdreocuat tPhaTinPYi ket iMoot ta6t 8Et o5 6¥Fdi ng at

lngtaflt Ct \é\ge ;L?%r g%lp?nglla&sfe%r %gg%%mtr{alx%m%r?lei llcecl %ood’ o%arh{jnlr}nl’ll;rrrner i cal

square error estimation of a bit sequence, the estimation of

the mean (or p) is not maximum likelihood.

The maximum likeliﬁood detector of FIGS. 9-11 thus, in
accordance with the present invention thus provides adaptable
maximum likelihood detecfion for a variable channel, and
provides maximum likelihood detection for media whose precise
characteristics are unknown and there are no predetermined
numerical coefficients.

Referring again to FIG. 5,’the present invention
calibrates and adapts the maximum likelihood detector so that
it operates 33 towards the point of least samplé displacement
37.

While the preferred embodiments of the present invention
have been illustrated in detail, it should be apparent that

modifications and adaptations to those embodiments may occur



probability of said digital sanples conprising a data sequence;
respectively applying said at | east two progranmmabl e nunerical netric
coefficients to each of said digital sanples to generate alternative
metrics; providing a previous netric which conprises a_jgggE&g of a
previous digital sanple; selecting the one of said respect rated
alternative netrics which mnimzes the mean squared error with respect to
said previous netric; identifying the on® of said finite nunber of maxi mum
| i kel i hood cases represented by said selected netric; -51- -2FEB2004 in
response to said identified one of said finite maxi mum |likelihood cases,

setting a {@Xér{'@J?k:lgligh' ?L:?‘e)%;&aatﬂ% WRERLYt { Qe MXgMeRbhi Kigd i egd sfrate

dictated by sal enti one of said finite maxi num |l ikelihood cases,
sai d set maxd mymddrkel hhogdi o stat ecdeteethngh said roecendeg @naleg signal s;
detecting a digital sanple of said recorded anal og signals corresponding to
one of said maxi numlikelihood states; partially accunul ati ng said
detected digital sanple with prior said detected digital sanples
corresponding to said one of said maximumlikelihood states, a fraction of
each said detected digital sanple being accunulated with 1 m nus said
fraction of a previous accunul ation of said prior detected digital
sanples; in response to said accumul ated digital sanples, determ ning at

| east one of said provided programmabl e nunerical netric coefficients

mat ching said digital sanples to said one of said maxi num|ikelihood
states; and updating said at |east one provided programuabl e nuneri cal
metric coefficient to a value related to said determ ned nunerica
coefficient. 8. The nethod of claim7, wherein said detecting step

conpri ses detection of said digital sanple as corresponding to said one of
said maxi nrum | i kel i hood states by other than said maxi mum|ikeli hood

det ecti on. '



9. The nethod of claim8, wherein said other detection conprises peak
detection. 1 10. The nmethod of claim8, wherein said other detection
conprises threshold detection. 11. The method of claim7, wherein said

artial accunul ation step additionally coggprises maintai | sEparate
gccurrul ation of said det gct ed digital sanples for each _s&ﬁ&gmﬁm

i keli hood state. 12. The nethod of claim7, wherein said fraction is
initially setWe&lainfii rst value and subsequently reset to a second val ue.
13. The method of claim7, wherein said digital sanple detecting step
conprises detecting digital sanples as corresponding to said maxi num

| i kel i hood stijate b g i i i kall tate. 2.FEB
2004 83 14, The. met padar! oy Sl SRCRRlod ARLLT bial HOR T ilileetiostep
conprises aétunglag isiggaley eapyesanting ai dinitet pahbet df ghndrdmusatiKeBhoothefagisn im

i t 5. thod for. cal.i brat. a. programrabl e digital
Ir;x?rrrﬁat Flr keP%éo%'%ge\%glc gf—}n%f ?ud%?eﬁ nq{rfB%mH@_t LJE%DO# rSSWg[?ﬁtRﬁémled%t CR$ESa
known code ataid digitil adahmpl shaprabniigt ehiinnel &Rpet FBENO LRI hSiIGD fsﬁggglis?&ggtsa

f: said maxi num | i kel ihgod detector detecting digital sanples of
?ecor ded as Ppeléﬁ'ﬁmiﬁ‘eg 1gHag ¥ithdpiPesidhereiogcempnsing kestenbef: of maxi mum
i kelihood states brwidieeoRdRASe Wl Briirdrhblie RMABEL ObcfIRX LOURIKE! 0pod
sanpl e-to-sanpl e path cases in accofdance wth sai known “code,” d
di gi tal sanpPeseriesmesenedetficisets tolating taltheprobatiliglof saidtdjgital sfmysley chnipigded
anal og si gnahaaﬁtse@le%gdet ermned timng with respect thereto; said naxinum
I i kel i hood detector prdviding at |east two programmable nunerical netric

coefficients, sai drespevenvelyadppiyeng baid eOedabi 6V Epiogran@hable REmeAcdl %efﬁcients to
Fespecti vel ySEBIyTAGElal Frufie] Bei i o Ameace nuner | cal metri o
providing a previous metric which comprises a function of a previous digital
sample;
selecting the one of said respective generated alternative metrics which
minimizes the mean squared error with respect to said previous metric;
identifying the one of said finite number of maximum likelihood cases
represented by said selected metric;
responding to said identified one of said finite maximum likelihood cases, setting
a maximum likelihood path memory to a maximum likelihood state dictated by said
identified one of said finite maximum likelihood cases, said set maximum likelihood state

detecting said recorded analog signals;

identifying ones of said digital samples corresponding to one of said maximum
likelihood states; '

- partially accumulating said identified digital samples for said corresponding
maximum likelihood states, a fraction of each said identified digital sample being
accumulated with 1 minus said fraction of a previous accumulation of said identified
digital sample;

responding to said accumulated digital samples for said corresponding maximum
likelihood states, determining at least one of said provided programmable numerical
metric coefficients matching said digital samples to said one of said maximum likelihood
states; and

updating said at least one provided programmable numerical metric coefficient to

a value related to said determined matching numerical coefficient.



coefficients to each of said digital sanples to generate alternative
nmetrics; providing a previous netric which conprises a function of a

revious digital sanple; selecting the one of said respegtpp rat ed
gl ternati vegrret rics V\nﬁi ch mnimzes the ngan squared err rFEB %ﬁ spect to
sai d previous netric; identifying the one of said finite nunber of maximum
l'i kelihood cases i t represented by said selected metric; in response to
sai d identifred ondhemethiddfidlaint b wisereimsaid idéeifyingattpamagsises fehfifyii @id

i i kelyi J h_nmenory tp a maximum |l i kelihood state dictated by
cad 1 dent i 1 LeiRERRE S IRE Ve Pl i T RE s BBep L ey Badincks of each
maxi mum | i kekiil aotimsmaikelil@idagiteng sai d recorded anal og signals;
presetting at | east one said provided progranmbl e nunerical coefficient to

a predeterm ned value; detecting digital sanpl esI _01;( isaihd (rjec;)rfled anal og
ignals as caqrres i . Of id. maxi Ji kel i states,...

;:a?ti ally acg'umjl g'? Pﬁé&g%?(g Oger&?e et é’d%&gklegell'{Tg?ldgga%?legccflgwggl&i“ds@bP?%‘&BB*HHX ng

maxi mum | i ketéthposs snantemingsa Separtd anuniilatias bf sad dddntiid dfdiafsah@id &k each

sanpl e bei ng CC“%@E@%M t.h m nus said fraction of a previous

accumul at i on>Bf T} hqadsifledi gital sanples; 53 - 2 FEB2004 in

response to said accumul ated digital sanples for said corresponding maxi mum
l'i kel i hood states, determning at |east one of said provided programmbl e
nuneri cal rrét ric EgeeF‘leF@idéﬁt it cHhgigin saiddfratitigh iminiallypdet o b dirstaiathicomsl of

sai d maxi mu J i . setting said at |east one provided
pr ogr ammabl gmr?j&ngjreihgg?éé%t%traﬁg&?ge‘% Icient to a value related to said

determi ned mat ching numerical coefficient. 16. The get hod of claim 15,
wher ein sai ds det ecyf g 51,80 ¢ RN L Eée?lgfwsl?gl step comprises identifying said
| digital samples as corresponding to said maximum likelihood state by other than said

maximum likelihood detection.

6. The method of claim 1, wherein said partial accumulation step comprises

accumulating every nth said identified digital sample, wherein n is greater than one.

7. A method for adapting a programmable digital maximum likelihood detector to a
variable channel output, said method comprising the steps of:
said maximum likelihood detector detecting digital samples of data recorded as
analog signals representing a finite number of maximum likelihood states in accordance
i with a finite number of maximum likelihood sample-to-sample path cases, said digital
samples representing said variable channel output of said recorded analbg signals at a
predetermined timing with respect thereto;
said maximum likelihood detector providing at least two programmable
numerical metric coefficients, said numerical metric coefficients relating to the
probability of said digital samples comprising a data sequence;
| respectively applying said at least two programmable numerical metric
coefficients to each of said digital samples to generate alternative metrics ;
providing a previous metric which comprises a function of a pfevious digital
sample; selecting the one of said respective generated alternative metrics which
minimizes the mean squared error with respect to said previous metric;
identifying the one of said finite number of maximum likelihood cases

represented by said selected metric;



digital sanples as corresponding to said one of said naxinmumlikelihood
stgt es by other than said maximum|ikelihood detection. 17. The net hod of

claim 16, wherein said other detection conprises peak de i 18. The
met hod of claim 16, wherein said other detsgction conpr FSZ?EQQQI%I d
detection. 19. The method of claim15, wherein said partial accunul ation
step additionally conprises maintaining a separate accunulation of said
detected digital sanpdspenstoto ed lidensified omexofmuafd Iﬁ[ﬁla: fﬂﬁ@ﬂ?ﬂ?ﬂﬂﬁeﬁ?o&?gzas@ﬁf .
met hod of claim 15 wherein said fraction is initjally set to a first valu
and subs equ@%"i‘%/ar“é"g‘é‘?‘”f‘bfh&eﬁ’ggﬁ%ﬁﬁﬁ\f%‘ﬂ@?y 912 mpgnyBtlketihend sipigi distasgd by

wher ei n sai dsdd ¢ehflie® 8nPb Lsatlelified RGinRing RKAMTBY b aflELe Glab Purs FBlinood
Rell hood St are y

digital sanples as corresponding to said maximim _
f eedback of #alenletealing srack rasordetl akalbg bigoalsst at e. 22. The net hod of cl ai m 15,

wherein said. partj cupul at i on,step.conprjses . accunul ating eyery nth
sai d detected digi @%{:Ct@lé@p{ﬁélfﬁﬁ@p& %F%”fée%gfdgataé?log PR nce.rfeé@ndm to one
adapt abl e neof smidmbxikeln Hbdihodéteksor for detection of digital sanples of

data recorded as anal.og signals representing a finite nunber of naxinum
T kel i hood st at e<PaTHAlHG AERERRBRAH detdcias digitalupaseple ovithepriarusaid idetcicdood

l e-to-s _ Sal i gl . i channel
St pUL Of Sarl TeRRPls (PARTPRURENS ) She B oo PR ARCIRRERHE, S BATRR or
respect ther&ch satbdpeitsd digital saRpB2Geing Edcmmslaaqblveilth rlpminufslosraicr fﬁ@?idﬂ 60 a
id digital - L dcregorded anal ag. signals; at |eas WO
;?Iogr alm%‘: ng I’s%ﬁlrmgieg&%lglﬁllaglr%gglfaﬁl%&ng &jfit%cé%({ (%g% Sﬁ'&ﬁ@?i cal nmetric
coefficients, saidnaespoassty shidacoumelatedadigicd ehihples, aittdmigh@bi REstlofe LRSaid

robability of said digital sanples conprising a data sequence; sanple
Pog’i c coupl epdoYlﬁei a?f%ﬁf%fﬁwaﬁls fi%br?é&ﬂa@watrtcocgeiﬁaﬂgf maiciung syid d@%l&ﬁérsamgﬁﬁgo
' said one of said maximum likelihood states; and
updating said at least one provided programmable numerical metric coefficient to

a value related to said determined numerical coefficient.

8. The method of claim 7, wherein said detecting step comprises detection of said
digital sample as corresponding to said one of said maximum likelihood states by other

than said maximum likelihood detection.

9. The method of claim 8, wherein said other detection comprises peak detection.

‘] 10. The method of claim 8, wherein said other detection comprises threshold
detection.
11. The method of claim 7, wherein said partial accumulation step additionally

comprises maintaining a separate accumulation of said detected digital samples for each

said maximum likelihood state.

12, The method of claim 7, wherein said fraction is initially set to a first value and

subsequently reset to a second value.

13. The method of claim 7, wherein said digital sample detecting step comprises

detecting digital samples as corresponding to said maximum likelihood state by feedback

of each said maximum likelihood state.



sources, for applying said at |east two programred nunerical metric
coefficients to each of said digital sanples to generate alternative

metrics; relational logic coupled to said sanple logic Loz_’gmm a
previous netric which conprises a di ffer_ggg_e nmetric func_ i‘o revi ous
digital sanple derived from difference netrics representing. the _
di fference between netrics directly associating "0" and "1" states of said
recorded signal; a selector couplﬁd to sa}d sagple Iog;p and to s?;g
relational logic f sel ecti A one of said respective genera _
alternative ?r’g't ri ciﬁ%ﬂ%ﬁo%oﬁg Peds tHETFHR At PEIEA cRFcBMpIAtion; Step cempaiges t o

sai d previ ougcoiBfuldtin %Uél'lyfrﬂi s @HABL e FipRRAsaRIp1S Wrdrdle h iy §latePinbh BhENCE
nmetrics, whereby said selected derived difference nmetric conprises said

previous netric for a following said digital sanple; a maximumlikelihood

i , ident i fyi t he ne.of said
P te numberSof. i iad ifh SRbAThE nruBanr Rl tigleLebition i uodcfiscrtor
nmetric, sai dfrpatinkmewndytectos fromdinkgown ds@iifl aikeewhichie s P0RiaBle shahskl bl

e
cases to set tg a xi mum |i kel i hood state dictated by said identi flgg’one
of said finit{® w%@oggrlﬂng&e steps0ffmum 1 i kel i hood states detecting said

I [ ‘i . Sai: ' ' i,hood path
rerory for ol onal | o waxinfihy AGMA AAURLE I ALTRRObL W P P03
i denti fying e @ghelag samals gepresensing da rfgutsr deohbenalfomasingmal kkelfiood states in

i I: i |.i kel i hood, states; an accunul ator .
coupl od to sochaituh s SRR NS hyiian 8RR B T iy Prbcrases in
di gi tal sanpacesrdance wih said knoes pod‘ad's:iigfd@mi hﬁﬂiﬂplbéa iepgds&?ﬁ% ﬁg@{é@ﬁb%eifyag%erlrp e
l.gt i fraction of each sajd identifle igital s

%?ﬁﬁ”}" ?nt 2Ls°@§ﬁ‘ft3°’f$w§5%q%ﬁqf% aBPl%é signalsiab Bredetetmined Himineg with sespectithrsetol £ i ed
digital sanples; aafll |BHiKuEOURKEREbJIO deREMr AFOVIIRAL AT 128 8 g{og!raﬁ&ﬁ%bl he
of said progranmn sources, enploying said accurrul ated digital "sanples of
said -corr es‘BBWHICﬁg TREERF neRRtlisiPRs) ishidodusiereals metriciecasfiidienss ateldtingsto othe of

sai d provi degopsyiRtyio? 2hid Aifal &nﬁaqgsféohﬁ)in@mgsa data sequence;

respectively applying said at least two programmable numerical metric
coefficients to each of said digital samples to generate alternative metrics;

providing a previous metric which comprises a function of a previous digital
sample;

selecting the one of said respective generated alternative metrics which
minimizes the mean squared-error with respect to said previous metric;

identifying the one of said finite number of maximum likelihood cases

! I represented by said selected metric;

C in response to said identified one of said finite maximum likelihood cases,
setting a maximum likelihood path memory to a maximum likelihood state dictated by
said identified one of said finite maximum likelihood cases, said set maximum likelihood
state detecting said recorded analog signals; |

presetting at least one said provided programmable numerical coefficient to a
predetermined value; _ |

detecting digital samples of said recorded analog signals as corresponding to one
of said maximum likelihood states,

partially accumulating said detected digital samples for said corresponding
maximum likelihood states, a fraction of each said identified digital sample being
accumulated with 1 minus said fraction of a previous accumulation of said identified

digital samples;



‘mat chi ng said digital sanples to said one of said maxi mumli kel i hood
states, and wupdating said at |east one provided nunerical netric

coefficient to a value related to said determ ned matchi

coefficient. -55- 2 FEB 2004 24. The nmaxi+idm |i kel i hood d%mﬁﬁ% aim
23, wherein said digital sanple detector is coupl ed to sai d maxi mum

| i kel i hood path nenor andldentlfleﬁﬂ%ﬁ | es as
corresponding to saf SRRSE AR pRcEm digit tsémB& s e W%pommgwm
mexi mum | i kellik@ﬁﬁ&bcﬁ%t@fc@ der’%érml;mg JfaPéhﬁU(me bk &lid g?@ﬂdgt‘f:ﬁfér%m%glech%%ga%’

wherein said accunul at or es a plurality I gl accunul

each separ at engtriomoeffiaicnts mgatdnng seid drglﬂabsanmhesdb saidi aheiod saidi rhaxdthughi gkedlidbod
sanpl es for h sajd maxi num|likelihood state. 26. The naxi nrum'i kel i hood
det ector of @F , Wherein said accunulator fraction is initially a

first value and i 5 séﬁhﬁ@ﬂﬁ@ﬂkw oh Wgﬂiwde‘a ;ﬁ‘og’i@xﬁﬁﬁgle\’rﬁﬂn‘r@rcalzx%etn?%em%i%'nm

| i kel i hood detector of claim?2 erein said digital sanple detector
conprises a rféRedalateshiosaid réeqenweedjm@bmrwmwelmopffwm said digital
sanples as corresponding to said nmaxi numlikelihood state by other than
said maxi mum | i kel i hood detection by said maxi mumlikelihood detector. 28.
The maxi num Ili6kel i I‘I‘dnedndhd:cbof okamflSeI\xaneergald\de&b&mQ s&ﬁldﬂbnﬁﬁﬁbﬁméta&tﬂfg said

accurul at es said identifigd it npl e, | nnis greater
t han one. 29%153\{?){5 P FBFeS &O’E‘If Paﬁ%degrf aljoq {:ﬂa K “Pﬁi?u fihqadistates by ather
detector for thadad matdnmuai Bkdlidbesi@tction. @ vari abl e channel output; said
detector detecting digital sanples of data recorded as anal og signals

representing a finite nunber of maximumlikeli hood states in accordance

wilth a finitgynunbeg, ﬁ{etﬁm)ﬂfm%ll%k%h%ﬁglgs?}d;(g etcﬂoﬁ ?&B{)ﬁ ?E%l? de %{)%18[1

sai:d digital sarrpl es representing 5al anne
recorded analog signals at a predeterm ned tim ng wth respect t hereto,

ddt t t for receivin aid digital, s es
of said recotfed Aty dgety ol rdRmE by 8tierc syt ERA A, “oluPies ok

provi di ng at deteetdn.t wo numner i cal rret r| c coefficients, said at

19. The method of claim 15, wherein said partial accumulation step additionally
' comprises maintaining a separate accumulation of said detected digital samples for each

said maximum likelihood state.

20. The method of claim 15, wherein said fraction is initially set to a first value and

subsequently reset to a second value.

21. The method of claim 15, wherein said digital sample detecting step comprises
detecting said digital samples as corresponding to said maximum likelihood state by

feedback of each said maximum likelihood state.

22. The'method of claim 15, wherein said partial accumulation step comprises

accumulating every nth said detected digital sample, wherein n is greater than one.

23.  An adaptable maximum likelihood detector for detectlon of d1g1ta1 samples of
data recorded as analog signals representlng a finite number of maximum likelihood
states in accordance with a finite number of maximum likelihood sample-to-sample path
cases, said digital samples representing channel output of said recorded analog signals at

a predetermined timing with respect thereto, comprising:
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: previous metric for a following said digital sample; :
a maximum likelihood path memory coupled to said selector, for identifying the
one of said finite number of maximum likelihood cases represented by said selected
metric, said path memory responding to said identified one of said finite cases to set to a
maximum likelihood state dictated by said identified one of said finite cases, said set
maximum likelihood states detecting said recorded analog signals;
~an output coupled to said maximum likelihood path memory for signaling said
set maximum likelihood state;
a detector identifying digital samples of said recorded analog signals as
corresponding to one of said maximum likelihood states;
" an accumulator coupled to said detector for partially accumulating said identified
digital samples for said corresponding maximum likelihood states, said accumulator
accumulating a fraction of each said identified digital sample with 1 minus said fraction
of a previous accumulation of said identified digital samples; and
logic coupled to said accumulator and to at least one of said programming
sources, employing said accumulated digital samples of said' corresponding maximum
likelihood states to determine at least one of said provided numerical metric coefficients
matching said digital samp'les to said one of said maximum likelihood states, and
. updating said at least one provided numerical metric coefficient to a value related to said

determined matching numerical coefficient.



sources, enploying said accumul ated digital sanples for said correspondi ng
maxi mum |ikelihood states to determne at |east one of said provided
nunerical metric coefficients matching said digital sapp ﬁ§ to said one of
sai d maxi mum | i kel i hood states, and updatifhg said at | endtk b 2004 i ded
nunerical metric coefficient to a value related to said determ ned _
mat chi ng nunerical coefficient. 30. The adapter of claim 29, wherein said
digital sanple detector conprises a non- maxi num|likelihood detector
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plurality of digital accumulators, each separately maintaining an
accurrul ati on of said detected digital sanples for each said maxi num
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each said maxi mum | ikelihood state. 36. The agapter gf dpl alt rnI 29, V\1‘l€l’€l n

I d accumul r acgunul ates ev h sai etected digital sanple,
Saler ein n isa%?eat et’ﬂWBWé&@[i‘gOJ/léeé%qt?w&&l%r?r3sv§f~'r@m fagst acermuiatern frangion
pr ogr anmabl e igingiidlBla fidkvatueadd i elbsegnstly dake6lNecdidmgIknown data in a
known code at a variable channel output; said detector detecting digital

sanpl es of data recorded as anal og signals representing a finite nunber
27. The maximum likelihood detector of claim 23, wherein said digital sample

detector comprises a non-maximum likelihood detector identifying said digital samples as
corresponding to said maximum likelihood state by other than said maximum likelihood

detection by said maximum likelihood detector.

28. The maximum likelihood detector of claim 23, wherein said accumulator

accumulates every nth said identified digital sample, wherein n is greater than one.

29. An adapter for a programmable digital maximum likelihood detector for
adapting said detector to a variable channel output; said detector detecting digital samples
of data recorded as analog signals representing a finite number of maximum likelihood
states in accordance with a finite number of maximum likelihood sample-to-sample path
cases, said digital samples representing said variable channel output of said recorded
analog signals at a predetermined timing with respect thereto, said detector comprising a
sample input for receiving said digital samples of said recorded analog signals; at least
two programming sources for providing at least two numerical metric coefficients, said at
least two numerical coefficients relating to the probability of said digital samples
comprising a data sequence; sample logic coupled to said sampie input and to said at least
one programming source, for applying said at least two pfogrammed numerical metric
coefficients to each of said digital samples to generate alternative metrics; relational logic
coupled to said sample logic for providing a previous metric which comprises a difference

metric function of a previous digital sample deprived from difference metrics représénting
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maximum likelihood states, said accumulator accumulating a fraction of each said
detected digital sample with 1 minus said fraction of a previous accumulation of said
prior detected digital samples; and
logic coupled to said accumulator and to at least one of said programming
sources, employing said accumulated digital samples for said corresponding maximum
likelihood states to determine at least one of said provided numerical metric coefficients
matching said digital samples to said one of said maximum likelihood states, and
updating said at least one provided numerical metric coefficient to a value related to said

determined matching numerical coefficient.

30. The adapter of claim 29, wherein said digital sample detector comprises a non-
maximum likelihood detector detecting said digital sample as corresponding to said
maximum likelihood state by other than said maximum likelihood detection by said

maximum likelihood detector.

31. The adapter of claim 30, wherein said digital sample detector comprises a peak
detector.



- a detector detecting'digital sanpl es of said recorded anal og signals as
corresponding to one of said maxi mumlikelihood states; an accunul at or

coupled to said detector for partially accunulating said-d gital
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| i kel i hood state by other than said maxi num|ikelihood detection by said
maxi mum | i kel i hood detector. 39. The calibration systemof claim 38,
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36. The adapter of_ claim 29, wherein said accumulator accumulates every nth said

detected digital sample, wherein n is greater than one.

37. A calibration system for calibrating a programmable digital maximum likelihood
detector from unknown data in a known code at a variable channel output; said detector
detecting digital samples of data recorded as analog signals representing a finite number
of maximum likelihood states in accordance with a finite number of maximum likelihood
sample-to-sample path cases in accordance with said known code, said digital samples
representing said variable channel output of said recorded analog signals at a
predetermined timing with respect thereto, said detector comprising a sample input for
receiving said digi.tal samples of said recorded analog signals; at least two programming
sources for providing at least two numerical metric coefficients, said at least two
‘numerical coefficients relating to the probability of said digital samples comprising a data
sequence; sample logic coupled to said sample input and to said at least one programming
source, for applying said at least two programmed numerical metric coefficients to each
of said digital samples to generate alternative metrics; relational logic coupled to said
sample logic for providing a previous metric which comprises a difference metric
function of a previous digital sample derived from difference metrics representing the
difference between metrics directly associating “0” and “1” states of said recorded signal;
a selector coupled to said sample logic and to said relational logic for selecting the one of

said respective generated alternative metrics which minimizes the mean squared error



coupl ed to sai d maxi mum | i kel i hood path nenory and detects said digital

sanpl es as

corresponding to said nmaxi mum i kelihood state by feedback of

each said maxi mum |ikelihood state. 44. The calibration %?eé@eﬁbazl aim

37, wherein said accunul ator accumul ates egery nth sai ¢

gital

sanpl e, wherein n is greater than one.

with respect to said previous metric and for selecting one of said derived difference
metrics, whereby said sélected derived difference metric comprises said previous metric
for a following said digital sample; a maximum likelihood path memory coupled to said
selector, for identifying the one of said finite number of maximum likleihood cases
represented by said selected metric, said path memory responding to said identified one of
said finite cases to set to a maximum likelihood state dictated by said identified one of
said finite cases, said set maximum likelihood state detecting said recorded analog
signals; and an output coupled to said maximum likelihood path memory for signaling
said set maximum likelihood states; said calibration system comprising:

a programmed input, presetting at least one said provided programmable
numerical coefficient to a predetermined value;

a detector detecting digital samples of said recorded analog signals as
corresponding to one of said maximum likelihood states;

an accumulator coupled to said detector for partially accumulating said detected

digital samples for said corresponding maximum likelihood states, said accumulator
accumulating a fraction of each said detected digital sample with 1 minus said fraction of
a previous accumulation of said detected digital samples; and

logic coupled to said accumulator and to at least one of said programming
sources, employing said accumulated digital samples for said corresponding maximum
likelihood states to determine at least one of said provided numerical metric coefficients
matching said digital samples to said one of said maximum likelihood states, and setting
said at least one provided numerical metric coefficient to a value related to said

determined matching numerical coefficient.

38. The calibration syétem of claim 37, wherein said detector is coupled to said .
‘maximum likelihood path memory and detects said digital sample as corresponding to
said maximum likelihood state by other than said maximum likelihood detection by said

maximum likelihood detector.

39. The calibration system of claim 38, wherein said digital sample detector

comprises a peak detector.

40. The calibration system of claim 38, wherein said digital sample detector

comprises a threshold detector.
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41. - The calibration system of claim 37, wherein said accumulator comprises a
plurality of digital accumulators, each separately maintaining an accumulation of said
detected digital samples for each said maximum likelihood state.

42. The calibration system of claim 37, wherein said accumulator fraction is initially

a first value and is subsequently reset to a second value.

43. The calibration system of claim 37, wherein said digital sample detector is
coupled to said maximum likelihood path memory and detects said digi.tal samples as
corresponding to said maximum likelihood state by feedback of each said maximum
likelihood state.

44. The calibration system of claim 37, wherein said accumulator accumulates every

nth said detected digital sample, wherein n is greater than one.



